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Abstract

Regulation of gene expression is arguably the main mechanism contributing to tissue
phenotypic diversity within and between species. Here, we assembled a vast RNA-seq dataset
covering twenty bilaterian species and eight tissues, selecting a specular phylogeny that
allowed both the combined and parallel investigation of gene expression evolution between
vertebrates and insects. We specifically focused on widely conserved ancestral genes,
identifying strong cores of pan-bilaterian tissue-differential genes but even larger groups that
diverged to define vertebrate and insect tissues. Consistently, systematic inferences of tissue-
specificity gains and losses show that nearly half of all ancestral genes have been recruited into
tissue-specific transcriptomes. This occurred during both ancient and, especially, recent
bilaterian evolution, with numerous gains being associated with the emergence of unique
phenotypes. Such pervasive evolution of tissue-specificity was boosted by gene duplication
coupled with specialization, including an unappreciated prolonged effect of whole genome

duplications during recent vertebrate evolution.
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Introduction

Fossil records reconstruct the image of the last common ancestor (LCA) of all bilaterian
animals as a small, marine creature crawling on the seafloor approximately 539-571 million
years ago (MYA) !. Despite its apparent simplicity, this ancestral organism introduced
remarkable biological novelties, including a revolutionary body plan, defined by two
perpendicular symmetry axes, and a third embryonic germ layer 2. In addition, it already
possessed at least a draft of the main tissue types homologous across extant bilaterian species,
including a nervous system, skeletal muscle, female and male gonads, through guts and an
excretory system 3. How did this ancient organism specify such a great variety of biological
structures? Since all its cells shared the same genome, gene expression regulation was likely
key for the generation of unique transcriptomes across these ancestral tissue types, and

consequently for the emergence of their distinctive biological functions.

The bilaterian ancestor gave rise to the vast majority of extant animals, in which the original
body plan and tissues have been greatly diversified and modified. Determinants of animal
evolution include changes in gene complements (i.e., gene gains/losses and gene duplications)
and divergence of protein-coding sequences . In addition, given the central role of tissue-
specific transcriptomes in defining distinct intra-species phenotypes, modifications of gene
expression patterns were likely to be employed during bilaterian evolution to generate inter-
species phenotypic diversity. In fact, it is now appreciated that expression divergence of
conserved genes has a major impact on phenotypic diversity, and it is arguably the main
evolutionary mechanism among multicellular organisms 7%. Examples of such occurrences
underlie important phenotypic novelties in key bilaterian lineages: the vertebrate endocrine
pancreas emerged following the co-option of ancestrally neural-specific genes %, and it has been
suggested that insect wings evolved thanks to ectopic expression of ancient genes originally
involved in gill specification and proximal leg segments '°-12, Still, even if some remarkable
cases linked to biological novelties have been identified, the specific role that the evolution of
expression of ancestral genes played in shaping homologous, yet often highly divergent, tissues

between distant bilaterian lineages has never been thoroughly assessed.

In the same way as fossil records provide glimpses of ancestral morphologies, comparative
transcriptomic data can offer invaluable insights into ancestral molecular states and their
subsequent history. Here, we studied the evolution of tissue-specific transcriptomes based on

a vast RNA-seq dataset covering eight tissue types from twenty different bilaterian species,
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including novel data for fifteen of them. We focused on vertebrates and insects, selecting a
symmetric phylogeny for both groups that allowed us to perform sound ancestral inferences as
well as to uncover parallel, convergent and divergent evolutionary trajectories in these early
branching bilaterian lineages. We first characterized global gene expression patterns and
reconstructed ancestral bilaterian tissue-differential modules that are still widely conserved
across extant species. Second, we investigated conserved genes that specifically evolved
divergent expression profiles between individual vertebrate and insect tissues. Lastly, we
systematically inferred and analyzed gains and losses of tissue-specific expression throughout
our bilaterian phylogeny. Overall, our work sheds light into the highly plastic nature of deeply
conserved genes in terms of tissue-specific expression patterns, which we find is tightly linked

to gene duplication, specialization and the emergence of unique tissue-related phenotypes.

Results

Characterization of global patterns of gene expression across bilaterian tissues

In order to reliably investigate the evolution of tissue transcriptomes in two key bilaterian
lineages, we selected twenty representative species (eight gnathostome vertebrates, eight
insects and two pairs of relative outgroups) evenly divided into two monophyletic branches
with specular phylogenetic structures (Fig. 1a). After correcting for broken/chimeric genes and
enriching the annotations of the majority of the species (see Supplementary Methods,
Extended Data Fig. 1a-c and Supplementary Table 1), we derived gene orthologous
relationships among all of them and isolated 7,178 bilaterian-conserved gene orthogroups,
which were unambiguously present in the bilaterian LCA and overall widely conserved across
vertebrates and insects (see Supplementary Methods; Extended Data Fig. 1d,e and
Supplementary Table 2). We then assembled a comprehensive bulk RNA-seq dataset
covering up to eight tissues in all species (Fig. 1a and Supplementary Table 3). Compared to
previous studies of transcriptome evolution, mostly focused on mammals, this dataset extends
the phylogenetic coverage beyond vertebrates and provides the first comparative framework
for insects. Moreover, while some of the included tissue types (neural, testis, ovaries, muscle
and excretory system) had been considered in previous studies of gene expression evolution

among bony vertebrate species 316

, others (digestive tract, epidermis and adipose) have never
been analyzed in such a context. In total, we generated 95 RNA-seq samples across 15 species,
which we combined with publicly available data into a final dataset of 346 RNA-seq meta-
samples (see Methods for meta-samples definition), including up to three meta-samples for

each tissue and species (Fig. 1a and Extended Data Fig. 2).
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Previous milestone studies had highlighted the greater transcriptomic similarity between
homologous tissues in different vertebrate species (inter-species) rather than between non-
homologous tissues in the same species (intra-species) '»'¢17. In our dataset, the first two
components of a principal component analysis (PCA) showed a clear distinction between meta-
samples from vertebrates and non-vertebrates (including all outgroups), independently of their
tissue identity (Fig. 1b). Nevertheless, subsequent components significantly separated groups
of meta-samples based on their tissue of origin, starting from neural and testis (Extended Data
Fig. 3a-d). Moreover, after z-scoring gene expression within species, in order to exclusively
evaluate inter-tissue variability, we obtained clusters largely corresponding to tissue groups
(Extended data Fig. 3e). All together, these results suggest at least partial conservation of

ancestral bilaterian tissue-differential expression modules.

Reconstruction of ancestral bilaterian tissue-differential expression modules

In order to characterize the ancestral tissue-differential expression modules that are still widely
conserved across extant bilaterians, we implemented a strategy based on a sparse least square
discriminant analysis (sPLS-DA) ¥, which allowed us to isolate the genes with the most
distinctive expression profiles in each tissue compared to the rest across all species (see
Methods, Fig. 2a and Supplementary Fig. 1a-f). This produced eight sets of ancestral genes
with conserved tissue-differential expression, which overall comprised 506 (~7%) of all

bilaterian-conserved orthogroups (Fig. 2b and Supplementary Table 4).

We next investigated in detail the gene groups corresponding to the neural and testis modules,
whose expression profiles are shown in Fig. 2¢,d (see Supplementary Fig. 1g-1 for other
modules). The neural module presented strong over-representation of gene ontology (GO)
categories related to synaptic transmission, neuronal morphology and other associated terms
(Fig. 2e), reflecting the high conservation of the specialized neuronal gene complement across
eumetazoan nervous systems '*?°, The testis module showed significant enrichments for cilium
and cytoskeleton-related functions (Fig. 2f), likely determined by the axoneme, a highly
conserved microtubule-based structure located at the core of most bilaterian spermatozoa
flagella and indispensable for their mobility 2!. The putatively conserved role that these
ancestral genes play in the respective tissue is supported by their significantly greater

association with validated neural- or testis-related phenotypes either in mammals or fly,
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compared to all bilaterian-conserved genes (Fig. 2g,h and Supplementary Table 5; p-value <

1e-05 for both tissues, Fisher's exact tests).

In addition to the neural and testis modules, all other sets exhibited GO enrichments coherent
with the deep-rooted functions of each tissue (Fig. 2i and Supplementary Table 6). For
instance, genes in the ancestral ovary module comprised several key meiotic genes and were
enriched in cell cycle and DNA-replication/repair functions (Supplementary Tables 4 and 6).
Some examples included CCNB2, a cyclin necessary for timely oocyte maturation and correct
metaphase-to-anaphase transition in mice 2223, MOS, a serine-threonine kinase which mediates
metaphase II arrest during meiosis and whose deletion causes human female infertility >4, and
CPEB, a protein involved in regulation of translation prior fertilization 2. As another example,
the most significant GO categories for the excretory system module, mainly ion transport and
amino acid metabolism, reflected the basic shared functions of ultrafiltration-based excretory
systems 2°. Moreover, even in those tissues in which the homology status of the specific cellular
components is more ambiguous/complex (e.g., epidermis, digestive system, adipose), we still
obtained a few significant enrichments linked to core molecular programs underlying

fundamental functions of each tissue type (Fig. 2i).

Finally, we investigated which transcription factors (TFs) might have regulated these ancestral
modules since the bilaterian LCA. Thus, we specifically tested if the TFs included in each
module presented a significant over-representation of predicted binding sites in the regulatory
regions of all the other genes within the same ancestral set (see Methods). We obtained
significant results for multiple TFs, comprising several known master regulators of the
respective tissues such as PAX4/6 2’ or FEZF1 ?® in neural, MEF2A-D ?° in muscle and
GRHL1/2 3% in epidermis (Fig. 2j).

In summary, we reconstructed eight confident modules of ancestral genes with highly
conserved tissue-differential expression profiles, offering a high-resolution snapshot of the

tissue-specific transcriptomes in the bilaterian LCA.

