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A phylogenetically based transcriptome age index
mirrors ontogenetic divergence patterns
Tomislav Domazet-Lošo1,2 & Diethard Tautz1

Parallels between phylogeny and ontogeny have been discussed for
almost two centuries, and a number of theories have been proposed
to explain such patterns1. Especially elusive is the phylotypic stage,
a phase during development where species within a phylum are
particularly similar to each other2–6. Although this has formerly
been interpreted as a recapitulation of phylogeny1, it is now
thought to reflect an ontogenetic progression phase2, where strong
constraints on developmental regulation and gene interactions
exist2,3. Several studies have shown that genes expressed during this
stage evolve at a slower rate, but it has so far not been possible to
derive an unequivocal molecular signature associated with this
stage7–15. Here we use a combination of phylostratigraphy16 and
stage-specific gene expression data to generate a cumulative index
that reflects the evolutionary age of the transcriptome at given
ontogenetic stages. Using zebrafish ontogeny and adult development as a model, we find that the phylotypic stage does indeed
express the oldest transcriptome set and that younger sets are
expressed during early and late development, thus faithfully mirroring the hourglass model of morphological divergence2,3.
Reproductively active animals show the youngest transcriptome,
with major differences between males and females. Notably, ageing
animals express increasingly older genes. Comparisons with similar data sets from flies and nematodes show that this pattern
occurs across phyla. Our results indicate that an old transcriptome
marks the phylotypic phase and that phylogenetic differences at
other ontogenetic stages correlate with the expression of newly
evolved genes.
The evolutionary origin of genes can be traced by similarity searches
in genomes representing the whole tree of life. We have called this
approach ‘phylostratigraphy’ and have shown that meaningful comparisons can be derived from it16–18 (see Supplementary Note 1). It is
important to note that the procedure identifies specifically the origin of
novel genes with no traceable relation to existing genes or protein
domains (see Supplementary Note 2). Another important property
of phylostratigraphy is that it establishes a phylogenetic scale where
every gene within a genome has its phylogenetic rank. Here, using this
phylogenetic hierarchy, we extend this approach by linking it to all
expressed genes within the ontogenetic sequence. To link these two
hierarchies quantitatively we developed a transcriptome age index
(TAI), which integrates the age of a gene with its expression level at
a given developmental stage and sums this over all genes expressed at
the respective stage. The higher the TAI, the younger the transcriptome (see Methods).
To apply the TAI for a developmental model system, we have
generated a fine-grained series of transcriptome data of zebrafish
development, covering a total of 60 stages, from unfertilized eggs to
ageing animals. Figure 1a shows the TAI profile, plotted along these
stages. The comparatively oldest transcript sets are expressed during
the late segmentation/early pharyngula stage, which is the developmental stage that is usually equated with the phylotypic stage in zebrafish13. The start of heart pulsations and blood circulation in the embryo

