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The evolution of development has been studied through the lens
of gene regulation by examining either closely related species or
extremely distant animals of different phyla. In nematodes, detailed
cell- and stage-specific expression analyses are focused on the model
Caenorhabditis elegans, in part leading to the view that the develop-
mental expression of gene cascades in this species is archetypic for the
phylum. Here, we compared two species of an intermediate evolu-
tionary distance: the nematodes C. elegans (clade V) and Acrobeloides
nanus (clade IV). To examine A. nanus molecularly, we sequenced its
genome and identified the expression profiles of all genes throughout
embryogenesis. In comparison with C. elegans, A. nanus exhibits a
much slower embryonic development and has a capacity for regula-
tive compensation of missing early cells. We detected conserved
stages between these species at the transcriptome level, as well as
a prominent middevelopmental transition, at which point the two
species converge in terms of their gene expression. Interestingly, we
found that genes originating at the dawn of the Ecdysozoa super-
group show the least expression divergence between these two spe-
cies. This led us to detect a correlation between the time of expression
of a gene and its phylogenetic age: evolutionarily ancient and young
genes are enriched for expression in early and late embryogenesis,
respectively, whereas Ecdysozoa-specific genes are enriched for expres-
sion during the middevelopmental transition. Our results characterize
the developmental constraints operating on each individual embryo in
terms of developmental stages and genetic evolutionary history.
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An insight regarding the embryo that continues to provide
understanding is the notion that evolutionary constraints

have shaped development (1, 2). Indeed, the field of evolutionary
developmental biology posits that these two concepts are inter-
twined and mutually illuminating (3). The comparative approach
of analyzing distant species has shed light on many processes,
including the evolution and development of the bilaterian body
plan by HOX genes (4, 5). Although it might be naively expected
that comparing two closely related species would result in only a
few genomic and transcriptomic changes, the last two decades
have provided plenty of evidence that the genome and its phe-
notypes are extremely plastic (6, 7). These changes are manifest,
but they are not random, and we require an understanding of how
constraints act on possible genomic changes.
Transcriptomics methods, beginning with DNA microarrays,

later followed by RNA-Seq (8, 9), have been transformative for
biological research, as they afford a comprehensive view of gene
expression. Whereas previous methods examined individual
genes, with the simultaneous knowledge of the expression of all
the genes in a given sample, a highly resolved state of the system
emerged, enabling the study of cellular, developmental, and evo-
lutionary biology. Using transcriptomics, sharp changes in gene
expression were detected throughout embryogenesis, suggesting
the existence of developmental milestones (10). These were

observed by gene expression changes that are not gradual but,
rather, punctuate the embryo. Moreover, it was shown that dif-
ferent stages show different levels of expression conservation,
suggesting different levels of expression constraints. The different
stages also showed different compositions of genes in terms of
their ages (11), which supported the notion that the stages of
embryogenesis have unique evolutionary histories.
One particular stage during embryogenesis stood out in com-

parative transcriptomics studies. Studying a collection ofCaenorhabditis
species, the ventral enclosure stage was found to correspond to a
period of intense changes in gene expression (10). Studies in ar-
thropods and chordates revealed a similar middevelopmental stage.
Interestingly, the stage in each of these phyla corresponded to the
phylotypic stage: a period in which the species appear the most
similar, morphologically. This middevelopmental transition between
an early gastrulation module and a late morphogenesis module was
observed in seven additional phyla in a recent study (12). Also, when
studying this middevelopmental transition using mutation accumu-
lation lines, it was observed that genes expressed during this stage are
less likely to be different within a population of C. elegans species (2),

Significance

Comparing gene regulatory programs throughout developmental
time and across species allows us to reveal their constraints and
flexibilities. Here we study the organism Acrobeloides nanus, a
clade IV nematode, by sequencing its genome, identifying its
developmental transcriptome, and studying the patterns of
embryonic conservation and divergence through a compari-
son with Caenorhabditis elegans. The gene regulatory pro-
grams of these two species show many differences early in
development, but significantly converge at the middevelopmental
transition. Moreover, the genes most conserved in their expres-
sion during development arose at the dawn of the superphylum
Ecdysozoa. Our work shows that variation is not evenly distrib-
uted but, rather, that developmental and evolutionary constraints
act to shape gene regulatory programs.