Ancestral genes divergently shape tissue transcriptomes in vertebrates and insects
Since only a relatively small proportion of bilaterian orthogroups showed globally conserved
tissue-differential expression patterns, we next aimed at identifying ancestral genes subjected

to different evolutionary forces and/or co-opted for distinct tissue-related tasks specifically
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between vertebrates and insects, which we could readily compare thanks to the symmetric

structure of our phylogeny.

First, we evaluated the expression conservation within tissues by comparing the relative rates
of transcriptomic evolution within both vertebrates and insects. Specifically, as previously
performed '3, we built expression-based trees for each tissue in each clade, where higher total
branch length corresponds to greater transcriptomic divergence. Interestingly, testis resulted to
be the fastest evolving tissue both in vertebrates and insects, extending previous findings in
amniotes '3 (Fig. 3a,b). However, while neural was one of the slowest evolving tissues in
vertebrates (Fig. 3a), in line with '3, it was unexpectedly the second fastest evolving tissue in

insects (Fig. 3b).

Second, we computed the average expression correlation across tissues (Spearman’s rho) for
bilaterian-conserved orthogroups within either vertebrates or insects, and checked how this
measure relates to other relevant gene features such as coding sequence evolution and
duplication status. In line with previous studies, and consistent with their shorter generation
time 3!, protein sequence similarities of ancestral genes among insect species were significantly
lower than those among vertebrates (Fig. 3¢; Wilcoxon Rank-Sum test < 2e-16). However,
their expression correlation across tissues presented similar distributions between the two
clades (Fig. 3d), suggesting comparable rates of tissue transcriptomic evolution. Notably, these
patterns emerged also when restricting the analysis to the 1,312 single copy orthogroups

(Extended Data Fig. 4a,b).

Next, we aimed to isolate ancestral genes that differentially evolved in vertebrates and insects
either in terms of expression profiles or sequence. For this purpose, we compared the
expression correlation and the protein sequence similarity within the same orthogroups
between the two clades. Remarkably, differences in each of the features were very lowly
correlated with one another (linear model beta: 0.039; Fig. 3e), implying no association
between sequence and expression conservation, in line with a more restricted comparison
between zebrafish and frog 3% but in contrast to observations within mammals 33. Thus, to
investigate the nature of genes whose evolution was largely shaped by changes in either one or
the other feature, we defined four groups with the top 500 ancestral genes with more conserved
sequence (SeqCons; Fig. 3f) or correlated expression profiles (ExprCons; Fig. 3g) in one

lineage compared to the other (Supplementary Table 7). These represent bilaterian-conserved
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genes which, through distinct evolutionary modalities (sequence or expression evolution),
might have been adapted to differential uses in vertebrates and insects. Consistent with a
putatively higher relevance of vertebrate SeqCons and ExprCons genes only in vertebrates,
these genes exhibited a significantly greater proportion of experimentally validated phenotypes
exclusively in mammals compared to flies (Fig. 3h; p-values = 5e-04 and 2e-10, respectively,
two-sided Fisher's Exact tests), while the opposite was true for the sets of insect SeqCons and
ExprCons genes (Fig. 3h; p-value = 0.011 and 2e-07, respectively, two-sided Fisher's Exact
tests) (see Supplementary Table 8 for complete phenotypic classification). Moreover,
vertebrate and insect SeqCons genes presented opposite duplication patterns among vertebrate
species, which underscore the known impact that gene duplication has on sequence divergence:
whereas genes with higher sequence conservation in vertebrates compared to insects showed
significantly less duplications among vertebrates relative to the background, the converse was
true for genes with lower sequence conservation (Fig. 3h). Finally, we asked if these
orthogroups with divergent features (i.e., sequence similarity or expression correlation)
between vertebrates and insects comprised functionally related genes. GO enrichment analyses
revealed different functional categories among each set (Fig. 3i). Strikingly, vertebrate
ExprCons genes were strongly enriched for developmental terms, whereas insect ExprCons
genes top significant categories were related to rRNA preprocessing/nucleolus and ATPase-
coupled ion transmembrane transport. These results were not affected by the chosen GO
annotation (human) or set size, as comparable results were obtained with the fly GO annotation
and with sets composed of the top 250 or 750 genes (see Methods and Supplementary Table
9).

Next, we separately applied the sPLS-DA methodology for each tissue to identify those
ancestral genes with tissue-differential expression exclusively in vertebrates or in insects
(Extended Data Fig. 4c, Supplementary Fig. 2 and Supplementary table 10). For many
tissues, the identified vertebrate-specific and insect-specific genes were involved in distinct
biological processes, possibly highlighting co-option of these genes for novel functions in at
least one of the clades and/or loss of the ancestral tissue-specific function in the other
(Supplementary Table 11). As an example, vertebrate-specific ovary-differential genes are
significantly enriched in several categories related to development of gonads, reproductive
systems and primary sexual characteristics, while the insect-specific ones are mainly enriched

for functions associated with cell cycle regulation and cytoskeleton organization.
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Pervasive evolution of tissue-specificity of ancestral genes impacts both ancient and
recent bilaterian history

We next unbiasedly defined genes with tissue-specific expression profiles throughout our
phylogeny using the Tau metric 3*. As expected, the overall proportion of tissue-specific genes
(Tau > 0.75) in each species was lower for bilaterian-conserved genes compared to all genes
(Fig. 4a and Supplementary Fig. 3). We assigned each bilaterian-conserved, tissue-specific
gene to the tissue(s) with the highest relative expression (see Methods, Fig. 4b and Extended
Data Figs. Sa and 6), providing a comprehensive characterization of their tissue-specificity
across all species and tissues (Fig. 4c¢). Neural- and testis-specific genes were the most
abundant throughout our phylogeny, followed by genes with restricted expression in two
different tissues (Fig. 4d). Overall, the number of tissue-specific genes was significantly higher
among vertebrate species (Fig. 4e; p-value = 2e-04, Wilcoxon rank sum test), likely as a
consequence of the two whole genome duplications (WGDs) at the base of vertebrates (see

next section).

We then set out to investigate the conservation of the identified tissue-specific profiles.
Remarkably, we found that these profiles were overall poorly conserved. For instance, for the
orthogroups that are tissue-specific in mouse, only a median of 6 out of the other 19 species
had orthologs with Tau > 0.75, and this number merely increased to 9 for Tau > 0.5 (Fig. 4f).
This pattern was observed for tissue-specific genes from all species (Fig. 4g and Extended
Data Fig. 7), suggesting that tissue-specificity is highly dynamic and that a high proportion of
these profiles may have a recent evolutionary origin. In fact, while only between 4% and 15%
of bilaterian-conserved orthogroups are tissue-specific in each species (barplot in Fig. 4h),
more than 47% of them contain at least one tissue-specific gene in at least one species (line
plot in Fig. 4h). As expected, these orthogroups with tissue-specificity potential (i.e., those that
are tissue-specific in at least one studied species) presented a significantly higher proportion of
gene duplications compared to orthogroups that are never tissue-specific (p-value = 2e-04,
Fisher’s exact test), which in turn were strongly enriched for housekeeping functions such as
RNA processing/binding and translation (extra boxes in Fig. 4h and Supplementary Table
12).
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Evolution of tissue-specificity is tightly linked to gene duplication and specialization

We next performed a systematic phylogenetic inference of tissue-specificity gains and losses
for each tissue since the last common bilaterian ancestor (see Methods, Extended Data Figs.
S5b-e and 8a and Supplementary Table 13). Remarkably, the Vertebrata node presents the
highest average proportion of inferred gains across tissues (Fig. S5a), even if some of the most
important gain waves were considerably more recent (e.g., in fruit fly testis and frog ovary,
with 198 and 109 gains, respectively; Extended Data Fig. 8a). Comparison of the proportions
of tissue-specificity gains and losses within each node and species shows that testis had the
highest turnover, as it presented the greatest proportion of gains and/or losses in 30/39 (77%)
of nodes/species (Fig. Sb). On the contrary, neural gains are mainly prevalent in the most
ancestral nodes on both branches (i.e., Euteleostomi/Neoptera or older), but while they seem
to have little impact in later vertebrate evolution, they still dominate the gain landscape in
several more recent insect nodes (e.g., Holometabola, Oligoneoptera and Diptera). Notably,
this result is in line with the differential conservation of the neural transcriptomes in vertebrates
and insects (Fig. 3a). Finally, as opposed to the most ancestral nodes, the tissue-specific
transcriptome of few recent nodes and of the majority of single species is predominantly shaped
by losses of tissue-specificity rather than by gains (i.e., we observed an average of 11% of
losses on the total number of inferences for Tetrapoda/Holometabola and more ancient nodes,

compared to 43% for more recent nodes and single species).

We then compared the total numbers of tissue-specificity gains between phylogenetically
equivalent nodes on the two branches (Fig. 5c). The gain signal reached the overall maximum
in the Vertebrata ancestor, consistent with a strong impact of the two rounds of WGD at the
origin of this group. Strikingly, although this effect progressively decreased, the fraction of
gains remained high throughout all subsequent vertebrate nodes, in clear contrast with the
relative flat signal observed on the insect side. Moreover, gains in both the Vertebrata and
subsequent nodes, as well as in the species-specific branches, showed a much higher proportion
of orthogroups involving paralogs derived from the vertebrate WGDs (2R-ohnologs) compared
to phylogenetically equivalent Insecta nodes and species (Fig. S¢c and Extended Data Figure
8b). Altogether, this suggests the existence of a previously unappreciated prolonged

evolutionary impact of vertebrate WGDs on the rewiring of tissue-specific transcriptomes.