(24 h)19 is a morphological feature that approximately marks this
period of lowest TAI values. Phylogenetically younger transcriptome
sets are expressed before and after this stage. This correlates well with
the observation that early and late stages of chordate development also
show a higher morphological divergence between taxa2,3. During the
mid-larval stage we see a second phase where older transcriptomes are
expressed, which corresponds to metamorphosis19. Although metamorphosis in fish is not as overt as in some other chordates (for
example, amphibians), it is nonetheless a phase with major changes
in morphology and life-history strategy. It is particularly evident in the
reshaping of the fins, which change from a basal pattern that is seen
across all fish into the one that is more specific for zebrafish20. After
this stage, the transcriptome becomes younger and peaks in young
adults. Males and females show major differences in the overall age
index, with females expressing the relatively youngest genes.
Intriguingly, as animals become older, they express older genes again.
Analysing the contribution of the different phylostrata (ps) to the
general profile shows that they contribute to different extents
(Fig. 1b). Genes that have emerged before the evolution of metazoa
(ps1 to ps5) are more equally expressed throughout ontogeny, whereas
later-emerging genes contribute increasingly to the differential pattern.
A more detailed contribution of the genes from the different phylostrata
is summarized in Fig. 2. Here we have depicted the relative expression
levels for each stage for several phylostrata. This representation is only
partly comparable to that in Fig. 1b, as it disregards the actual number of
genes within a phylostratum. But this analysis allows several more specific points to be made.
Most genes that have arisen in ps1 (cellular origin) are general
enzymes and housekeeping genes, but their RNA is not highly
expressed before gastrulation (Fig. 2a), indicating that the products
of these genes are primarily stored as proteins in the egg. Intriguingly,
this is very different for the genes from ps2 to ps4, which have their
relatively highest expression levels at these early stages. This is also
indicative of a correlation between phylogenetic age of a gene and
ontogenetic use of its product.
The noticeable TAI peak during gastrulation (Fig. 1a) is mainly
generated by the genes from ps5 (evolution of metazoa, Fig. 2b).
Studies in sponges suggest that gastrulation is an embryological process present since the onset of the metazoan evolution21, which is in
agreement with the peak of ps5 genes. In addition, we have previously
identified ps5 as the time of emergence of genes involved in cellular
interactions18, which are evidently of particular importance during
gastrulation.
Genes that have evolved during chordate evolution (ps9) are particularly highly expressed at the end of the pharyngula stage and at the
beginning of larval stages, before metamorphosis (Fig. 2b). This is
again a very suggestive correlation, because during this phase the
chordate body plan in zebrafish reaches, for the first time, a full functional differentiation that is reflected in chordate-specific undulatory
swimming and the start of active feeding. Interestingly, ps7 genes
(evolution of bilateria) start to be strongly expressed at the beginning
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Figure 1 | Transcriptome age profiles for the zebrafish ontogeny.
a, Cumulative transcriptome age index (TAI) for the different developmental
stages. The pink shaded area represents the presumptive phylotypic phase in
vertebrates. The overall pattern is significant by repeated measures ANOVA
(P 5 2.4 3 10215, after Greenhouse–Geisser correction P 5 0.024). Grey

Relative expression level

a

(1) Cellular organisms
(2) Eukaryota
(3) Opisthokonta
(4) Holozoa

1.0

0.5

0.0
Z Cl

Bl

G

Se

Ph

H

Larva

Relative expression level

b

Juv

Adult

(5) Metazoa
(6) Eumetazoa
(7) Bilateria
(9) Chordata

shaded areas represent 6 the standard error of TAI estimated by bootstrap
analysis. b, Transcriptome indices split according to the origin of the genes
from the different phylostrata, based on the same developmental series as in
a. c, Depiction of the phylostrata analysed; numbers in parentheses denote the
number of array probes analysed for each phylostratum.

of metamorphosis, raising the possibility that metamorphosis-related
genes or processes have already originated in parallel to the formation
of bilateria. Ancient origins of hormonal signalling processes associated with metamorphosis have indeed been proposed22.
Although comparable fine-grained data sets are currently not available for other model systems, one can still compare the trends based on
available partial data sets. A good developmental transcriptome data
series exists for Drosophila, although it covers only one-third of the
expressed genes23. We have calculated the TAI for these data and find
that the overall pattern is indeed comparable to zebrafish (Fig. 3). Most
notably, the relatively oldest transcriptome is expressed during germband elongation, which can be equated to the phylotypic phase in
arthropods24. Thus, this molecular signature is qualitatively comparable to the zebrafish data, but there are more novel genes among the
post-embryonically expressed genes in Drosophila than in zebrafish,
reflected in larger TAI values from differentiation stages onwards
(Fig. 3a). Again, we see a major difference between males and females
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Figure 2 | Relative expression of the genes from each phylostratum across
the zebrafish ontogeny (same stages as in Fig. 1) for selected phylostrata
with significant differences. See Supplementary Fig. 3 for representation of all
phylostrata and significance assessments. For easier comparisons, the relative
expression calculated in relation to the highest (0) and lowest (1) expression
values across developmental stages is shown (see Methods). Bl, blastula; Cl,
cleavage; G, gastrula; H, hatching; Juv, juvenile; Ph, pharyngula; Se,
segmentation; Z, zygote.
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Figure 3 | Transcriptome age profiles for the Drosophila ontogeny, based
on the data in ref. 23. a, Cumulative transcriptome index for the different
developmental stages. The pink shaded area represents the presumptive
phylotypic phase in insects. The overall pattern of differences in TAI is

significant by repeated measures ANOVA (P 5 2.5 3 10293, after Greenhouse–
Geisser correction P 5 1.22 3 10211). Grey shaded areas represent 6 the
standard error of TAI estimated by bootstrap analysis. b, c Same as for Fig. 1b, c.