Author contributions: I.Y. designed research; P.H.S., A.L.P., A.G.C., and T.H. performed
research; A.G.C., J.I.R.C., M.K., and T.H. contributed new reagents/analytic tools; P.H.S.,
A.L.P., D.H.S., V.G., L.A., G.K., and I.Y. analyzed data; and P.H.S. and I.Y. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: All raw data are deposited in the NCBI Sequence Read Archive (Biopro-
ject PRJNA354072). The genome, transcriptome, and annotations are available at
genomehubs.org.
1P.H.S. and A.L.P. contributed equally to this work.
2Present address: Plant–Nematode Interactions, INRA, Institut Sophia Agrobiotech, 06560
Sophia Antipolis, France.

3To whom correspondence should be addressed. Email: Itai.Yanai@nyumc.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1720817115/-/DCSupplemental.

Published online April 6, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1720817115 PNAS | April 24, 2018 | vol. 115 | no. 17 | 4459–4464

EV
O
LU

TI
O
N

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1720817115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
http://www.ncbi.nlm.nih.gov/sra/PRJNA354072
http://genomehubs.org
mailto:Itai.Yanai@nyumc.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720817115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720817115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1720817115


suggesting that the middevelopmental transition is under severe
developmental constraints.
The rate of development varies drastically in nematodes, even

between those that are closely related (13–18). Although C. elegans
has a generation time of 3–7 days, other nematode species can take
anywhere from days to a year (19, 20). The clade IV species
Acrobeloides nanus has a rate of embryogenesis that is four times
longer than that of C. elegans (at 20 °C) and differs substantially
from C. elegans in many aspects of life cycle, mode of living, and
phenotype. Although it was initially assumed that C. elegans de-
velopment is archetypic for nematodes, it has now been shown that
early development in A. nanus is far more regulative (21) and that,
for example, gastrulation in the enoplean species Tobrilus stefanskii
is much more similar to nonnematode Bilateria (13). It has also
become apparent that the molecular toolkit of development varies
across the phylum, and even between closely related taxa (22, 23).
In particular, A. nanus blastomeres remain multipotent until at

least the five-cell stage, able to reassign their cell fates to compensate
for the death of a neighboring blastomere (21). A. nanus also differs
fromC. elegans in its ability to tolerate a wider range of environmental
stresses: it develops optimally at 25 °C, whereas C. elegans, typically
cultured at 20 °C, is negatively affected by such a high temperature
(17). Moreover, A. nanus has an increased tolerance to desiccation
and toxins (24, 25). Finally, A. nanus is one of many obligate par-
thenogens in the nematode phylum, and as such, its development is,
unlike that of C. elegans, initiated without sperm input (26).
Here we compare the embryogenesis of A. nanus and C. elegans

at the gene expression level. We describe the genome and tran-
scriptome of A. nanus and show how they allow for the study of
transcriptional differences of cells and developmental stages in this
species. We compare at the single-cell level the two-cell stage and
find a tremendous amount of variation. Comparing the temporal
developmental transcriptomes of these two species, we find that
there are similar sharp changes at developmental milestones. In
particular, we find that the middevelopmental transition is the stage
at which gene expression differences between the pair of species
begin to significantly decrease. In general, the genes that are more
conserved are those that arose at the origin of the Nematode
phylum and the superphylum Ecdysozoa. Further examining this
observation, we found a relationship between the timing of ex-
pression of a gene and its phylogenetic origin. Genes that origi-
nated along with the superphylum Ecdysozoa are expressed during
the middevelopmental transition, which can explain their increased
conservation over evolutionary time. Our analysis illustrates how
species with key phylogenetic distances may be leveraged to ad-
dress evolutionary developmental biology, using molecular tools.