Importantly, the association between the gain of tissue-specificity and gene duplication

extended beyond the vertebrate WGDs. For all nodes and extant species, we found that
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orthogroups with inferred tissue-specificity had a higher proportion of duplicates compared to
the corresponding background (Fig. Sd and Extended Data Fig. 8c). Moreover, we found
evidence that the acquisition of tissue-specific expression occurred to a large extent through
the process of specialization *3, where the specialized paralog reduces its expression in most
tissues, while the other paralog(s) conserve the ancestral broader expression pattern. For
example, under this model, the Eutheria testis-specific genes are expected to have lower
expression across the other tissues (i.e., all tissues but testis) in eutherians compared to non-
eutherian species, as readily seen in our dataset (Fig. 5e). This pattern was consistently
observed across all nodes and species, as quantified by the number of other tissues (from 0 to
7) in which the expression of a given ortholog is lower in the set of species with tissue-
specificity compared to those without, and far more extensively than expected by chance (Fig.
5f and Extended Data Fig. 8d,e). Moreover, although stronger for duplicated genes, this
pattern held true when separately considering duplicated or not duplicated tissue-specific genes
(Fig. 5g), supporting a widespread specialization landscape associated with tissue-specificity

gains throughout our bilaterian phylogeny.

Tissue-specificity gains are associated with emergence of unique tissue-related
phenotypes

Exploiting the symmetric structure of our phylogeny, we also identified 156 bilaterian-
conserved orthogroups that acquired a single but distinct tissue-specificity on the vertebrate
and insect sides (e.g., in neural and in ovary, respectively), thus fulfilling their functional
potential in divergent contexts (Extended data Fig. 9a). The most frequent pairs of parallel
tissue-specificity gains were neural and testis together with testis and ovary (Extended data
Fig. 9b), in agreement with the compartments among which expression shifts are more likely
to occur also within vertebrates '°. In addition to these parallel tissue-specificity gains, we also
characterized independent convergent acquisitions of the same tissue-specific expression
profiles in both the vertebrate and the insect sides (Fig. 6a). Such convergent gains were most
abundant in testis, probably as a consequence of the faster rates of transcriptomic evolution
that this tissue experiences both in vertebrates and in insects (see Fig. 3a). One exemplary case
is represented by TESMIN and tomb (Fig. 6b). These are paralogs of the ancestral
LIN54/mip120 gene that independently originated within the vertebrate and insect lineages and
convergently acquired testis-specific expression in amniotes and the fruit fly, respectively, and
whose importance for testis development and function is proven by spermatogenesis disruption

upon gene perturbation both in mouse 3¢ and fruit fly ¥7.
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Next, we aimed to functionally characterize the tissue-specificity gains in each node and
species (Supplementary Table 14). We found that a few gene functions were significantly and
repeatedly enriched in multiple nodes/species on both phylogenetic branches (Fig. 6c¢; see
Methods). GO categories such as double-strand DNA binding, cation transmembrane transport
and animal organ morphogenesis were over-represented throughout all tissue types, but we also
identified a few functions specifically enriched only across somatic organ tissues (e.g., plasma
membrane region) or reproductive ones (mainly related to meiotic division). On the contrary,
each tissue presented categories exclusively enriched across gains in a single node/species (Fig.
6d and Supplementary Table 15), several of which could be linked to the concurrent
emergence of novel phenotypic traits. For instance, only vertebrate neural-specific gains were
significantly enriched in categories related to oligodendrocyte differentiation and ensheathment
of neurons (i.e., the myelination of neuronal axons operated by the oligodendrocytes),
consistent with the origin of these glial cells in the gnathostome vertebrate ancestor 8. In
another example, mammalian ovary-specific gains exhibited a unique enrichment for response
to BMP (bone morphogenetic protein), a molecule shown to be involved in the regulation of

mammalian oogenesis and folliculogenesis 3°.

Finally, we focused on the functions of species-specific, tissue-specific gains, which represent
59% of all our inferred gains. In order to identify functional categories potentially over-
represented among these species-specific inferences, we plotted a distribution of GOs based on
the proportion of their bilaterian-conserved orthogroups experiencing at least one of such
species-specific gains (Fig. 6e). Strikingly, the top 5% of this distribution includes cell-cell
signaling, tissue development and several other morphogenesis-related or developmental
categories, which are significantly over-represented in the upper tail compared to the lower
percentiles (Fig. 6e and Extended Data Fig. 9c,d). One remarkable example of a
developmental gene included in these species-specific gains is FGF17, which is neural-specific
only in human (Fig. 6f). FGF17 is a fibroblast growth factor broadly expressed during the
embryonic and postnatal brain development of multiple species, but which was co-opted in the
adult brain only in human (Extended Data Fig. 10; data from '#). Remarkably, a recent study
40 showed that the Fgfl17 contained in the cerebrospinal fluid of young mice activates a
transcriptional program leading to proliferation of oligodendrocyte progenitors and, when
injected into aged mice, slows down brain aging and improves memory functions (Fig. 6g).

Thus, even if Fgf17’s potential to induce oligodendrocyte proliferation seems to be ancestral,
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this gene became part of the adult neural-specific transcriptome only during recent human

evolution, where it might contribute to the preservation of cognitive abilities in old age.

Discussion

In this study, we have assembled an unprecedented dataset of RNA-seq samples spanning
twenty bilaterian species and eight tissues, with the goal of tracing the evolution of gene
expression in homologous tissues within and between vertebrates and insects. Therefore, in
terms of phylogenetic range, our study represents a considerable step forward compared to
previous works where a similar framework of tissue transcriptional evolution has been applied
13-16 " a5 it extends the investigation range to a large panel of vertebrate and non-vertebrate
species, including organisms which diverged ~600 MYA. Moreover, we explicitly designed
our study around a symmetric phylogeny for the vertebrate and insect branches. This allowed
us to identify not only ancestral features, but also parallel, convergent and divergent
evolutionary trajectories of ancestral genes between and within these two major bilaterian
lineages. Using this phylogenetic framework, we performed a pioneering analysis of the
evolutionary dynamics of tissue-specific expression among ancestral bilaterian genes.
Strikingly, we found that nearly half of the ancestral bilaterian gene complement has acquired
tissue-specific expression in at least one of the studied species, an unexpectedly high fraction
that reveals a surprising plasticity for this transcriptomic trait. We thus investigated the timings

and mechanisms behind the pervasive evolution of these tissue-specificity patterns, as well as

their functional impact.

Before discussing these aspects, however, we acknowledge that a major limitation of our study
is the use of bulk RNA-seq data, which merges the signals originating from the different cell
types present in each tissue. This issue is particularly relevant, given that we are analyzing
distantly related species with highly divergent tissue histologies. Thus, differences in cell type
composition might be a confounding factor in our comparisons of gene expression dynamics,
especially those estimating quantitative differences among species across the entire tissue panel
(e.g., correlations, PCAs, etc.). Notwithstanding, we aimed at minimizing these considerations
by explicitly studying tissue-specific patterns, which are largely qualitative in nature (i.e.,
presence/absence), and thus should be more robust to quantitative variations in cell type
composition. Indeed, changes in tissue-specific transcriptomes can provide information about

evolutionary events such as the origin of novel cell types. For instance, we detected enrichment
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for oligodendrocyte differentiation exclusively in the neural-specific genes acquired in the

vertebrate node, concomitantly with the emergence of this cell type 38

With regards to evolutionary timings, our phylogenetic inference revealed that most ancestral
genes acquired tissue-specific expression during late bilaterian evolution. Despite this, we
found that at least ~7% of all ancestral orthogroups have been expressed in a tissue-specific
manner since the bilaterian LCA. Importantly, all the ancestral tissue-differential modules we
identified are linked to core and shared functions within each tissue type, even in those tissues
that have greatly diverged at the histological and cell type level (e.g., digestive system *!) or
mainly originated by convergent morphological trajectories (e.g., fat-rich tissues #?). Moreover,
we found that validated phenotypic effects both in mammals and in fly supported their extant,
wide physiological relevance. Remarkably, neural, muscle and reproductive organ
transcriptomes present the largest ancestral tissue-differential modules; this suggests they have
more distinctive and conserved transcriptomic signatures compared to other bilaterian tissues,
likely related to the high complexity and specialization of the main cell types that form them

(neurons, myocytes and meiotic cells, respectively).

At the mechanistic level, we showed that tissue-specific gains have a strong association with
gene duplication across the entire bilaterian phylogeny, as previously reported for more
restricted lineages ***. Furthermore, we investigated how often evolution of tissue-specificity
generally occurred through specialization, by which the specialized paralog reduced its
expression in the tissues without tissue-specificity compared to the broadly expressed ancestral
patterns. This mechanism had previously been identified for more restricted groups, including
paralogs originated from vertebrate 3°> and salmon ** WGDs, together with gene duplicates
specific in the pea aphid %, primates and rodents *°; here, we expanded the search space and
provided evidence that specialization is strongly associated with tissue-specificity gains
throughout the entire bilaterian phylogeny. Another particularly remarkable finding in the
context of gene duplication is the seemingly prolonged effect of the vertebrate WGDs on the
amount of tissue-specificity gains throughout recent vertebrate evolution. Specifically, the
Vertebrata node showed the highest level of tissue-specificity gains in the phylogeny,
especially among paralogs retained from the WGDs (ohnologs), as expected from a direct
causal effect of these events. However, subsequent ancestral nodes and extant species within
the vertebrate lineage also exhibited substantially higher number of gains, as well as a higher

fraction of affected ohnologs, compared to other phylogenetically equivalent non-vertebrate
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nodes and species. While this could be partly due to loss of tissue-specificity in early branching
vertebrate species, we suggest that this pattern reflects the increased likelihood of orthogroups
with retained ohnologs in vertebrates to evolve tissue-specificity even millions of years after
the WGDs that generated the genetic redundancy. If so, this unexpected finding implies that
the evolutionary impact of WGDs on phenotypic diversification may go beyond immediately
subsequent effects, providing an additional potential explanation for the lag observed between

the timing of WGDs and their purported consequences in multiple lineages 47,

Finally, we assessed the functional impact of the rewiring of tissue-specific transcriptomes. At
one extreme of the phylogenetic range, we identified sets of genes with unique tissue-
differential expression patterns either in all vertebrates or in all insects; in other words, gene
sets that differentially define the equivalent tissues in each lineage. For instance, the vertebrate-
specific and insect-specific ovary-differential sets are significantly enriched for gonad
development and cell cycle related functions, respectively, exemplifying how changes in
ancient genes have contributed to differentially shape the female reproductive systems in the
two lineages. At the other extreme, almost 60% of our inferred tissue-specificity gains occurred
in specific species and were often associated with the emergence of unique phenotypes,
highlighting the great potential of novel tissue-specific expression patterns to underlie
organismal novelties . For instance, we detected a distinctive enrichment in sensory
perception of light stimulus in the octopus' skin, consistent with the unique presence of light-
activated chromatophores organs all over the cephalopod’s body surface 3!. Strikingly, we also
uncovered a significant tendency for developmental genes to retain adult tissue-specific
expression in a species-specific manner. Cases like FGF17 in humans that we reported here
point to a potential widespread, functional co-option of ancestral developmental genes within
distinct tissue-specific transcriptomes throughout the most recent bilaterian evolution. Future
research should elucidate the functional significance of the adult tissue-specific expression of
these developmental genes as well as of the myriad of other tissue-specific genes we identified,

and how they ultimately contribute to animal evolution.

