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a b s t r a c t

Development depends on the precise control of gene expression in time and space. A critical step
towards understanding the global gene regulatory networks underlying development is to obtain
comprehensive information on gene expression. In this study, we measured expression profiles for the
entire expressed gene set during sea urchin embryonic development. We confirmed the reliability of
these profiles by comparison with NanoString measurements for a subset of genes and with literature
values. The data show that !16,500 genes have been activated by the end of embryogenesis, and for half
of them the transcript abundance changes more than 10-fold during development. From this genome
scale expression survey, we show that complex patterns of expression by many genes underlie
embryonic development, particularly during the early stages before gastrulation. An intuitive web
application for data query and visualization is presented to facilitate use of this large dataset.

& 2013 Elsevier Inc. All rights reserved.

Introduction

Differential gene expression in time and space is the essence of
the developmental process. With the availability of material on the
scale of liters of eggs, sea urchin embryos, in particular those of
Strongylocentrotus purpuratus, have long been used as an experi-
mental model for study of gene expression. A rich earlier history of
studies of cell specification in this species complements examina-
tions of differential gene expression (Davidson, 1986). Current
studies have led to one of the most complete gene regulatory
networks (GRNs) for early development (Oliveri et al., 2008; Peter
and Davidson, 2009; Peter et al., 2012). Genomically encoded cis-
regulatory modules constitute the nodes of the GRN. Various
inputs are integrated at these modules to control gene expression.
The regulatory state of a particular embryonic cell is the sum of the
various regulatory gene expressions in that cell. Subsequent
regulatory states in descendant daughter cells follow through
the activity of the regulatory state in the ancestor.

Hints of these regulatory processes had been revealed in mass
culture experiments before the 1990s. First maternal RNA transcripts,
then later zygotic ones coding for regulatory molecules, install the
progressively more complex sets of regulatory states which accom-
pany the increasing number of embryonic cells. The messenger RNA is
stored in the unfertilized egg as a complex mixture of poly(A)- and
non-poly(A)-RNA. It was estimated to amount to 30 pg per egg in
mass and approximately 8500 message species of 2 kb length
(Davidson, 1986). Transcription increases in the early divisions after

fertilization, reaching a maximal rate by 4–5th cleavage (Wilt, 1970).
Through nearly equivalent rates of synthesis and degradation, steady
state mRNA content remains the same throughout embryonic devel-
opment. From the kinetics of polysome assembly (Goustin and Wilt,
1981) and solution hybridization of genomic DNA with cytoplasmic
RNA samples it is inferred that the loading of maternal RNA on
polysomes to synthesize maternally encoded proteins is completed by
approximately the 8-cell stage. Thereafter newly synthesized mRNAs
are loaded.

Since these early mass measurements, our views on gene expres-
sion and developmental process have been refined through numerous
measurements of single or small sets of genes in the embryo. New
technologies make it possible to envision gene regulatory networks
controlling the total of all genes expressed in development. Thus, a
temporal profile of all of the genes expressed in the embryo would
contribute an important piece of this puzzle. Using a largely complete
gene set produced from deep sequencing of 22 stages and tissues of
the purple sea urchin (Tu et al., 2012), we are now in a position to
enumerate the temporal patterns of gene expression for the entire
21,000 genes at 10 time points in the embryonic development of this
species. Estimates of temporal expression patterns are particularly
informative during embryonic stages since the total mass of RNA
remains approximately the same throughout this period.

Results and discussion

Quantification of developmental transcriptomes

We have analyzed transcriptomes throughout embryonic develop-
ment of the S. purpuratus using the RNA-seq method. A set of gene
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models was generated from RNA-seq data in an earlier study (Tu et al.,
2012). The transcript abundance was estimated for each gene at each
of the 10 embryonic stages (Table S1) in FPKM (Fragments Per Kilobase
of transcript per Million mapped reads) using Cufflinks (Trapnell et al.,
2010). A set of internal standards comprising mRNAs present in
known numbers of molecules was added to the sample (Mortazavi
et al., 2008). The mRNAmass of each sequenced sample before adding
the internal standards was 100 ng. Using the precise values for mRNA
in the sea urchin embryo previously obtained, we calculated that this
is equivalent to !3300 embryos. Thus the relative FPKM values can be
translated to the absolute abundance number in terms of transcripts
per embryo. For example, an FPKM value of !5 is equal to 300
transcripts per embryo.

