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SUMMARY

Cell-specific regulation of protein levels and activity
is essential for the distribution of functions among
multiple cell types in animals. The finding that many
genes involved in these regulatory processes have
a premetazoan origin raises the intriguing possibility
that the mechanisms required for spatially regulated
cell differentiation evolved prior to the appearance of
animals. Here, we use high-throughput proteomics in
Capsaspora owczarzaki, a close unicellular relative
of animals, to characterize the dynamic proteome
and phosphoproteome profiles of three temporally
distinct cell types in this premetazoan species.
We show that life-cycle transitions are linked to
extensive proteome and phosphoproteome remodeling and that they affect key genes involved in animal multicellularity, such as transcription factors
and tyrosine kinases. The observation of shared
features between Capsaspora and metazoans indicates that elaborate and conserved phosphosignaling and proteome regulation supported temporal
cell-type differentiation in the unicellular ancestor of
animals.

INTRODUCTION
A defining feature of multicellularity is the ability to generate
multiple cell types, each defined by a specific profile of protein
abundance and phosphorylation-regulated activity. Yet it
remains unclear how the mechanisms controlling cell-specific
differentiation programs evolved. Comparative genomics
suggests that the unicellular ancestor of animals was genetically complex and already had many of the genes required
for animal cell signaling and cell-type specification (King

et al., 2008; Suga et al., 2013). A key step in the evolution of
cell-specific differentiation programs in multicellular animals
must therefore have been the appearance of mechanisms to
regulate the abundance and activity of different proteins
according to cell type. It is known that premetazoan unicellular
organisms have defined cell stages that are temporally separated across the life cycle of the organism (Fairclough et al.,
2013; Sebé-Pedrós et al., 2013; de Mendoza et al., 2015).
However, it remains unclear whether the mechanisms that
regulate protein abundance and activity in these cell types
represent evolutionary precursors of those found in their animal
counterparts.
The ameboid filasterean Capsaspora owczarzaki (herein Capsaspora) is one of the closest animal relatives, and has a rich
repertoire of metazoan-related genes involved in cell differentiation and cellular signaling, including an expanded tyrosine kinase
system (Suga et al., 2012). Moreover, Capsaspora differentiates
into three temporally distinct cell types (Sebé-Pedrós et al.,
2013): (1) a filopodiated ameba, which corresponds to the proliferative trophic stage; (2) an aggregative multicellular stage, in
which the cell produces an extracellular matrix; and (3) a cystic
resistance form. These temporal differentiation capabilities,
together with its key phylogenetic position and its genetic toolkit,
make Capsaspora an ideal candidate to study how animal-like
cell signaling and proteome dynamics contribute to cell differentiation in a unicellular, premetazoan context.
High-throughput proteomics is revolutionizing the study of cell
differentiation dynamics by allowing the systematic quantitation
of thousands of proteins and the covalent modifications that
modulate their activity. However, to date this approach has
only been systematically applied to a handful of species (Kim
et al., 2014; Nagaraj et al., 2012; Ringrose et al., 2013; Schrimpf
et al., 2009; Solyakov et al., 2011; Wilhelm et al., 2014). In this
study, we perform a multilayer proteome characterization of
Capsaspora using label-free mass spectrometry (MS)-based
proteomics. We quantify the steady-state levels of thousands
of proteins and the dynamics of their phosphorylation sites
across temporally distinct Capsaspora cell types. Integration of
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these datasets with transcript expression and advanced phylogenetic analyses reveals that Capsaspora life stages are associated with specific proteome and phosphoproteome profiles,
which display unique phylostratigraphic and functional patterns.
Furthermore, gene age strongly influences multiple aspects of
this observed differential regulation. We provide evidence that
similar proteome regulation and phosphosignaling mechanisms
underlie cell differentiation in Capsaspora and animals.
RESULTS AND DISCUSSION
Proteome Dynamics in Temporal Cell Differentiation
Protein levels are the final outcome of gene expression and ultimately determine the cellular phenotype. To analyze the proteome dynamics underlying temporally distinct cell differentiation
programs, we used high-resolution MS to identify 4,372 Capsaspora proteins, using a false discovery rate (FDR) of less than 5%
(Table S1). We then performed relative quantitation of 3,590
proteins across the three Capsaspora cell types, using three
biological replicates per stage. Significant differences in abundance in at least one of the cell types were observed for 1,136
proteins (p < 0.01, ANOVA) in our dataset. Each life stage
showed a specific proteome expression profile (Figure 1A)
associated with exclusive cellular functions, such as integrin
adhesion and tyrosine kinase signaling in the aggregative stage
(Figures 1B and S1).
To analyze the evolutionary origin of these stage-specific
proteins, we performed a phylostratigraphic enrichment analysis (Domazet-Loso et al., 2007). We first generated a complete
set of phylogenies for 6,551 Capsaspora genes (phylome)
(Huerta-Cepas et al., 2011), which we used to assign each
gene to a particular phylostratum (Figure 1C). We then analyzed
the over- or under-representation of phylostrata among the
differentially expressed genes, both at the protein and transcript level, using available transcriptome data from the same
cell types (Sebé-Pedrós et al., 2013) (Figure 1D). We found
that the filopodia-specific proteome and transcriptome are
strongly enriched (p < 0.001, Fisher’s exact test) in genes of eukaryotic origin (i.e., ancient genes shared by most eukaryotes),
whereas the cystic stage has no significant enrichments. Interestingly, the aggregative multicellular stage shows a significant
enrichment in genes of filozoan origin (i.e., genes evolved at
the stem of Filasterea [Capsaspora], Choanoflagellata, and
Metazoa) (Figure 1D), at both the protein and transcript levels.
This finding indicates that aggregate formation in Capsaspora
chiefly involves genes shared with metazoans and suggests
that this is not a Capsaspora-specific adaptation, but rather a
cellular behavior that was present in the unicellular ancestor
of metazoans. Thus, our data show that extensive proteome