Methods

Genome annotation and sequence files

For eight species, we downloaded the GTF and genome FASTA files from Ensembl
[https://www.ensembl.org/], selecting the following assemblies and versions: human (Homo

sapiens, Hsa: hg38, v88), mouse (Mus musculus, Mmu: mm10, v88), cow (Bos Taurus, Bta:
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bosTau9, v99), opossum (Monodelphis domestica, Mdo: monDomS5, v86), chicken (Gallus
gallus, Gga: galGal6, v99), tropical clawed frog (Xenopus tropical, Xtr: XenTro9, v101),
zebrafish (Danio rerio, Dre: danRer10, v80), elephant shark (Callorhinchus milii, Cmi: 6.1.3,
v99). For other eight species, we downloaded GTF and genome FASTA files from Ensembl
Metazoa [https://metazoa.ensembl.org/]: sea urchin (Strongylocentrotus purpuratus: Spu:
Spur 5.0 v51), fruit fly (Drosophila melanogaster, Dme: dm6, v26), yellow fever mosquito
(Aedes aegypti, Aae: AaegL5, v46), domestic silk moth (Bombyx mori, Bmo: ASM15162v1,
v45), red flour beetle (7Tribolium castaneum, Tca: Tcas5.2, v45), honey bee (Apis mellifera,
Ame: Amel 4.5, v35), centipede (Strigamia maritima, Sma: Smarl, v26), California two-spot
octopus (Octopus bimaculoides, Obi: PRINA270931). For other three species, we used the
GTF and genome FASTA files from the relative publications: amphioxus (Branchiostoma
lanceolatum, Bla: °?), marmalade hoverfly (Episyrphus balteatus, Eba: 3%), mayfly (Cloeon
dipterum, Cdi: '°). For the cockroach (Blattella germanica, Bge) we downloaded the GFF3
(blager OGSv1.2.1.gft3) and the genome FASTA
(GCA _000762945.2 Bger 2.0 genomic.fna.gz) from https://iSk.nal.usda.gov/content/data-
downloads. We then converted the GFF3 to GTF with gffread and we modified it to match the
Ensembl format using custom scripts. Finally, for Bmo and Bge, we enriched the annotations

using the RNA-seq data we generated as described in Supplementary Methods.

Gene orthology calls

We used Broccoli (v1.2) >* to infer gene orthogroups among all protein coding genes from the
20 species. In order to avoid redundant gene homology calls, we selected one representative
protein isoform for each gene in each species (i.e., the isoform with the longest coding
sequence). See Extended Data Fig. 1 and Supplementary Table 2 for gene orthogroups

statistics and Supplementary Dataset for gene orthogroup files.

Genome annotation refinements

We corrected broken genes (a single gene annotated as two or more separated entities) and
chimeric genes (independent genes annotated as a fused element) from almost all genome
annotations (excluding human, mouse and fruit fly), since they can respectively result in
erroneous gene duplication inferences and incomplete ortholog detection. For this purpose, we
used the information provided by the gene orthology call as well as pairwise alignments, as

described in detail in the Supplementary Methods.
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Gene Ontology (GO) annotation and transfers

Comparative analyses relying on functional GO annotations risk being biased by the different
GO annotation qualities existing between species. In order to avoid such biases, we generated
a unified annotation for each of the species starting from the assumption that orthologous genes
likely share functional properties. First, we built comprehensive GO annotations both for
human and fruit fly. We downloaded the GO annotations (GenelD-GO correspondence) from
Ensembl (v106) > for the two species, and we combined the human annotations with those
from clueGO v2.5.5 level 5 %%. Then, to build a human-based GO annotation file, we assigned
the GO annotations of each human gene to all the genes from the other species belonging to
the same orthogroup whenever the number of human genes within the orthogroup with that GO
annotation was > 1/4 of the total human genes in that orthogroup. A similar procedure was
followed to build a fruit fly-based GO annotation file based on the fruit fly GO annotation.
Then, we selected only the GO categories with a number of genes included between 3 and
1,500 for the human-based annotation and 3 and 500 for the fruit fly one. The annotation files
resulting from these "ontology transfers" were used for all GO analyses (see Supplementary

Dataset).

RNA-seq sample dataset

We downloaded in total 1,130 individual RNA-seq samples across 18 species. All downloaded
samples and relative information can be found in Supplementary Table 3. Moreover, we
generated 95 RNA-seq samples for 15 species covering different tissues that were missing in
public resources. See Supplementary Table 3 for more details (all the samples generated for
this project report “in_house” in the SRA field). All these samples were dissected from adult
animals and the RNA extracted using the most suited protocol for the organism and tissue,
namely TRIzol™ Reagent (Thermo Fisher) or Qiagen RNeasy kit (QIAGEN) (see GEO series
GSE205498 for more details on sample extraction and processing protocols). These RNA
samples were used to construct standard Illumina RNA-seq libraries at the CRG Genomics
Unit, and an average of ~78 million 125-nucleotide paired-end reads were generated for each
of them in a HiSeq2500. In the case of octopus, the sequencing was performed at the University
of Chicago, with NovaSeq. In total, we generated ~7.6 billion individual reads. All read and

mapping statistics for all RNA-seq samples are also provided in Supplementary Table 3.

RNA-seq quantification
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We quantified expression using Kallisto quant *’, setting parameter -b 100 --single -1 190 -s 20
for single end RNA-seq samples and -6 100 for paired-end RNA-seq samples (with -b=number
of bootstrap samples; -l=estimated average fragment length; -s=estimated standard deviation
of fragment length). For each species, we quantified gene expression for each sample by
summing the raw counts of all its corresponding annotated transcripts. We next normalized the
expression with DESeq?2 8 and used the effective lengths returned by Kallisto to compute the
Transcript Per Million (TPMs). For all analyses, log2(TPM+1) was used as the final expression

measure for each sample.

Meta-samples and tissue expression measures

When multiple datasets were available for a given tissue and species, we grouped the RNA-
seq samples into a maximum of three meta-samples. This was done to: (i) increase read depth
per meta-sample, (ii) dilute potential batch effects from publicly available samples, (iii)
facilitate downstream analyses and comparisons by having a comparable number of replicates
across tissues and species. Meta-sample groups are detailed in the column "Metasample" in
Supplementary Table 3. In particular, we followed the approach that we previously described
for human, mouse, cow, zebrafish and drosophila in VastDB [https://vastdb.crg.eu/] *°, where
samples from comparable experiments based on clustering approaches are pooled. For this
study, we computed the median expression across all the samples included in each meta-

sample, which we used as its representative measure.

Best-hits orthogroups definition

Most comparative analyses need matrices with a single gene per species as input, which often
restricts the studies to single 1-to-1 orthologs, which are known to have different evolutionary
and expression biases 3°. To expand our gene sets beyond 1-to-1 orthologies, we defined a "best
representative ortholog" (best-hit) per species in each bilaterian-conserved orthogroup (see
scheme in Extended Data Fig. 3a). For this purpose, we first calculated the pairwise protein
sequence similarity for all pairs of genes from different species within an orthogroup based on
BLOSUMG62, using mafft ° with default parameters and comparing the best representative
isoform per gene. Next, for any species with multiple paralogs in a given orthogroup, we
selected as best-hit the gene with the highest average sequence similarity (with respect to the
genes from all other species in the orthogroup) if this similarity value was at least 0.2 higher
than the sequence similarity of all the other paralogs from the same species. If this requirement

was not fulfilled, we discarded the genes with >0.2 average sequence similarity difference from
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the gene with the top average sequence similarity, and we selected as best-hit among the
remaining genes the one with the highest expression similarity across tissues (or a random one
in case of equal expression similarity). This expression similarity was defined as the average
of all pairwise Pearson’s expression correlations across tissues between the target gene and
each gene from all other species in the orthogroup, where expression in each tissue was
represented by the averaged log2(TPM+1) expression values among all meta-samples of that

tissue.

Principal component analysis (PCA) and clustering analysis

To investigate the interrelation among our meta-samples, we first quantile normalized their
log2(TPM+1) expression values across the best-hit orthologs of all species per orthogroup
using /imma in R °!. Next, we subsetted this normalized expression matrix to only the 2,436
orthogroups with at least one ortholog in each species (in order to avoid imputation) and applied
the prcomp function in R (center=TRUE, scale=TRUE) to perform a PCA. To assess the
biological nature of each principal component, we performed one-sided ANOVA tests between
species and tissue groups employing the aov function in R (Extended Data Fig. 3c,d; shown
p-values were Bonferroni corrected). The heatmap in Extended Data Fig. 3e was generated
by the pheatmap R package with ward. D2 clustering method on the same input matrix used for
the PCA, but where the expression values were z-scored across tissues of the same species in

order to minimize the inter-species variability.