after hatching, but in contrast to zebrafish, the males express the
younger transcriptomes. Similar to the situation in zebrafish, ageing
Drosophila express increasingly older transcriptomes (Fig. 3a).
Breaking this pattern down to the contribution from the different
phylostrata shows again that the oldest genes contribute little to the
differential pattern, whereas genes that have emerged in ps9 (equivalent to the evolution of Arthropods) and later add increasingly to the
final profile (Fig. 3b).
Comparable, but even more limited, ontogenetic transcriptome data
are also available for the nematode Caenorhabditis elegans25 and the
mosquito Anopheles26. The same trends can be seen for those as well,
namely the oldest genes expressed during the embryonic stages, the
youngest towards adult stages and older genes in ageing animals
(Supplementary Figs 1 and 2).
These consistent overall patterns across phyla, as well as the detailed
analysis within zebrafish, suggest that there is a link between evolutionary innovations and the emergence of novel genes16,27,28.
Adaptations are expected to occur primarily in response to altered
ecological conditions. Juvenile and adults interact much more with
ecological factors than embryos, which may even be a cause for fast
postzygotic isolation29. Similarly, the zygote may also react to environmental constraints, for example, via the amount of yolk provided in the
egg. In contrast, mid-embryonic stages around the phylotypic phase
are normally not in direct contact with the environment and are therefore less likely to be subject to ecological adaptations and evolutionary
change. As already suggested by Darwin (discussed in ref. 15), this