Results
Genome Analysis of Acrobeloides nanus. To study the evolution of
embryogenesis, we sought to compare C. elegans and the clade IV
nematode Acrobeloides nanus at the molecular and developmental
level (Fig. 1A). We assembled the A. nanus genome on the basis of
Illumina sequencing of DNA and RNA (SI Experimental Proce-
dures). Our genome assembly encompassed 248 Mbp comprising
30,759 contigs with an N50 of 19,614 bp. As Fig. 1A shows, A.
nanus has a fairly large genome relative to the other species. To
account for this difference, we investigated repetitive DNA and
estimated that it constitutes ∼50% of the genome, with 43% of
these repeats being unclassified (Table S1). A driver for this might
be parthenogenetic reproduction in A. nanus, as parthenogenetic
species are thought not to be able to efficiently remove repeats
from the population (27). Recent studies, however, did not find an
inflation of transposable elements in several parthenogenetic ar-
thropod species (28), nor in another parthenogenetic nematode
(29). Thus, we propose that the accumulation of repeats in
A. nanus is random, as observed in other species with small ef-
fective population sizes (30, 31).
Running the BUSCO3 pipeline (32) on our A. nanus assembly

revealed that it is 89% complete and 95% partial complete for the
Eukaryote gene set. We obtained 35,692 gene predictions using
Augustus (33), trained on the RNA-Seq data (SI Experimental

Procedures). We annotated 20,281 of the A. nanus proteins with
Pfam domains, using InterProScan and in a bispecies comparison
with C. elegans screened for gene family inflations (Fig. 1B). Fi-
nally, employing OrthoFinder (34), we identified A. nanus
orthologs across eight species selected on the basis of their phy-
logenetic position, with 4,240 groups of orthologs containing
A. nanus and C. elegans proteins.
The A. nanus genome shows dramatic variation at the level of

gene families relative to C. elegans (Fig. 1B). Pfam analysis shows
more Brachyury-like (T-box) genes inC. elegans (22 genes) relative to
A. nanus (six genes). The C. elegans genome is also overrepresented
in other transcription factor families; namely, Zinc fingers of the
C2H2 and C4 type, F-Box domains, and BTB/POZ domains. In
contrast, A. nanus has more glycosyl hydrolase family genes, Hsp70,
and Hsp20, as well as ABC transporters (P < 0.05, Fisher’s exact test,
false discovery rate-corrected). Interestingly, consistent with the ex-
pansion of the Hsp gene family,A. nanus develops into normal adults
in large numbers when kept at 30 °C; a temperature at which C.
elegans quickly becomes sterile (35).

Studying A. nanus Blastomeres Using Single-Cell RNA-Seq.We sought
to use the genome assembly to study the early stages of em-
bryogenesis. We collected individual AB and P1 blastomeres
(Fig. 2A) and sequenced their transcriptomes using single-cell
RNA-Seq (SI Experimental Procedures). The identity of the
blastomeres could be clearly distinguished morphologically, as
well as from their transcriptomes (Fig. 2B). To study the tran-
scriptomes at the gene level, we identified the differentially seg-
regated genes between the AB and P1 blastomeres. We found that
transcripts of heat shock genes are found in greater numbers in
AB, whereas ribosomal genes are higher in P1 (Fig. 2C). In-
terestingly, this was not observed in C. elegans (36).
We next compared the overall pattern of gene expression at the

two-cell stage between C. elegans and A. nanus. For this, we com-
pared with previously published C. elegans single-cell RNA-Seq data
(36) and found genes with conserved and divergent AB- P1 segre-
gations (Fig. 2D). P-granule–associated genes are expressed
in the same direction (36). skn-1 transcripts are evenly expressed
between AB and P1 in C. elegans; however, our previous analysis
using in situ staining of skn-1 mRNA (22) showed a higher ex-
pression of this gene in the AB cell in the A. nanus two-cell stage
embryo. Our single-cell transcriptomics data are in accordance
with this previous finding, supporting the validity of the approach.
We found a small number of genes to be highly expressed in