Definition of ancestral bilaterian tissue-differential modules

As summarized in Fig. 2a, we first performed a sPLS-DA with the splsda function from the
mixOmics package © in R, using as input the quantile-normalized expression table for all best-
hit orthologs and meta-samples described above. We specifically compared all tissue groups
versus each other, selecting the optimal number of components and loadings per component by
running the tune.splsda function on the same expression table with the following parameters:
ncomp = 10, validation = "Mfold', folds = 4, dist = 'max.dist’, measure = "BER", test.keepX =
c(1:10, seq(20, 300, 10)), nrepeat=10. Since each of the resulting components specifically
separated the meta-samples of each tissue group (Supplementary Fig. 1), we used the
corresponding loadings (which represent orthogroups with the most distinctive expression
profiles in the isolated tissue compared to the others) to define the respective ancestral
bilaterian tissue-differential modules. Importantly, contrary to a PCA, the proportion of

variance explained by consecutive components does not necessarily decrease, as the aim is not
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to maximize the variance. As an extra filter, we further selected only those orthogroups that
had the highest median expression in the isolated tissue both among vertebrates and insects.
Expression values per tissue in each species were derived by averaging the quantile-normalized
log2(TPM+1) expression values of all meta-samples per tissue (i.e. one expression value per
tissue and species). These values were then z-scored within species to be able to pool their
relative tissue expression across species. Finally, the values plotted in Fig. 2¢,d and
Supplementary Fig.1 correspond to the median of these measures among all vertebrates, all
insects or all outgroups (i.e., only three values instead of 20 are plotted per orthogroup and

tissue).

Characterization of ancestral bilaterian tissue-differential modules

GO enrichment analyses were performed with the gprofiler2 % R package, using the human
orthology transfers as GO annotation and all bilaterian-conserved orthogroups as background.
All p-values were FDR corrected. For the representation of GO networks of significantly
enriched categories (adjusted p-value < 0.05) in Fig. 2i, only significant categories containing
at least 5 genes in the tested set were considered. The networks were obtained from Revigo

(http://revigo.irb.hr/) ¢4, selecting large output lists (90% of the input list; option 0.9) for all

modules except the neural-differential (for which 0.4 [40%] was selected). To characterize the
phenotypic impact of these genes, we downloaded all validated gene-phenotype associations
from Ensembl (*3; v105) for human and mouse and from FlyBase  updated in January 2020.
Neural phenotypes were defined as anything matching "neuro", "behavior", "brain", "glia",
"CNS" (case insensitive), while testis phenotypes were defined as anything matching "sperm",
"infert", "sterile", "testis" (case insensitive). Orthogroups with positive matches in either
species were considered for the plots shown in Fig. 2e,f. Neural and testis phenotypes
associated with the relative ancestral tissue-differential module are reported in Supplementary

Table 5, while all phenotypic associations mapped to the relative bilaterian-conserved

orthogroup are available in the Supplementary Dataset.

Enrichment of TF binding motifs in ancestral bilaterian tissue-differential modules

To investigate which TFs might be behind ancestral bilaterian tissue-differential modules, we
first built a database of Positional Weight Matrices (PWMs) combining motifs from 56
vertebrate and non-vertebrate species, for a total of 8016 original motifs with direct evidence
in CIS-BP %. We clustered similar motifs into consensus motifs by running gimme cluster %

with parameter -¢ 0.9999 as described in 3, obtaining a final set of 1406 PWM:s of length > 5.
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We then mapped each of these consensus motifs to the respective bilaterian-conserved
orthogroup(s) based on the genes (in all species) from which the original motifs in the group
were derived. The database containing the orthogroup - motif cluster associations is provided

in the Supplementary Dataset.

We then checked if the TFs included in the ancestral bilaterian tissue-differential modules
presented binding sites enriched in the regulatory regions of the other genes in the same
modules. For this, we considered as regulatory region the 3kb upstream of each gene’s
annotated transcription start site, or the intergenic distance from the closest upstream gene (last
poly-adenilation site) if this was lower than 3kb. For all bilaterian-conserved genes in each
species, we then calculated the di-nucleotide frequency with rsat oligo analysis -2str -noov %,
We scanned all the sequences in each species, using the di-nucleotide frequencies as
background and running rsat matrix-scan with the following parameter: -quick -pseudo 1 -
decimals 1 -2str -log pseudo 0.01 -uth pval 0.01 -n score. From the returned hits, we only
selected the highly confident matches in each sequence (p-value < le-05). Then, for all
ancestral tissue-differential TFs, we performed two tests on the corresponding module, using
as background all other bilaterian-conserved genes: (i) a Fisher's exact test, to check if the
proportion of sequences with at least one hit in the tested module was significantly higher
compared to the background proportion; and (ii) a negative binomial regression test, to check
if the number of hits per sequence was increased among the genes in the tested module
compared to the background. We performed each test three times, selecting in turns all, only
vertebrate or only insect species. In Fig. 2j we represent all TFs which have: (i) either p-value
< 0.05 and positive beta in the regression test or p-value < 0.05 in the Fisher's exact test
performed on all species; and (ii) p-value < 0.05 for both vertebrates and insect species

separately either in the regression or Fisher's exact test.

Characterization of relative rates of tissue transcriptome evolution in vertebrates and
insects

We built separate gene expression trees for each tissue in vertebrates and insects as described
in 13. We adopted a neighbor—joining approach based on pairwise distance matrices between
the species of each clade in the considered tissue. The distance between species was defined as
1-p, where p is the Spearman’s rho between the expression of the two species in the considered
tissue. We computed p with the cor function of the stats R package, and we used as input the

quantile-normalized best-hits log2(TPM+1) expression matrix where we averaged all meta-

21


https://doi.org/10.1101/2022.11.14.516384
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.14.516384; this version posted November 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

samples per tissue/species (i.e. one expression value per tissue and species). The total tree
length was calculated by summing the lengths of all branches. The reliability of branching
patterns was assessed with bootstrap analyses (1000 random sampling with replacement).

Adipose tissue was excluded from this analysis since it was missing for elephant shark.

Definition of SeqCons and ExprCons gene sets

The SeqCons and ExprCons genes (Fig. 3f,g) were defined based on the relative difference
(i.e., delta) in average protein sequence similarity and expression correlation of each bilaterian
gene orthogroups within vertebrate and insect species. More specifically, we defined four
groups with the top 500 bilaterian-conserved orthogroups with the highest relative average
sequence similarity (SeqCons) or average relative expression correlation (ExprCons) in one
clade (vertebrates or insects) compared to the other. Importantly, this definition implies that
such genes are either highly conserved in the target clade and/or highly divergent in the other.
For instance, a vertebrate SeqCons gene can have either high values of sequence similarity
among vertebrates, low similarity among insects, or a combination of the two. Sequence
similarity within each clade was defined as the average pairwise protein sequence similarity
between all pairs of best-hits orthologs in that clade (computed as described in “Best-hits
orthogroups definition”). Expression correlation was represented by Spearman’s rho computed
on the quantile-normalized best-hits average log2(TPM+1) expression matrix. Lists of

SeqCons and ExprCons orthogroups are available in Supplementary Table 7.

Characterization of SeqCons and ExprCons genes

We used the phenotypic annotation we built for human, mouse and fly (see “Characterization
of ancestral bilaterian tissue-differential modules") to evaluate the phenotypic impact of
SeqCons and ExprCons genes in different clades (vertebrates or insects). We considered as a
mammalian or fly phenotype any phenotype annotated only in human/mouse or fly,
respectively. The relative numbers and proportions for all groups compared to the background
(i.e. all ancestral bilaterian orthogroups) were reported in Fig. 3h (left side), and all phenotypic
labels are provided in Supplementary Table 8. In addition, for the genes in each SeqCons and
ExprCons set, we counted the number of vertebrate species in which they have at least one
duplicate. These numbers range between 0 (implying single copy orthologs in all vertebrates)
and 8 (where the orthogroup presents at least two paralogs in all vertebrate species). The
relative proportions of duplication levels in vertebrates for each group compared to the

background were represented in Fig. 3h (right side). GO enrichment analyses were performed
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with the gprofiler2 %3 R package, using the human orthology transfers as GO annotation and all
bilaterian-conserved orthogroups as background. All p-values were FDR corrected. GO
networks including up to the top 20 significant categories for vertebrate and insect SeqCons
and ExprCons sets. Only significant GOs containing at least 5 genes in the tested set were

considered. Networks were obtained from Revigo (http://revigo.irb.hr/) ¢, selecting large

output lists (90% of the input list; option 0.9). Complete GO enrichment results are provided
in Supplementary Table 9.

Definition of vertebrate and insect tissue-differential modules

We performed an sPLS-DA run per tissue as described in “Definition of ancestral bilaterian
tissue-differential modules”. For each tissue, we compared three different groups: (i) vertebrate
meta-samples of the query tissue, (ii) insect meta-samples of the query tissue, and (iii) all other
meta-samples. We then selected the components specifically separating either the vertebrate or
the insect meta-samples of the query tissue from all others (Supplementary Fig. 2), using the
corresponding loadings to define vertebrate- and insect-specific tissue-differential modules.
We selected as vertebrate-specific, tissue-differential orthogroups only those loadings that
showed the highest median expression in the query tissue among vertebrates but not among
insects (or the other way round for insect-specific, tissue-differential orthogroups). Moreover,
we required the vertebrate/insect-specific orthogroups to have higher median expression in the
query tissue of vertebrates/insects compared to the other clade. Expression values per tissue in
each species were derived by averaging the quantile-normalized log2(TPM+1) expression
values of all meta-samples per tissue (i.e. one expression value per tissue and species). These
values were then z-scored within species to be able to pool their relative tissue expression

across species.