alone could explain the lowered morphological divergence of early
ontogenetic stages compared to adults, which would obviate the need
to invoke particular constraints. Alternatively, the constraint hypothesis would suggest that it is difficult for newly evolved genes to
become recruited to strongly connected regulatory networks12,13,15.
The fact that ageing animals revert to older transcriptomes is in line
with the notion that animals beyond the reproductive age are not
‘visible’ to natural selection and can therefore not be subject to specific
adaptations any more. Also, the fact that major TAI differences can be
seen between males and females could have been anticipated, because
sexual selection is expected to continuously change phenotypic traits
between them. However, the fact that the differences go in opposite
directions in zebrafish and Drosophila is surprising. We have therefore
studied in detail which phylostrata contribute most to these differences
(Fig. 4). Both taxa show a female expression bias of ps2 genes, which
may be correlated to egg production, as RNA from such genes is stored
in the eggs (see above). But they strongly deviate at other phylostrata.
Zebrafish shows a strong female bias of ps6 and ps12 genes, which is
absent in Drosophila (Fig. 4). Drosophila, on the other hand, shows an
extreme bias of ps14 genes in males (Fig. 4), which is caused by the
many orphan genes involved in spermatogenesis30. Thus, in contrast to
the ontogenetic similarities of the TAI trends between the two taxa, the
sex differences are rather incongruent and indicate different evolutionary trajectories for male–female differences.
Our study provides strong molecular support for a correlate
between phylogeny and ontogeny, as well as the hourglass model of
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Figure 4 | Comparison of differences in TAI between females and males.
Comparison across phylostrata in zebrafish (Danio) and Drosophila (see
Supplementary Fig. 4 for a plot that includes the differences between stages).
The grey shaded area designates the shared part of the phylogeny between the
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development. Under this scheme, the phylotypic phase can be defined
as the ontogenetic progression during which the oldest gene set is
expressed, either because this is the phase with the lowest opportunity
for lineage-specific adaptations, or because it is internally so constrained that newly evolved genes cannot become integrated.
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METHODS
Fish keeping and sampling conditions. Zebrafish (Danio rerio) were kept in 12 l
flow-through tanks at 26.5 uC (around 60 animals per tank). For accurate staging,
fertilized eggs were collected within 15-min intervals and incubated in Petri dishes
at 28.5 uC with water changes every 2–6 h. After hatching, larvae were transferred
to 1-l tanks and kept at 28.5 uC. We took, in total, 72 samples in two replicates that
correspond to 60 stages across zebrafish ontogeny (50 samples before the sex could
be clearly recognized plus 11 samples of males and females each). Staging was done
according to post-fertilization time. Embryos were additionally staged under the
dissecting microscope according to ref. 31 to check for the consistency of postfertilization timing and morphological development at standard temperature
(28.5 uC). Only healthy animals that showed the expected morphological features
for a given post-fertilization time were sampled. Each sample contained around 50
individuals until the 1 day and 3 h embryo stage, 15 individuals until the 10 day
larval stage, 10 individuals until the 18 day larval stage, 5 individuals until the
45 day juvenile stage, whereas in later juvenile and adult stages we sampled males
and females separately and each sample contained 2 individuals. All samples were
snap frozen in liquid nitrogen and stored at 280 uC until RNA extraction. To
avoid severe biases owing to the excess of unfertilized eggs, we squeezed eggs from
adult females before freezing them in liquid nitrogen.
Phylostratigraphy. A full account of phylostratigraphic analysis and theoretical
underpinnings has been presented previously16–18. The zebrafish genes of the
present study (28,546, ENSEMBL release 56) were mapped on the currently best
supported phylogeny using BLAST searches against the cleaned up and additionally enriched NCBI NR database, which represents the most exhaustive set of
known proteins across all organisms. Our choice of internodes (phylostrata) in
the consensus phylogeny depended on the availability of complete annotated
genomes, reliability of phylogenetic relationships and on the importance of evolutionary transitions. Similarly, the data of Drosophila (13,389 genes), Anopheles
(12,457 genes) and Caenorhabditis elegans (19,077 genes) were mapped to the best
supported phylogenies that represent their evolutionary lineages.
RNA isolation and microarray gene expression experiments. Total RNA was
isolated using the TRIZOL plus protocol (Invitrogen). Four-hundred nanograms
of total RNA per sample were Cy3 labelled according to the one-colour Quick
Amp Labelling Kit protocol (Agilent). Labelled cRNAs were hybridized to Agilent
Zebrafish (V2) Gene Expression Microarray slides (4 3 44k) for 17 h at 65 uC and
washed according to the Agilent protocol. Hybridized microarray slides were
scanned using an Agilent High-Resolution Microarray Scanner.
Microarray data extraction, filtering and analysis. Raw microarray image files
were processed and quality checked by Agilent’s Feature Extraction 10.7 Image
Analysis Software. Background subtracted signal intensity values that contain correction for multiplicative surface trends (gProcessedSignal) generated by Feature
Extraction Software were used for further data analysis. Using GeneSpring microarray data analysis software we filtered probes that were flagged as non-uniform or
as population outlier. For every of the 72 samples we calculated average signal
intensity values over the two biological replicates. Probes (60 bp) were mapped
on the Danio rerio transcripts (ENSEMBL version 54) that passed the phylostratigraphic analysis (see below) using CD-hit software. This procedure yielded 16,188
unique probes that collapsed to 12,892 ENSEMBL predicted genes.
Phylostratigraphically mapped genes of Drosophila were linked to available
microarray data23. This procedure yielded a data set of 3,550 genes. In a similar
fashion, phylogenetically ranked microarray data sets were obtained for C. elegans25 (16,832 genes) and Anopheles26 (3,135 genes).
Transcriptome age index and statistical analysis. The TAI is the weighted mean
of phylogenetic ranks (phylostrata) and is calculated for every ontogenetic stage s
as follows:
n
P