We refined the measurement of transcript abundance in
several ways. A key point is that we used the coding sequence
(CDS) instead of the full-length gene models to calculate the
number of reads mapped. As its name indicates, an FPKM value
is the number of reads mapped to the given gene model normal-
ized by the length of the model and by the total number of reads
mapped to the genome. Since the full-length gene models were
generated from 22 samples, including embryonic stages, larval
stages, and adult tissues, they include the longest untranslated
regions (UTRs). The UTRs of transcripts in individual samples
might vary significantly. When the full-length gene models are
used in the FPKM calculation, transcripts with shorter UTRs will
still be normalized to the longest lengths, thus distorting the FPKM
values. However, CDSs are the same across all samples. Thus we
used CDS length for the abundance calculation, and we found that
counting reads mapped only to the CDSs produces the most
accurate FPKM values.

In order to confirm the reliability of the quantitation method,
for 9 stages the abundance of a set of 173 regulatory genes in the
same samples was measured using a NanoString, an instrument
which counts mRNA directly without use of enzymatic reactions
(Geiss et al., 2008). These NanoString measurements were used as
a gold standard for validation of the values obtained by the RNA-
seq method. The FPKM values derived from the RNA-seq data were
compared with the NanoString counts of the control set of genes
(Fig. 1A) and correlation coefficients for the 173 pairs of profiles
were also calculated (Fig. 1B and C). The results from two methods
matched very well. The median of the correlation coefficients is
0.923. A typical pair of expression profiles is shown in Fig. 1B, and
all individual comparisons are shown in Fig. S1A.

General quantitative aspects of developmental transcriptomes

There are !23,000 genes predicted to exist in the S. purpuratus
genome (Sea Urchin Genome Sequencing Consortium et al., 2006)

and the earlier transcriptome study compiled 21,092 gene models
based on 22 transcriptomes (Tu et al., 2012). A cutoff of 300
transcripts per embryo (FPKM!5) was chosen as the lower limit
for a functionally meaningful level of transcript representation. In
an embryo at the mesenchyme blastula stage this criterion is
equivalent to less than one transcript per cell for a ubiquitously
expressed gene, or more for a cell-type-specifically expressed
gene. Thus for example, even productively transcribed regulatory
genes which produce low abundance mRNAs are expressed above
this level, and technical variations in the quantification by the
RNA-seq method are relatively low at this cutoff (Tu et al., 2012).
Calculated in this way, !16,500 genes (72% of the estimated total
gene number) have been activated in at least one of the embryonic
stages surveyed. These genes can be defined as an embryonic gene
repertoire. They are shown as dots above the dashed ordinate
cutoff line in Fig. 2A, as their highest transcript abundances during
embryogenesis are 4300. Similarly, embryonic housekeeping
genes that are continuously expressed throughout embryogenesis
can be identified if the lowest transcript abundance is over this
cutoff (Fig. 2A, dots to the right of the dotted abscissa cutoff line).
This class constitutes !5700 genes (35% of the repertoire).
A large-scale developmental transcriptome study of Drosophila
melanogaster reported a similar percentage: 40% of expressed
genes are constitutively expressed in all 27 stages studied, includ-
ing embryonic, larval, and adult stages (Graveley et al., 2011).
Considering the relative expression profiles, the transcript abun-
dance levels of !7900 genes (48% of the embryonic gene reper-
toire) undergo changes greater than 10-fold (Fig. 2A, red dots),
while only !1300 genes (8% of the embryonic gene repertoire) are
expressed at relatively constant levels (less than 3-fold variation)
(Fig. 2A, blue dots). These statistics reflect the highly dynamic use
of the embryonic transcriptome, which is characteristic of the
majority of genes used during this time.

At each stage of sea urchin embryogenesis, on average !11,500
genes are actively transcribed, producing about 39 million tran-
scripts per embryo. The histograms with linear and log scales
show that the transcript abundance follows a log-normal distribu-
tion (Fig. 2B, C), and the cumulative histogram shows that 1% of
genes contribute 39% of transcripts, 20% of genes contribute 85% of
transcripts, and 50% of those genes that are considered as active
genes contribute 97% of transcripts (Fig. 2D). From these plots, it is
apparent that there is no definitive boundary between so called
“active” and “non-active” genes; thus an empirical threshold
activity (4300 transcripts per embryo) was used, as indicated
above. However, defined in such a way the active genes produce
the overwhelming majority of transcripts.