Tissue specificity calls

To perform the tissue-specificity calls, we first computed the Tau 34 for all genes separately in
each species. Tau is a measure of tissue specificity ranging from O (ubiquitous genes) to 1
(highly tissue-specific genes). For each species, we employed as input a quantile-normalized
expression matrix of log2(TPMs+1) values averaged by tissue (i.e., one value per tissue). We
defined as tissue-specific in each species all genes with Tau > 0.75 and maximum expression
> log2(5). To associate these tissue-specific genes with one or two tissues ("Associated
tissue(s)" in Fig. 4b,c and Extended Data Fig. 5a), we evaluated the expression proportion

per tissue (tissue expr / all tissue expr), where "tissue expr" is the average normalized
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log2(TPMs+1) expression of the gene in the target tissue and "all tissue expr" the sum of the
average normalized log2(TPMs+1) expression values across all tissues. Specifically, we
applied the following steps for each gene in each species (Extended Data Fig. 5a): (i) if the
difference in expression proportion between two most-highly expressed tissues was > 0.10 and
their ratio > 1.7, we associated the gene only with the top tissue. (i1) If the above conditions are
not fulfilled, but the difference in expression proportion between the second and third most
highly-expressed tissues was > 0.15, we associated the gene with the two top tissues (multi-
tissue specificity). (iii) Else, the gene was not considered as tissue-specific and not associated
with any tissue. In addition, for the gain/loss inferences (see next section), we more loosely
defined the "Top tissue(s)", corresponding to the "Associated tissue(s)", when available, or

simply to the two tissues with the highest expression (Extended Data Fig. Sa, last example).

Phylogenetic inference of tissue specificity gains and losses

We performed the phylogenetic inferences of tissue specificity gains and losses for each tissue
separately, starting from all bilaterian orthogroups presenting at least one tissue-specific call in
that tissue (see previous section). For each of these orthogroups, we considered one gene per
species per tissue inference, independently selecting the representative ortholog in each tissue
in case of multiple paralogs. In particular, we selected the paralog with the strongest association
with the query tissue, according to the following prioritization (Extended Data Fig. Sb): (i) a
paralog called as tissue-specific in that tissue as defined above; if there were multiple tissue-
specific paralogs, we selected the one with the highest Tau. (ii) Else, a paralog in which the
target tissue is in the Top tissue(s), as defined above; if there were multiple such paralogs, we
selected the one with the highest Tau, giving priority to those passing the expression cutoff
(max expression > log2(5). (iii) Else, the paralog with the highest Tau, giving priority to those

passing the expression cutoff.

Then, once the set of gene representatives was selected for the query orthogroup and tissue, we
implemented two subsequent inference approaches independently for each major branch
(deuterostome and protostome). First, we performed a "strict approach", inferring a maximum
of one tissue specificity gain for each major branch. Here, we inferred a gain in a node if
(Extended Data Fig. Sc, left): (i) the first-branching species in the node was tissue-specific in
the query tissue (as defined in the previous section); (ii) at least 50% of the node's descendant
species with an ortholog had Tau > 0.60 and were associated with the query tissue; and (iii)

none of the outgroup species to that node on the same branch that passed the expression cutoff
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had Tau > 0.60 and were associated with the query tissue. Exceptionally, in the case of the most
internal nodes (i.e., Euarchontoglires: human and mouse, Cyclorrhapha: fruit fly and hoverfly)
we required Tau > 0.6 and association with the query tissue in both species and a tissue-specific
call in that tissue for at least one of them. Second, for all the orthogroups that could not be
classified with the first strict approach for a given branch, we inferred gains with less stringent
requirements ("relaxed approach"; Extended Data Fig. Sc, right). Here, we inferred gains in
the last common ancestor of all species with Tau > 0.60 that are associated with the query tissue
as long as at least one tissue-specific gene is present. However, the relaxed approach inferred
multiple gains on each branch if the minimum distance between two species or nodes respecting
those tissue-specificity cutoffs was higher than 3 nodes (e.g., in human and in chicken, or in
Eutheria and in zebrafish). Also, if no inference of gain in an ancestral node could be done by
either approach, tissue-specific genes (as defined in the previous section) were considered
species-specific gains. Finally, from the combined output of both approaches, we inferred a
bilaterian gain whenever a gain was identified in both Deuterostoma/Chordata/Vertebrata and
Protostoma/Arthropoda/Insecta with either strict or relaxed criteria (Extended Data Fig. 5d).
As an exception, since shark testis samples showed poor correlation with other testis samples,
we also inferred bilaterian gains for testis in case of gain inferences in Euteleostomi and

Protostoma.

We then inferred tissue-specificity losses starting from the nodes in which gains were inferred
for each tissue (Extended Data Fig. Se). In case of bilaterian gains, the inferences were
conducted separately on the deuterostome and protostome branches. We considered as
potential losses all species (internal to the node with the inferred gain) where either: (i) Tau <
0.45; or (ii) the query tissue is not among the top tissue(s), as defined above (Extended Data
Fig. 5a); or (ii1) the difference in expression proportions between the query tissue and the third
highest tissue is < 0.1. Then, starting from the innermost species with a potential loss, if there
were two or more consecutive such species, we inferred a loss in the node corresponding to
their LCA and a novel gain in the node of the LCA of their consecutive inner species if: (i) all
these species are tissue-specific as described above; (i1) the ancestral loss is separated by at
least one node from the most ancestral gain, and (iii) the total number of these new inferences
(including single losses in all the species excluded from the ancestral loss inference) is lower
than the number of original inferences (i.e. independent losses for each potential loss species).

Otherwise, separated losses for each single species are inferred.

25


https://doi.org/10.1101/2022.11.14.516384
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.14.516384; this version posted November 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Characterization of non-tissue-specific orthogroups

The GO enrichments for the non-tissue-specific orthogroups shown in Fig. 4h and
Supplementary Table 12 were performed as described in “Characterization of ancestral
bilaterian tissue-differential modules”. The duplication status of these orthogroups compared
to the tissue-specific and all orthogroups was evaluated by counting the number of species in
each of them that presented at least two paralogs (also shown in Fig. 4h). The difference
between the TS and non-TS orthogroups in terms of duplications was assessed with Fisher's

exact test (fisher.test function in R, with simulate.p.value = TRUE).

Duplication and specialization patterns of tissue-specificity gains

Each orthogroup’s duplicated proportion was defined as the number of species with at least
two paralogs over the total number of considered species (which depends on the tested node).
The mean duplicated proportion for the orthogroups with gains in each node compared to the
relative background (i.e. all orthogroups in that node) is shown in Fig. Sd. The same logic was
also used to divide the species with tissue-specificity between duplicated species (with at least
two paralogs) and non-duplicated species (with only one gene in the orthogroup) for the plot
shown in Fig. Sg. The proportion of orthogroups with gains including 2R-onhologs (Fig. 5¢)
was based on the list of 2R-ohnologs provided by ¢°. We then checked how each tissue-specific
gain fitted the specialization hypothesis. We started from the same expression matrices used
for the tissue specificity call (see above), comparing the median expression in each tissue
between species with tissue-specificity and species without tissue-specificity (including
species with inferred tissue-specificity losses). For each gain, we counted for how many tissues
(excluding the tissue with tissue-specificity) this median expression was higher in the species
without tissue-specificity (ranging 0-7; relative proportions across nodes and species in Fig. 5f
and Extended Data Fig. d,e). For the gains in each node and species, we performed 100
randomizations of the tissue-specificity labels among all species in the relative orthogroup. For
each of these randomization rounds, we counted the proportion of gains in which the number
of tissues (excluding the tissue with tissue-specificity) with higher median expression in the
species without tissue-specificity was > 5. We plotted in red the distributions of these
proportions for all randomizations overlaying the relative observed distributions in Extended

Data Fig. d,e or their collapsed distributions in Fig. Se.

Functional characterization of tissue-specificity gains
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Parallel and convergent gains of tissue-specificity (Extended Data Fig. 9a and Fig. 6a) were
evaluated exclusively among those orthogroups that present tissue-specificity gains in only one
tissue on each of the main branches (deuterostome or protostome). The GO enrichment analysis
on the orthogroups with gains in each node/species reported in Fig. 6¢,d and Supplementary
Table 14,15 were performed as described in “Characterization of ancestral bilaterian tissue-
differential modules”. For the heatmap in Fig. 6¢, we exclusively considered GO categories
that were either (i) significantly enriched in the gains of at least 15 nodes/species across all
tissues or (ii) significantly enriched in the gains of at least 8 nodes/species in one tissue
exclusively; in this last analysis, ovary and testis were grouped in order to catch a combined
signature from the reproductive organs. The plotted values (log2(observed/expected+1)) were
computed starting from the proportion of gains in each node/species belonging to the tested
category (observed) and the proportion of all bilaterian-conserved orthogroups with a
functional annotation belonging to the same category (expected). Highly redundant categories
were manually removed. For Fig. 6d and Supplementary Table 15, we only consider the GO
categories that are exclusively enriched in one node or species. Then, we moved to the
characterization of species-specific gains, where we evaluated if developmental GOs were
more represented in these recent gains compared to ancestral ones. Developmental GO
categories were defined starting from the human transferred GO annotation (see above) as any

2 13 bh 13

term matching "develop”, “differentiation”, “determination”, “morphogen”, “commitment”,
“specification”, “regionalization”, “formation”, “genesis". For the plot shown in Fig. 6e, only
the GO categories including at least 10 bilaterian-conserved orthogroups were considered. The
GSEA analysis in Extended Data Fig. 9b was performed with the fgsea package in R 7%, and
distribution shown in Extended Data Fig. 9d resulted from 1000 randomizations of the GO
categories labels across the proportions of orthogroups in each category that included at least

one species-specific gain.