psi ei
TAIS ~ i~1n
P
ei

this latter approach would also seem feasible, it runs into a technical problem. To
say that a given gene is expressed or not, one would have to impose a cutoff on the
signals from the microarrays, which is more or less arbitrary, as a weak signal on a
microarray could be derived from a gene with very low expression level, or from a
highly expressed gene that is present in a few cells only. Also, absolute quantities
are difficult to compare across microarrays and a single cutoff value would not be
appropriate (see below). In balance, we have therefore opted for the expression
level as a numerator, also because one could argue that genes that are broadly
expressed at high levels should be more relevant than specialized genes.
The TAI formula can alternatively be written as:
e1
e2
en
TAIS ~ps1
zps2
z:::zpsn
e1 ze2 z:::zen
e1 ze2 z:::zen
e1 ze2 z:::zen
The expression e1 1 e2 1…1 en represents the total signal of the analysed probes on
the microarray, whereas the ratio ei/(e1 1 e2 1…1 en), which can be denoted as fi,
represents the partial concentration (frequency) of probe i in the total microarray
signal at a given stage; it is within a range between zero and one. It is important to
note that the calculation of the partial concentration (fi) inherently makes a global
intensity normalization over the microarray experiment at a given stage and that at
every stage the sum of partial concentrations will equal one. In many microarray
studies it is common to assess the direction of expression change (over- or underexpression). This type of analysis requires that after the normalization procedure,
which aims to remove noise from the experiment, expression signals that are measured across experiments still reflect absolute number of mRNA molecules per unit
of biological material. In such situations, if global intensity normalization is applied,
it must be assumed that the total number of mRNA copies for all genes on the array
does not significantly differ between experiments. Contrary to this common application of microarrays, in our study we are not interested in the direction of expression
change of particular genes. Instead, we are looking at how partial concentrations of
RNAs contribute to the overall transcriptome across stages. For this purpose it is
irrelevant which part of the transcriptome is responsible for change of the partial
concentration. Therefore in our data treatment it is not necessary to assume that
cumulative signals do not differ between experiments. This shift in perspective
greatly simplifies the analysis on the scale of the complete ontogeny because abundance and distribution of transcripts is commonly very different between stages.
Thus, the TAI can be written as a sum of products between partial concentration
and corresponding phylostratum:
TAIS ~

psi fi ~ps1 f1 zps2 f2 z:::zpsn fn

i~1

To asses the contributions of a specific phylostratum to the overall TAI (Figs 1b
and 3b) we split the above total sum of psifi products to subsets of psifi sums where
the value of psi (phylostratigraphic rank) was used as a grouping factor.
By applying repeated measures ANOVA on these psifi products we tested the
significance of difference in TAI between stages. Repeated measures ANOVA was
used because the same set of probes are measured at every stage, that is, there is
dependence between the stages compared. Before means of these products across
stages are compared by ANOVA we multiplied every psifi product with constant n
(total number of analysed probes). This transformation does not influence the
ANOVA analysis and its sole purpose is that means of psifi products compared in
ANOVA are equal to the corresponding TAI values. Because the assumption of
sphericity was violated in the data sets analysed by repeated measures ANOVA, we
applied the Greenhouse–Geisser correction. Multivariate test statistics, an alternative approach that is not dependent on the assumption of sphericity, corroborated
our statistical results of repeated measures ANOVA. We used the bootstrap
approach (1,000 replicates) to asses the standard error of weighted mean (TAI)32.
Relative expression of the genes for a given phylostratum (ps) and developmental stage (s) (Fig. 2) was calculated according to the equation:
f {f
min
RE(ps)s ~ 
f max {f min

i~1

where psi is an integer that represents the phylostratum of the gene i (for example, 1,
the oldest; 14, the youngest), ei is the microarray signal intensity value (obtained from
Agilent Zebrafish (V2) Gene Expression Microarrays) of the gene i that acts as weight
factor and n is the total number of genes analysed. This way of calculating the index
gives an increasingly stronger weight to younger phylostrata, thus compensating for
the fact that the older phylostrata usually harbour the larger number of genes16–18.
We chose to calculate the TAI index based on the amount of expression per
gene, rather than by simply adding up whether a gene is expressed or not. Although

n
X

where f is the average partial concentration of RNAs from phylostratum ps for a
given stage and fmax , fmin are the maximal and minimal average partial concentration from phylostratum ps across all considered stages, respectively.
31. Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. & Schilling, T. F. Stages of
embryonic development of the zebrafish. Dev. Dyn. 203, 253–310 (1995).
32. Efron, B. & Tibshirani, R. Bootstrap methods for standard errors, confidence
intervals, and other measures of statistical accuracy. Stat. Sci. 1, 54–75 (1986).
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