Complexity of an mRNA population is defined as the length
of single copy DNA sequence represented in the RNA population.
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Fig. 1. Comparison between measurements by NanoString and RNA-seq. (A) Measurements of 173 genes in 9 samples of different embryonic developmental stages. (B) An
example (FoxF) of time course profiles measured by NanoString and RNA-seq. The correlation coefficient between the two profiles is 0.919. Solid line: NanoString; dashed
line: RNA-seq. (C) Distribution of correlation coefficients of the time course profiles measured by NanoString and RNAseq for each gene. The median value is 0.923. See also
Fig. S1.
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It describes the minimum amount of unique sequence content in a
population of sequences. Traditionally it was measured by RNA/
DNA reassociation kinetics. Here we can calculate it directly from
the RNA-seq data. But the complexity is not the total length of
gene models of active genes. As discussed before, the gene models
generated in the previous study are based on the pool of 22
samples, and all combined UTRs could result in a gene model
length greater than that of any one stage-specific transcript. To
accurately estimate the complexity of each transcriptome, reads
from each sample were assembled into sets of stage specific gene
models which were in turn used to calculate the complexity. The
average complexity is 24.6 Mb for the transcriptome and 2.1 kb for
each gene. Solution hybridization methods estimated the com-
plexity of the S. purpuratus blastula–gastrula transcriptome at
16.5 Mb. This lower estimate is comparable since the hybridization
methods underestimate very similar gene sequences and very rare
transcripts (Davidson, 1986).

Dynamics of expression

To more clearly represent the !16,500 embryonic gene expres-
sion profiles, we performed a cluster analysis. As there are no well-
defined boundaries between clusters of temporal profiles, we
choose a fuzzy clustering algorithm mfuzz (Futschik and Carlisle,

2005) which can assign genes gradual degrees of membership to a
cluster. Each expression profile was normalized by the peak value
of the given gene during the development, because different genes
execute their functions at very different levels, and the peak values
are biologically meaningful. These relative expression profiles of
the embryonic genes were grouped into 100 clusters (Fig. S2A).
The distribution of the gene number per cluster is shown in Fig.
S2B and C. For simplicity in the following discussion, each gene
was assigned to the cluster of its maximum membership even
though it could be included to a lesser extent in other clusters.
However the fuzzy clustering details are retained in our web query
application, so that users can decide the assignments manually
(see below).

These clusters can be further merged into four major groups
based on overall dynamics: “turn-off”, “turn-on”, “transient”, and
“other” (Fig. 3). Each cluster was manually assigned to one of these
groups. Because these expression profile clusters have no well-
separated boundaries, the assignment is somewhat arbitrary.
Nevertheless, an overview obtained from the analysis is useful.

The “turn-off” type constitutes 34% of the genes. The transcripts
of these genes are highly abundant in the unfertilized egg, and
then they start to decrease within 10–18 h post-fertilization (hpf).
Only a small percentage of these maternal genes, the bottom four
clusters (012, 013, 024, and 070) in Fig. 3, remain quiescent during
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the whole of embryogenesis, while most of the maternal genes are
expressed again at later stages (Flytzanis et al., 1982).

The “transient” type is typified by 26% of the genes. They are
not maternally expressed, but reach a peak during development,
and then return to much lower levels in late stages. Interestingly
more than half attain a peak during cleavage (10 hpf) and early
blastula stages (18 hpf). Almost all of them reach their peak values
before early gastrulation (30 hpf).

The “turn-on” type constitutes 22% of the genes. These
genes begin to be transcribed at various early or late stages and
remain abundant throughout the remaining stages of embryonic
development. The activity of these genes may increase at any
developmental stage.

The remaining 18% of the expression profiles either remain
constant throughout development or display more complex
dynamic changes and cannot be easily grouped with the major
types discussed above.

From this overview, it is apparent that there is no transcrip-
tional quiescence in sea urchin embryos (Davidson, 1986). Most
sea urchin maternal transcripts decrease quickly after fertilization
and a large portion of the zygotic genome is activated during
cleavage stages. Actually transcription is observed even in the
unfertilized sea urchin egg, and continues in the zygote nucleus
and throughout cleavage. This is in contrast to Drosophila and
Xenopus, in which the genome remains quiescent until the
blastoderm and blastula stages respectively (Davidson, 1986).

It is noteworthy that the activities of many genes undergo
marked changes during the early phases of development before
gastrulation (30–40 hpf). This includes almost all genes of the
“turn-off” and “transient” types, and about half of the “turn-on”
type. Altogether these genes account for 70% of the embryonic
repertoire of genes. These varied profiles accompany drastic
morphological changes: logarithmic increases in cell number,
ingression of skeletogenic mesenchyme cells, and the establish-
ment of many new regulatory states. After the early phases, gene
expressions tend to remain at much more stable levels.