Code availability
All the code used for the analysis is available on GitHub at
https://github.com/fedemantica/bilaterian_GE.

Data availability

The FASTQ and processed files of the RNA-seq samples generated for this project are
available at GEO under series GSE205498. The Supplementary Dataset is available at
https://data.mendeley.com/drafts/22m3dwhzk®6.
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Fig. 1: Dataset overview and global patterns of gene expression across bilaterian tissues.
a. RNA-seq dataset overview. Left: phylogenetic tree including the common names and
scientific acronyms of the 20 bilaterian species considered in this study. Evolutionary distances

were derived from http://www.timetree.org/ (MY A: million years ago) and animal silhouettes

downloaded from http://phylopic.org/. Center: scheme of RNA-seq meta-samples. The number

of meta-samples for each species (rows) and tissue (columns) is reported. The cell color
corresponds to the tissue, while its intensity distinguishes between cases where at least one
RNA-seq sample has been generated for this project (full color) from cases where all the
included samples are publicly available (transparent color). Right: barplot with the total number
of processed RNA-seq samples per species. b. Coordinates of the first (PC1; x axis) and second
(PC2; y axis) principal components from a PCA performed on normalized gene expression
values of best-hit bilaterian-conserved orthogroups across all species’ meta-samples (see
Methods). Only the 2436 orthogroups conserved in all species were considered. Tissue identity
is represented by letters and species by colors. The percentage of variance explained by each

PC is reported on the relative axis.
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Fig. 2: Reconstruction of ancestral bilaterian tissue-differential expression modules. a.

Scheme depicting the procedure for the definition of the ancestral tissue-differential modules.

We performed an sPLS-DA on the expression of the ancestral bilaterian best-hits orthogroups,

where each component specifically separated the meta-samples of one tissue group from all the

others. We selected loadings of each component, which corresponded to orthogroups with the

most distinctive expression profile in the isolated tissue compared to the rest. Finally, we

required these orthogroups to show the highest median expression (after z-scoring expression

within each species) in that particular tissue among both vertebrates and insects. b: Number of

orthogroups included in each ancestral tissue-differential module. ¢,d. Expression profiles

across tissues of best-hits orthogroups in the ancestral neural- (c¢) and testis- (d) differential

modules. Expression values were first z-scored by species, and each dot represents the median

expression among vertebrates, insects or outgroups. e,f. Top 20 most significantly enriched GO

categories in the ancestral neural- (e) and testis- (f) differential modules. Only GOs containing

at least 5 genes in the tested set were considered. g,h: Proportion of all bilaterian-conserved

orthogroups (left) and ancestral neural (g) or testis (h) modules (right) associated with

experimentally validated phenotypes (in the respective tissue) in mammals and/or fruit fly. i:

Representation of GO networks of significantly enriched categories for all ancestral tissue-

differential modules, where only categories containing at least 5 genes in the tested set were

considered (see Methods). j. TFs included within each tissue-differential module whose known
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binding motifs are significantly over-represented in the regulatory regions of the genes in the
corresponding module (see Methods). Each TF was tested (Fisher's exact and regression tests)
on all sequences (B: bilaterian), only vertebrate (V) or only insect (I) sequences within the
module. TFs in each tissue are ordered by the ratio of the proportion of sequences with at least
one predicted binding site in the tested module (observed) compared to the proportion in all
other bilaterian-conserved genes (expected). The size of each dot reflects the beta from the

regression test in the corresponding group, and tissue colors refer to panel b.
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Fig. 3: Sets of ancestral genes differentially shape tissue transcriptomes in vertebrates
and insects. a,b. Distributions of total branch lengths of expression-based trees built from best-
hits orthogroups (see Methods). The values for each tissue and lineage result from 1000
bootstraps. ¢,d. Distribution of average sequence similarity (c) and average expression
correlation (Spearman’s rho) (d) among best-hits orthogroups across vertebrates and insects.
e: Scatter plot representing best-hits orthogroups in function of the difference in sequence
similarity (x, Delta seq sim) and in expression correlation (y, Delta expr cor) between their
vertebrate (V) and insect (I) genes. f,g. Scatterplot as in (¢) where the vertebrate (purple shades)
and insect (brown shades) SeqCons (f) and ExprCons (g) orthogroups are highlighted. h. Left:
relative proportions of SeqCons (up) or ExprCons (down) orthogroups with validated
phenotypes exclusively in mammals (human, mouse) or fly compared to the background
(middle). Right: stratification of the same orthogroup sets in function of the number of
vertebrate species presenting at least one duplication. i. GO networks including up to the top
20 significant categories for vertebrate and insect SeqCons and ExprCons sets. Only GOs
containing at least 5 genes in the tested set were considered. Networks were obtained from

Revigo (http://revigo.irb.hr/) ¢4, selecting large output lists (0.9 of the input list). Colors refer

to panel (f,g)
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Fig. 4: Tissue-specificity patterns across species reveal low conservation of tissue-specific
expression profiles. a. Tau distributions of all (gray) or bilaterian-conserved (red) mouse
protein coding genes. b. Heatmap showing the clustering of mouse bilaterian-conserved, tissue-
specific genes (rows) based on their expression proportion (tissue expr / all tissue expr)
across tissues (columns). The heatmap was generated by pheatmap in R with default
parameters, and the complete dendrogram is shown in Extended Data Fig. 6. Black indicates
multi-tissue specificity. ¢,d. Number of bilaterian-conserved, tissue-specific genes across all
species (rows) and tissues (columns) (c) and collapsed by tissue (d). e. Distribution of the
number of bilaterian-conserved, tissue-specific genes in vertebrates versus all other species (p-
value = 2e-04; Wilcoxon rank sum test). f,g. Distribution of the number of species in which
mouse (f) or fruit fly (g) bilaterian-conserved, tissue-specific genes have at least one ortholog
(gray) and this ortholog(s) has a Tau value higher than a specific cutoff (0.5, 0.6 and 0.75; other
shades). h. Barplot: proportion of bilaterian-conserved orthogroups including at least one
tissue-specific gene in each given species. Line plot: cumulative distribution of the proportion
of unique bilaterian-conserved orthogroups containing at least one tissue-specific gene across
species. The dashed line marks the total proportion. The two boxes include information on the
duplication status of the non-tissue-specific (non-TS) and tissue-specific (TS) orthogroups

(left) and the top GO enrichments for the non-TS orthogroups (right).
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Fig. 5: Tissue-specificity gains are associated with gene duplication and specialization. a.
Relative proportions of tissue-specificity gains and losses within each tissue across all nodes
and species. Proportions were increased by one, log2-transformed and linearly scaled for each
tissue with respect to the maximum value in that tissue. b. Relative proportions of tissue-
specificity gains and losses across tissues within each node and species. Full/transparent shades
of tissue colors represent gains/losses, respectively. e. Total number of orthogroups showing
tissue-specificity gains across nodes on both phylogenetic branches. The size of the dots
represents the proportion of 2R-onholog orthogroups in each gain group. d. Average
proportions of duplicated and non-duplicated species among the species with tissue-specific
expression in the orthogroups that gain tissue-specificity in each node. The background line
represents the expected proportion based on all bilaterian-conserved orthogroups for the same
sets of species. e. Median gene expression across tissues for bilaterian-conserved orthogroups
with testis-specific gains in Eutheria (76 orthogroups) for the species with (left) or without
(right) inferred tissue-specificity. f. For each set of tissue-specificity gains, distribution of the
number of tissues in which the gene is not tissue-specific where the median expression of the
species without tissue-specificity is higher than in the set of species with tissue-specificity
(from 0 to 7, “NonTS_high”). The red distribution represents the proportion of gains with
NonTS high > 5 coming from 100 randomizations of the tissue-specificity labels within the
respective orthogroups (see Extended Data Fig. 8d,e for full data). g. Scatter plot representing

each tissue-specific gain in function of the difference in gene expression across the tissues in
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which the gene is not tissue-specific between (i) species without tissue-specificity ("non-TS")
and (i1) species with tissue-specificity. The latter were divided into species with at least one
duplication (x axis, "Dup TS") and species without duplications (y axis, "Non-dup TS"). By
definition, only gains where tissue-specific species include species both with and without
duplicates were plotted. Abbreviations: N: neural, T: testis, O: ovary, M: muscle, X: excretory
system, E: epidermis, D: digestive tract, A: adipose, Euarch: Euarchontoglires. Cycl:

Cyclorrapha. Deut: Deuterostoma. Prot: Protostoma.