either the A. nanus AB or P1 blastomere that had no expression in

A B

Fig. 1. The genome of the nematode A. nanus in comparison with that of
other nematodes. (A) Phylogenetic tree of the indicated species. Roman nu-
merals indicate clades according to ref. 20. Genome sizes, N50 of the assem-
bly, repeats (23, 50), protein count, and number of orthologs with A. nanus
are indicated in the table (see SI Experimental Procedures, #except for
S. carpocapsae data, where 1–1 orthologs from ref. 43 are given). (B) Scatter
plot of gene family sizes between A. nanus and C. elegans. Differentially
enriched families are indicated by color. Larger circles indicate specific fami-
lies: PF00001, Rhodopsin-like receptors; PF00001, ABC transporters; PF00011,
Hsp20/alpha crystallin family; PF00012, Hsp70 protein; PF00096, zinc finger;
C2H2 type; PF000232, glycosyl hydrolase family 1, transcription factors;
PF00651, overrepresented Pfam domains between A. nanus and C. elegans.
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the C. elegans two-cell stage. Screening these genes for enriched
functional groups according to their gene ontology terms, we
found terms relating to reproduction, body morphogenesis, molt-
ing, regulation of growth, and transcription initiation (P < 0.001,
hypergeometric distribution). This last functional description is
particularly of interest because the slow and regulative development
of A. nanusmight not rely on many maternally deposited transcripts
and proteins, similar to C. elegans, but, rather, on primarily zygotic
expression. This is in accordance with the prediction that the fast
development seen in C. elegans requires the deposition of a higher
amount of maternal factors in general (37). Because comparison of
the two-cell stage showed differences between the clade IV species
and the model organism from clade V, we wanted to quantify the
divergence in embryonic development between A. nanus and C.
elegans on a global level.

Developmental Dynamics in A. nanus Reveal Distinct Stages. To
identify the gene expression of all genes throughout embryogenesis,
we assayed expression in individual embryos throughout A. nanus
development. In contrast to the two-cell stage analysis, in this
analysis, we focused exclusively on temporal resolution for the en-
tire developmental process (Fig. 3A). Morphologically, A. nanus
stages differ from those of C. elegans; however, at the 102-cell stage,
the two species appear to have converged in their cell locations (38).
We produced a gene expression time-course dataset according

to our previously described BLIND method, in which embryos
are randomly collected and sorted by their transcriptomes (39).
We collected 81 A. nanus embryos and processed each individu-
ally, using CEL-Seq (36), to obtain an expression matrix (Fig. 3B).
For each embryo, we also noted the apparent morphological stage
of development: one- to eight-cell stages, ∼30-cell stage, >30-cell
stage, ventral enclosure, comma, or morphogenesis. Examining the
transcriptomes using principal components analysis, we found that
the overall ordering of the embryonic transcriptomes corresponded
to the morphological stages (Fig. 3B). This principal components
analysis on 1,314 dynamically expressed genes (SI Experimental
Procedures) accounted for 49.8% (PC1) and 13.6% (PC2) of the
gene expression variation. PC1 clearly captures developmental time,
and PC2 distinguishes between the stages of the middevelopmental

transition and the ends of embryogenesis. Thus, from randomly
collected worm embryos, we obtained a time-course of expression
throughout embryogenesis.
Studying the correlation among the transcriptomes, we found

sharp developmental transitions (Fig. 3C). To annotate the stage of
each transition, we compared these results with our morphological
annotations and found that each transition corresponded to a shift
between developmental stages (Fig. 3D). The first transition occurs
after the likely degradation of the maternal transcriptome at the
end of the 8-cell stage, and the next transition between early gas-
trulation (∼30-cell stage) and midgastrulation (>30-cell stage).
Another transition occurs at the end of the ventral enclosure stage.
Finally, the comma stage was found to express a major tran-
scriptomic transition after ventral enclosure and before mor-
phogenesis. Thus, despite differences in the timing of embryonic
development, we find a conservation in the pattern of gene ex-
pression transitions in A. nanus and C. elegans (10).
To validate the RNA-Seq data, we further examined the ex-