Gene usage in different functional classes

Previously we established a functional classification system
using manually curated classes (Tu et al., 2012). Here we combined
this classification system with a restricted group of GO terms
derived from Blast2GO (Götz et al., 2008). In all, 39% of the genes
fall into these 27 classes. The number of actively transcribed genes
of each class at each developmental stage was compiled (Fig. 4).
Many classes do not show a dramatic change in terms of active
gene number. However, genes from classes of several specialized
functions, e.g. biomineralization, defensome, immunity, and ner-
vous system, become significantly active only later in develop-
ment, particularly after gastrulation begins (30 hpf).

Although knowledge of function and expression of many gene
categories in the sea urchin is not extensive, some classification
groups are well enough understood to allow comparisons between
timing of expression and function to be drawn. For example in an
earlier study the utilization during embryogenesis of every gene
encoding a transcription factor predicted in the S. purpuratus
genome was reported, and it was found that about 80% of the
entire regulatory repertoire is expressed by the end of embry-
ogenesis (Howard-Ashby et al., 2006). This is similar to the fraction
of all genes expressed as reported in this work, a reasonable result
since the expressed genes require the inputs provided by the
expressed regulatory genes.

Turning to effector gene repertoires, we see that the pattern of
utilization of the genes in the biomineralization functional group
is not uniform (Fig. S3A). Transcripts of genes that code for spicule
matrix proteins accumulate at about 24 hpf when the cells that

Fig. 3. Heatmap of relative expression profiles of embryonic genes. The transcript
abundance of each gene is shown as a horizontal line and the lines are ordered by
clusters. The ordinate shows IDs of clusters. The clusters are divided into four major
groups. The abscissa gives developmental stages in terms of hours post-fertiliza-
tion. The density indicates the abundance relative to the maximum value for the
given gene during embryonic development. Black is maximum and white is zero.
See also Figs. S2 and S3.
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express these genes have ingressed into the blastocoel and are
taking up their position before spiculogenesis begins. On the
contrary, many cyclophilins started expression much earlier.
Cyclophilins play multiple roles in cell biology. Their exact func-
tions in sea urchin embryonic skeletogenesis are not clear, but
indicated by their early expression profiles, they may play a role
during specification of skeletogenic mesenchyme cells rather than
in spiculogenesis directly.

Another example is the genes that encode for cell cycle
proteins. The early cell cycles occur very rapidly and are devoid
of the gap phases of the cycle. Cdk1, together with Cyclins A and B,
drives the transition from G2 to M phase. Cdk2, together with
Cyclins A and E, drives the G1 to S phase transition (Fernandez-
Guerra et al., 2006). Transcripts for these five genes have highly
similar profiles: they are very abundant in the egg as well as in
cleavage stage embryos, and then decrease sharply. In fact, Cyclins
A and B are amongst the most prominent maternal transcripts
observed. Many other cell cycle kinases display distinctly diffe-
rent profiles: for instance those whose expression increases as
cell cycles occur over longer intervals and gap phases emerge
(Fig. S3B).

The requirement for DNA replication machinery is expected to
increase with cell number during early stages. Replication forks are
made active by the recruitment of the DNA helicase MCM2-7
proteins among others. It is interesting that transcripts for MCM3,
MCM5 and MCM7 are very abundant in the egg but then decrease
substantially by 10 hpf (Fig. S3C). The number of these transcripts
should reflect the rates of cell division which are very high for the

first 12 h and then begin to slow as different embryo lineages drop
out of the cell cycle.

Maternal transcripts

These data afford a detailed assessment of exactly what transcripts
constitute the maternal mRNA stockpile with which the early embryo
is equipped. There are !9800 species of transcripts in the unfertilized
egg above the threshold of 4300 copies per egg. To examine the
functional significance of these maternally expressed genes, we used a
binomial test to compare the observed number of active genes with
the expected number for each functional class, assuming random
representation in the maternal class (Fig. 5). We found that maternal
genes related to the cytoskeleton, GTPases, kinases, and protein
transportation are the most over-represented classes (po1e"5).
Furthermore, genes involved in more specialized functions, e.g.
defensome, immunity, and nervous system related genes, are the
most under-represented.

Despite these over- and under-represented classes, transcripts
encoding proteins of almost every functional class that we know
are presented in the unfertilized egg, which means basic require-
ments for life and for all cells are covered by the maternal
transcripts. Spatially specific transcripts are then provided by the
zygotic genome.