40


https://doi.org/10.1101/2022.11.14.516384
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.14.516384; this version posted November 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

a b —
P
Y 15; ) Testis-specificity TESMIN @ LIN54/mip120
150 )
\\ y Tau: Expr cutoff: tomb M Others
2 w—1.00 Yes
s —075 ----No Spermatogenesis
& 100 — 050 validated
= R 0'25 phenotype
€
8
g 41 Testis relative expr: Gene
é 50 . 1.00 loss
o 0.75
6 4 7 b 3 0.50
o ® o ¢ a4 °® 025 e e 0 060 0 0 0 0 0 e o0 X o eX 0 o0oeo
L | n
@ ® N e ) @ e 0 S S & @ D
W< o (¢ @«de\o ?’Q-\\\\e\\ 0@95“ 7 £ ® P <& & &
c Recurrent GO enri across ies gains d Unique GO enri across ies gains
T.'ss:’s - T 0 o - . — —
Sequence-specific issues '/' . B
NTOMXEDA n Oligodendrocyte
double-stranded DNA binding @ Neural differentiation
Ancestrality ‘ Animal organ morphogenesis Testis \ +Ensheatment of neurons /
[ Ancestral © Ovar Vertebrata v
y y Lysosomal
Cation transport \
[ Species specific ‘ P Epidermis A lumen
‘ Integral component of Digesti { \ 7 /
Recurrent tissues plasma membrane © Pigestve . R‘ESS:/TSE \ S| / ONA
Most tissues X o ensory perception |
'Non r l Plasma membrane region \ \ \\ of light stimulus methylation
\
Reproductive H ‘ [ Cell projection organization Mar\nma{a Regulation of / / /
\
log2(Obs/Exp +1) Cell cycle ) \Eu(hena blood vessel /| Respirasome
\ size 4 7/
01223 4 56 /\ \ \ NN / /////
[T T | ‘ H ‘ Mesiotic nuclear division 4 \ AN AN 4 / y /
Obi Bge Bmo Dme
Pvalue < 0.001
e y 1.00 f TS species Non-TS species 9 Cortical/cerebellar Oligodendricyte
{ \ neuron progenitor cell (OPC)
25 ‘ °
Others \ Morpho- 30
/ 0.75
201 [ \ | . .¥ o FGF17
] k) °
\ i H o
» 151 / \ . .a 'ZOg oooo
H / Celk-cel 0.50 X 3 -
§ / signaling E 3
A 104 4 \ o z J,
’ 7;‘ —L 025  MA 1 (10~
/ o ;
051 y development : : ,‘ ! ? LT memory
a B ! ‘ ﬁ T 44 consolidation
001 e 0.00 hd Ld =+ Bt t opc proliferation
0.00 0.25 0.50 0.75 1.00 2 95th FGF17 FGF17 orthologs
Proportion of OGs with spe pecific gains in GO percentile (Hsa) (Deuterostoma species)

Fig. 6: Tissue-specific gains are associated with the emergence of unique phenotypes.

a. Number of convergent tissue-specificity gains (on the deuterostome and protostome
branches) in each tissue. b. Example of a convergent testis-specific gain: TESMIN/tomb. c.
Heatmap representing GO categories either (i) significantly enriched in the gains of at least 15
nodes/species across all tissues (most/non reproductive labels) or (i1) significantly enriched in
the gains of at least 8 nodes/species in one tissue exclusively (reproductive label, which
indicates ovary and testis combined). The plotted values (log2(observed/expected+1)) was
computed starting from the proportion of gains in each node/species belonging to the tested
category (observed) and the proportion of all bilaterian-conserved orthogroups with a
functional annotation belonging to the same category (expected). d. Examples of GO categories
significantly enriched exclusively among the gains of one node/species. e. Left: Distribution of
the proportion of orthogroups in each GO category with at least one tissue-specific, species-
specific gain. The green area represents categories in the 95th percentile or above. Only GO
categories including at least ten bilaterian-conserved orthogroups are shown. Right:
Proportions of GO terms below or above the 95th percentile representing developmental
functions. The reported p-value is computed out of the proportions of developmental functions

in the 95th percentile coming from 1000 randomizations of the GO labels (Extended Data Fig.
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9¢). Morphogenesis* stands for “anatomical structure formation involved in morphogenesis”.
See Methods for definition of developmental categories. f. Expression across tissues for human
FGF17 (left) and its deuterostome orthologs (right). g. Schematic summary of FGF17's
function in the brain (based on 4°). Abbreviations: N: neural, T: testis, O: ovary, M: muscle, X:

excretory system, E: epidermis, D: digestive tract, A: adipose.
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Extended Data Fig. 1: a. Schematic representation of broken (left) and chimeric (right) genes
and how they potentially influence gene orthology inferences. b. Examples of a broken (left)
and chimeric (right) genes corrected in the silkworm gene annotation. c¢. Statistics of corrected
and unresolved broken and chimeric genes across all species. d. Barplot representing the
number of bilaterian-conserved (red) or more recent (gray) protein coding genes across all
species. The line plot represents the number of orthogroups (OGs) in which genes from each
species are represented. e. Proportions of bilaterian-conserved orthogroups based on the

number of species in which they are conserved.
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Extended data Fig.2: a-t. Clustering of each species’ meta-samples based on their expression
correlation. Expression correlation is represented by Pearson coefficient computed on
log2(TPM+1) meta-sample expression values (see Methods), where only the 2500 genes with
highest coefficient of variation were considered in each species. The heatmaps were generated

by the pheatmap function in R with default clustering parameters.
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Extended Data Fig. 3: a. Scheme and relative example for the selection of bilaterian-
conserved best-hit orthogroups (see Methods). b. Coordinates of the second (PC2; x axis) and
third (PC3; y axis) components of a PCA performed on normalized gene expression values
across meta-samples of best-hits orthogroups. Only the 2,436 orthogroups conserved in all
species were considered. Tissue identity is represented by colors and species by shape. The left

panel shows all tissues, while the right panel highlights neural and testis samples compared to
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all others. Coordinate distributions of these three groups of meta-samples are shown on the side
of the relative component. The percentage of variance explained by each PC is reported on the
relative axis. ¢. Percentage of variance explained by the first 15 principal components from the
PCA described in b. d. -log10(p-value) of ANOVA tests performed among the coordinates of
the specified groups on each component. For the left panel (green) we tested if there was a
significant difference between tissues or species groups. For the center and right panel (blue
and orange) we tested if there was a significant difference between any query group (i.e.,
column) versus all other collapsed groups. All tests were performed with the aov function in
R, and p-values were Bonferroni corrected. e. Heatmap showing the clustering of tissues and
species (rows) based on the averaged expression across tissues of best-hits bilaterian conserved
orthogroups (columns). Expression values were z-scored across tissues of the same species in
order to minimize the inter-species variability. Only the 2,436 orthogroups conserved in all
species were considered. The heatmap was generated by the pheatmap function in R with

ward.D?2 clustering method. Tissue colors refer to panel b.
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Extended Data Fig. 4: a,b. Distribution of average sequence similarity (c) and average
expression correlation (Spearman’s rho) (d) among best-hits orthogroups across vertebrates
and insects (as in Fig. 3c,d) exclusively considering the 1,312 single copy orthogroups (i.e.,
with one representative gene in each species). ¢: Median expression (z-scored by species) of
best-hits orthologs among vertebrate-specific (purple) and insect-specific (brown) tissue-

differential orthogroups returned by the relative sSPLS-DA run (see Methods).
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Extended Data Fig. S: a. Schematic of the procedure adopted to associate all tissue-specific
genes in each species (Tau > 0.75) with the tissue(s) with tissue-specificity. This association
(which we also evaluated for non-tissue-specific genes) will be considered for the inference of
tissue-specificity gains (panels c,d). Additionally, we identified the top tissue(s) (i.e., the
tissue(s) with the highest expression) for all bilaterian-conserved genes, which will be

considered for the selection of the best orthologs and the inference of tissue-specificity losses
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in each tissue (panel b and e, respectively). b. Example and schematic of the procedure adopted
to select the best representative ortholog in each species for the inference of tissue-specificity
gains and losses. ¢. Examples and criteria for the inference of tissue-specificity gains on either
the deuterostome or protostome branches with the strict approach (left panel) and the relaxed
approach (right panel). d. Example and criteria for the inference of bilaterian tissue-specificity

gains. e. Examples and criteria to infer tissue-specificity losses.
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Extended Data Fig. 6: a-t. Heatmaps showing the clustering of bilaterian-conserved, tissue-
specific genes (rows) based on their expression proportion (tissue expr / all tissue expr)
across tissues (columns) in each species. The heatmaps were generated by the pheatmap

function in R with default clustering parameters.
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Extended Data Fig. 7: a-t. Distribution of the number of species in which each species’

bilaterian-conserved, tissue-specific genes have at least one ortholog (gray) and this ortholog(s)

has a Tau value higher than the specific cutoff (0.5, 0.6 and 0.75; other shades).
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Extended Data Fig. 8: a. Barplots representing the number of inferred tissue-specificity gains
(left) and losses (right) across all nodes/species (rows) and tissues (columns). b. Proportion of
tissue-specificity gains in each node/species occurring in orthogroups that include 2R-
onhologs. Deuterostome nodes/species are distinguished between those diverging before
(transparent color) or after (full color) the two rounds of vertebrate WGDs. The black line
represents the proportion of 2R-onhologs across all tissue-specificity gains. ¢. Proportions of
duplicated (i.e., with at least one paralog) or non-duplicated (i.e., single-copy) genes with

tissue-specific, species-specific gains in all species. The background line represents the overall

52


https://doi.org/10.1101/2022.11.14.516384
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.14.516384; this version posted November 16, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

proportion of duplicated genes in each species. d,e. Same data represented in Fig. Sf, but plotted

separately across all nodes (d) and species (e). Abbreviations: Euarch: Euarchontoglires.
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Extended Data Fig. 9: a. Alluvia plot representing the bilaterian-conserved orthogroups with
tissue-specificity gains in distinct tissues between deuterostome (left) or protostome (right)
nodes and species. Only orthogroups with gains in exclusively one tissue on each branch were
considered. b. Number of parallel tissue-specificity gains between the deuterostome and
protostome branch for all pairs of tissues represented in panel a. ¢. Plot from a Gene Set
Enrichment Analysis (GSEA) testing for over-representation of developmental categories (760
out of 5779) among categories with high proportions of orthogroups that undergo species-
specific gains of tissue-specificity. d. Proportions of developmental GO categories among the
top 5% (i.e. 95th percentile) of all GO categories ranked based on the proportions of their
annotated orthogroups that undergo species-specific gains. The plotted values derive from 1000
randomization of the developmental labels among all GO categories, with the vertical dashed

line corresponding to the observed proportion.
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Extended Data Fig. 10: a-f: Expression values (RPKMs) for human FGF17 (a) and its
orthologs in five mammalian species (b-f) across several developmental and adult timepoints

in seven tissues. Data from 4.
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