pression of homeodomain genes, known to play important de-
velopmental roles, between A. nanus and C. elegans (Fig. 4A). We
found that although many genes are expressed at similar de-
velopmental stages between the two species, there were also some
interesting divergences. One example is the ceh-20 gene, which
encodes one of the three C. elegans homeodomain proteins (CEH-
20, CEH-40, and CEH-60) homologous to Drosophila Extra-
denticle (Exd/Pbx). In C. elegans, this gene is expressed during the
ventral enclosure stage (40), whereas in A. nanus, the ortholog is
expressed earlier, during the one- to eight-cell stage. To validate
this difference, we performed an in situ hybridization against the
ceh-20 ortholog in A. nanus (Fig. 4B). The in situ confirmed
the early A. nanus expression. Moreover, an additional in situ of
the ceh-34 gene, which is homologous to human SIX2, revealed
expression consistent with our RNA-Seq analysis (Fig. 4B). This
analysis further supports the quality of the gene expression
time-course.

Comparison of the A. nanus and C. elegansDevelopmental Transcriptomes.
Seeking to compare the developmental transcriptomes of A. nanus
and C. elegans in their entireties, we applied our previous approach in

A C

D

B

Fig. 2. Single-cell A. nanus blastomere analysis. (A)
The two-cell stage in A. nanus and C. elegans, in-
dicating also the AB and P1 blastomeres. Embryos are
50 μm in length. (B) Heat map showing correlation
coefficients among the A. nanus transcriptomes of
five AB blastomeres and three P1 blastomeres. (C)
Comparison of the A. nanus gene expression levels
between the AB and P1 blastomeres. Expression lev-
els are computed as transcripts per million (tpm; SI
Experimental Procedures). Genes of the indicated
functional groups are highlighted. (D) Ratios of ex-
pression between AB and P1 in C. elegans and A. nanus,
respectively. The red box indicates genes with high P1
expression only in A. nanus.
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which dynamically expressed genes are first sorted according to their
temporal expression (Fig. 5A) (2). Examining expression profiles of
orthologous C. elegans genes, sorted according to expression of the
corresponding A. nanus orthologs (Fig. 5A), we found an immediately
apparent correspondence (Fig. 5B), suggesting general conservation
of gene expression programs.
We asked whether gene expression at particular developmental

stages is more evolvable than at other stages. To address this, we
also sorted the C. elegans genes according to their temporal ex-
pression (Fig. 5C). For each pair of orthologs, we computed the
difference between the relative order in which each gene appears
in its respective time-course, which we refer to as the expression
divergence index. We then examined whether at different stages
of development, genes show different overall expression patterns

between species. Proceeding from the earliest to the latest ex-
pression, we examined the distributions of expression divergence
scores for A. nanus genes within the nonoverlapping windows
shown in Fig. 5D.
As the distributions show, expression divergence is not uniform

for genes expressed at different times. Genes expressed at the
earliest stage may be considered maternal transcripts, and these
appear to be highly divergent (Fig. 5D). The earliest zygotically
expressed genes appear to be significantly more conserved in their
expression (Fig. 5D, early) than the gastrula expressed genes,
whereas genes expressed during the middevelopmental transition
show significantly less divergence than those expressed at the
gastrula stage (P < 10−8, Wilcoxon test). Interestingly, this level of
conservation continues throughout morphogenesis and does not
increase, as would be expected from the hourglass model. This
suggests a more complicated, funnel-like pattern of developmental
constraints than previously recognized, although the reduction in
divergence during the middevelopmental transition does mark a
period of increased conservation, as expected.