We define a gene as exclusively maternal if its expression level
peaks in the egg sample (before fertilization), then falls to less
than 25% of the peak after mesenchyme blastula stage (24 hpf),
and its lowest expression level during embryogenesis is less than

Fig. 4. Change of number of actively transcribed genes of each functional class. Classes compiled in our earlier study (Tu et al., 2012) are annotated with the prefix “DB”.
Classes compiled using Blast2GO in this study are annotated with the prefix “GO”. Highlighted (black bars) classes show an increasing trend.
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300 transcripts per embryo. Only 489 genes belong to this
exclusively maternal class. As discovered earlier (Davidson, 1986)
most maternally transcribed genes are re-used during the subse-
quent stages of development. Among the exclusively maternal
genes, those related to DNA metabolism (DNA repair, replication,
catabolic, etc.) are significantly overrepresented (po0.01; Fig. S4).
This suggests that some special functions related to DNA metabo-
lism need to be executed only in early embryos.

Most of the highly abundant (430,000 transcripts per embryo)
maternal transcription factors (Ets1/2, Otx, Soxb1, Soxb2, Dac,
and Hmg2) are well studied. However, a newly identified,
un-annotated gene (SPU_018056) encoding a homeobox protein
also falls into this group.

Most mRNAs are degraded by exonucleases, and this type of
decay pathway consists of four ribonucleolytic activities: decap-
ping, 5′-to-3′ exonucleolytic decay, deadenylation, and 3′-to-5′
exonucleolytic decay. For some mRNAs, decay is initiated by
endonuclease cleavage (Schoenberg and Maquat, 2012). We
checked the major mRNA decay components and found that many
of them are highly active at very early stages (Table S2, Fig. S3D),
suggesting that some of these genes are involved in the rapid
clearance of maternal polyadenylated RNAs.

Abundant transcripts

The most abundant transcripts did not escape the attention of
molecular developmental biologists working in the time before
RNA-seq analysis of transcription was available. Defined as tran-
scripts present at over 200,000 copies per embryo at any single
stage (Table S3), there are 32 genes including cyclins, sea urchin
specific replication independent histones, translation apparatus
components, cytoskeletal, adhesion, metal binding proteins, and
so forth. These genes provide an additional perspective on the
transcriptional activity of early development. In what follows, we
elaborate on several such examples.

The gene Rrm2 encodes the small chain of ribonucleotide
reductase. Since the endogenous dNTP pool is sufficient to support
DNA synthesis for only two to three cell divisions (Nemer, 1962),

ribonucleotide reductase is required to maintain DNA synthesis
throughout the rapid cleavage stage. The expression profile of
Rrm2 observed in this study is consistent with the enzyme activity
previously reported, which increases sharply after fertilization
and reaches a peak at the cleavage stage (de Petrocellis and
Rossi, 1976).

Three genes, ClvhH2a, ClvhH2b, and H2a.Z, encode for replication
independent histones unique to sea urchins and which unlike all
major histone mRNAs contain introns and are polyadenylated (Mandl
et al., 1997; Marzluff et al., 2006). Transcripts for ClvhH2a, ClvhH2b are
highly abundant in the egg as well as in cleavage stage embryos, while
H2a.Z peaks at mesenchyme blastula stage, again consistent with what
had previously been reported (Ernst et al., 1987).

A set of genes encoding translation apparatus components is
very active and these genes show a gradual increasing expression
profile. They include six ribosomal protein genes and one elonga-
tion factor EF1a. The expression levels of these genes increase
concomitantly with the increase in the cell number of the embryo.

Of the four genes encoding metal binding proteins in the list,
one encodes a heavy metal binding protein, Metallothionein A
(MTA), another one, Ferritin heavy chain (Fth1), binds iron and the
last two, Spec1 and Spec2a/c, bind calcium ions. Metallothioneins
bind various heavy metals, playing a major role in chemical
defense and metal homeostasis. MTA reaches a high level at early
blastula stage (24 hpf), when there are about 200,000 transcripts
per embryo (Nemer et al., 1991). Ferritin is an iron storage protein,
and it is under multiple regulation mechanisms. Ferritin protein is
present in the unfertilized egg, but no ferritin transcripts are
there. It starts to accumulate from early blastula stage (Infante
et al., 1993). The calcium-binding proteins, Spec1 and Spec2, are
expressed in the embryonic ectoderm (Carpenter et al., 1984). The
transcripts of these genes are present at very low levels in the
unfertilized egg, begin to accumulate at the late cleavage to early
blastula stage, and at 48 hpf reach levels 100-fold over those in the
egg (Bruskin et al., 1981; Tomlinson and Klein, 1990).

Naþ/Kþ ATPase activity increases sharply at blastula stage and
beyond (Leong and Manahan, 1997) and this is congruent with the
expression profile for Naþ/Kþ ATPase 3 (Atp1a3) which reaches a
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peak at 18–40 hpf. It is interesting to note that Naþ/Kþ ATPase
contributes to a major portion of the metabolic activity of the
embryo and up to 77% of the metabolism of the larval stage (Leong
and Manahan, 1997).

Data access

This dataset has been used in several projects directed at elucida-
tion of gene regulatory networks in our lab, and has proven to be very
useful. To facilitate public use of this large dataset, a web application
(http://www.spbase.org:2000/quantdev/) for data query and visualiza-
tion was developed using the R/Shiny package. It can be used in
answering questions such as the following: What are the expression
profiles of the given genes or of all genes in a given functional class?
What genes have a similar expression profile to that of a given gene?
In which functional class are given genes annotated? What is the
detailed annotation information for a given gene in SpBase (the sea
urchin genome database)? What are the mRNA, predicted CDS, and
predicted peptide sequences of given genes? And what are the
genomic structure and mapped reads of given genes?

Users can query by gene names, IDs, function classes and
expression profiles. The web application returns results with the
annotation information, a link to the corresponding records in SpBase
(Cameron et al., 2009), the link to the loci in the genome browser,
quantitative measurements for each stage, and sequences, including
mRNA, predicted CDS and protein. All these data can be downloaded.
Heatmaps and customizable line plots representing the quantitative
measurements are generated as well. The web application is intuitive
and returns the results in real time. It provides some convenient
functions, for example ID auto-detection, so that users can simply cut
some text containing gene IDs from other sources and paste directly
into the search box. The web application will extract IDs automati-
cally without users' editing.

Users can take advantage of the fuzzy clustering algorithm: start
with a given cluster but increase the fuzzyness to obtain more profiles
that to some degree are similar to the given cluster. As discussed
above, commonly used hard clustering algorithms assign a profile to
only a single cluster, thus preventing searching for temporal profiles
that are less similar. Fuzzy clustering is a unique feature of this appli-
cation that provides a flexible way to search gene expression profiles.

Combining these features together, the web application provides a
powerful interactive tool to explore the dataset. One scenario could be
this: a user can initiate a search from a known gene, obtain its
expression profile cluster information, then perform another search for
that profile cluster with relaxed fuzziness, and finally select transcrip-
tion factors from the results using the annotation information. Thus by
a few simple searches, the user gets all transcription factors with the
expression profiles similar to those of the given gene.

Together, this dataset illustrates complex and dynamic gene
expression profiles during sea urchin embryonic development. The
precise control of gene expression resulting from the complex control
circuits of gene regulatory networks that utilize many transcription
factors and signal systems explains some of this complexity. However,
temporal profiles alone cannot provide satisfactory descriptions in an
embryo where the majority of the embryonic gene expression is
restricted in space as well as time. A genome scale study of gene
expression spatial patterns will be the next challenge on the road
towards building a global gene regulatory network.

Materials and methods

Computational analysis

The analysis was done based on the sequencing dataset and
gene models assembled in an early study (Tu et al., 2012).

Abundance was estimated by Cufflinks (Trapnell et al., 2010).
Various versions and parameters were tested and version 1.3.0
with “frag-bias-correct”, “multi-read-correct”, and “compatible-
hits-norm” gave the best result using ORFs as the gene model
reference. FPKM values were then converted to the unit of
transcripts per embryo as described above. For clustering, the
abundance values were normalized by the maximum value of the
given gene during the embryonic development. Then the relative
expression profiles were analyzed by R package mfuzz (2.19)
(Futschik and Carlisle, 2005). GO annotation was done by Blast2GO
(Götz et al., 2008). All visualization was done in R with the ggplot2
(0.9.3) package (Wickham, 2009). The website was built in R
with ggplot2 and shiny (0.1.0) package (http://www.rstudio.com/
shiny/).

NanoString nCounter assay

The abundance of a set of transcripts was measured using the
NanoString nCounter following manufacturer's instructions and a
previous study (Materna et al., 2010). For each sample, 5 ml
containing 100 ng of total RNA were used.
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