Phylostratigraphic Analysis of Expression Divergence. Previous studies
across animals separated by hundreds of millions of years of in-
dependent evolution have revealed that temporal expression of
genes during animal development is correlated to the evolutionary
age of genes (41, 42). We sought to investigate whether a similar
pattern is observable between the closer-related clade IV and clade
V nematode species examined here. For each pair of orthologs, we
inferred the phylostratigraphic age (11), ranging from cellular life
(common to all studied organisms) to Rhabditida, and restricted to
this class of roundworms. To study whether genes differed in their
evolvability throughout development, we studied the distributions
of expression divergence for each class of gene ages (Fig. 6).
We observed a restriction of expression divergence for genes

originating at superphylum, phylum, and class levels within
Nematoda. The sample sizes did not allow for direct statistical
comparisons of phylostratigraphic nodes. However, a Wilcoxon

A

B

C

Fig. 3. A gene expression developmental time-course for A. nanus em-
bryogenesis. (A) Micrographs of A. nanus embryos at the indicated stages.
(B) RNA-Seq of 81 randomly collected A. nanus embryos. The embryos were
sorted according to BLIND. (C) A correlation matrix of the BLIND-sorted
A. nanus transcriptomes. Note the sharp transitions after the one- to eight-
cell stages and then again at morphogenesis.

A

B

Fig. 4. Expression of homeodomain genes between A. nanus and C. ele-
gans. (A) Comparison of temporal expression of selected orthologous genes
in A. nanus and C. elegans. Specific homeodomain genes that were further
analyzed by in situ (B) are emphasized with dotted outlines. (B) In situ hy-
bridizations for ceh-20 and ceh-34 orthologs in A. nanus.
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ranks-sum test confirmed that the distributions were significantly
different between neighboring phylostrata for genes that evolved
at the base of the superphylum Ecdysozoa and the phylum
Nematoda (Fig. 6). Thus, in addition to genes expressed at or
after the middevelopmental transition, genes originating at the
dawn of the Nematode phylum are also more conserved in their
expression across species than expected.
We hypothesized that the reason that genes of distinct phy-

lostratigraphic ages are conserved in their gene expression be-
tween species at different levels follows from their expression at
distinct periods during embryogenesis. In other words, if genes of
different ages are expressed at different developmental stages,
then their expression would evolve at different rates following
our results shown in Fig. 5. Interestingly, we found that deeply
conserved genes are expressed early in both C. elegans and
A. nanus. Meanwhile, genes specific to the Chromadorea class or
more specific taxa (SI Experimental Procedures) are expressed
later in development, during differentiation (Fig. 6B). However,
genes that originated in the early metazoan lineage and with the
ecdysozoan superphylum are expressed during the middevelop-
mental transition. We further tested this result by examining the
expression of genes of different ages in the recently published
developmental transcriptome of the parasitic clade IV species
Steinernema carpocapsae (43). Again, we found the same pat-
tern (Fig. 6B), suggesting that a relationship between phyloge-
netic age and developmental expression may be general to the
Nematode phylum.

Discussion
In this work, we compared the developmental transcriptomes of
two distantly related nematodes. C. elegans is a clade V nema-
tode of the Rhabditoidea superfamily, whereas A. nanus belongs

to the Cephaloboidea superfamily within clade IV. The lineages
of both species most likely diverged not more than 200 million
years ago (44). Although the embryogenesis of A. nanus has been
analyzed in classical cell biological studies, here we report for the
first time its genome, transcriptome, and developmental gene
regulation. Compared with C. elegans, we found important differ-
ences at the two-cell stage, in terms of transcription factor ex-
pression during the course of development and the overall pattern
of development. We also compared the divergence in gene ex-
pression in terms of the phylostratigraphy and found that genes
specific to Nematodes and the Ecdysozoa superphylum are more
conserved. In this section, we discuss our results in light of the
methodologies for evaluating developmental transcriptomics,
the middevelopmental transition, developmental constraints,
and phylostratigraphy.
As in other species examined by transcriptomics, we identified a

clear middevelopmental transition in A. nanus, depicted as a sharp
transition in the heat map of correlations between transcriptomes.
We also observed that at this stage in development, the tran-
scriptomes of C. elegans and A. nanus begin to converge. In-
terestingly, the transcriptomes do not diverge in an hourglass shape
after the middevelopmental transition, as was initially suggested for
vertebrates (45), and later for a variety of invertebrates (46) and
plants (47). This is similar to a previous observation of two frog
species (48) that converged at the tailbud stage (the phylotypic stage
of chordates) and then did not diverge again. This may be a result of
the large number of cell types present at this stage. These results also
somewhat mirror what was seen when examining mutation accu-
mulation strains of C. elegans (2), as well as the results of a recent

A B C D

Fig. 5. Expression divergence between the developmental transcriptomes of
C. elegans and A. nanus. (A) Developmental transcriptome of A. nanus. Genes
are sorted by the Zavit method (2). (B) Developmental transcriptome of the
C. elegans orthologs of A. nanus, sorted as in A. nanus. Arrows indicate
orthologs. (C) Developmental transcriptome of the C. elegans orthologs sor-
ted independent of A. nanus. Arrows indicate corresponding genes, sorted in
C according to C. elegans time. (D) Box plots indicating the expression di-
vergences between genes in A and C for stages along development. De-
velopmental stages are indicated on the right (Mat., maternal; early; gastrula;
Mid-dev., middevelopmental transition; Morphog., morphogenesis; and
larva). Note the increased relative conservation of genes expressed early and
at middevelopmental transition.

A

B

Fig. 6. Ecdysozoan- and Nematode-specific genes are more conserved in
their expression between C. elegans and A. nanus. (A) Genes were grouped
according to their phylostratigraphic age (Left, see SI Experimental Proce-
dures). Expression divergence index (ED) of C. elegans and A. nanus orthologs
in comparison with their phylostratigraphic age. Phylostratigraphic age was
calculated by blasting against a previously reported database (47) using the
Phylostratigraphy software (https://github.com/AlexGa/Phylostratigraphy.git).
A statistical test of difference in ED distributions for phylostratigraphic nodes
revealed significance of divergence for comparisons in Nematoda, but not for
genes that evolved before the phylum. The ED appears to follow an hourglass
shape through evolutionary time, with evolutionary very old and young genes
showing less constrained ED than those acquired on intermediate nodes in
Nematoda. (B) Average expression profiles of genes of a common phylos-
tratigraphic age for the three indicated species. Black dots indicate the stage
for each category at which average expression is at its maximum.
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study examining the developmental transcriptomes of the parasitic
clade IV species S. carpocapsae (43).
Our phylostratigraphical analysis shows that genes that emerged

during the origin of the superphylum Ecdysozoa and the Nem-
atoda are more conserved in their developmental expression. We
found that this may follow from a relationship between the age of
a gene and its expression during development. Although Domazet-
Lošo and Tautz found that a middevelopmental stage has an
overall older transcriptome when computed by the transcriptomic
age index (42), we found that genes of older origin tend to be
expressed early in development. We attribute this difference to us
having studied separately groups of genes of distinct ages, rather
than combining ages to specify an age of the transcriptome. In our
analysis, genes of the superphylum and phylum age category are
enriched for expression during the middevelopmental transition.
This suggests that genetic pathways originating at the dawn of the
Ecdysozoa superphylum are more conserved in their expression
program during embryogenesis because they have been integrated
into the more conserved middevelopmental transition stage.
Importantly, our finding that genes of intermediate evolutionary

age show a restriction in their developmental expression diver-
gence is in line with the inference that these genes are definitive of
superphyla and phyla within the sphere of animal diversity.
Moreover, it has been argued that taxon specific (“orphan”) genes
contribute most to the differentiation of developmental between

taxa (49). Thus, our evidence that evolutionarily young genes
are more variable in their developmental expression and expressed
at later stages, indeed suggests that these genes drive the dif-
ferentiation of developmental gene expression programs. Our de-
tailed study of the developmental gene expression and genome of
A. nanus will allow for detailed comparative studies into these
patterns, and enable deeper insights into the evolvability and
constraint of molecular pathways in animal development.

Experimental Procedures
We used Illumina technology to sequence the A. nanus genome and tran-
scriptome, and followed the CEL-Seq protocol to establish a developmental
time course and single blastomere transcriptomes. Details of the procedure
and the short-read cleaning and assembly pipelines can be found in the SI
Experimental Procedures. We annotated the genome with Augustus, inferred
orthology with OrthoFinder, and analyzed expression data using Matlab, R,
and Python as described in the SI Experimental Procedures.
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