remodeling accompanies temporal cell-type transitions in Capsaspora and that each cell type has unique functional and
gene-age patterns.
Gene Age and Transcript-Protein Correlation
Protein abundances depend on multiple layers of regulation
that go beyond transcript production and, as a result, transcript and protein levels are not always strongly correlated
(Dahan et al., 2011). We explored the correlation between protein and transcript levels in Capsaspora using RNA sequencing
(RNA-seq). The observed global correlation between averaged
RNA and protein levels in Capsaspora was similar to that
found in other species (r = 0.55; Figure 2A) (Laurent et al.,
2010; Schrimpf et al., 2009; Vogel and Marcotte, 2012). This
implies that transcript levels only explain part of the protein
abundances and the rest is attributable to post-transcriptional
regulatory mechanisms. Moreover, this transcript-protein-level
correlation is not uniform across genes (Figure S2). For
example, a pattern of strong anticorrelation between RNA
and protein levels across stages is observed in the predicted
secretome proteins (Figure S2C). It has also been shown
that protein levels are under stronger evolutionary constraint
than RNA levels (Artieri and Fraser, 2014; Khan et al., 2013;
Schrimpf et al., 2009). Consistent with these findings, analysis
of one-to-one orthologs between Capsaspora and two other
species (Homo sapiens and Saccharomyces cerevisiae) revealed a stronger correlation among protein levels than RNA
levels (Figure 2B).
To further explore the evolution of protein expression, we
analyzed protein-RNA correlation in Capsaspora across phylostrata. We found weaker correlation in evolutionarily younger
genes, especially in Capsaspora-specific/orphan genes (Figure 2C). Interestingly, analysis of available human and yeast
datasets revealed a similar pattern in other species (Figure 2D)
(Fagerberg et al., 2014; Hobson et al., 2012; Kim et al., 2014;
Kuang et al., 2014; Nagaraj et al., 2012). This suggests the existence of increased post-transcriptional gene regulation in
evolutionarily younger genes and an increase in gene expression constraint over evolutionary time, as recently observed
for human genes (Popadin et al., 2014). We also found that
younger genes have more variable expression across cell types
or stages than ancient genes, at both the transcript and protein
levels (Figures 2C–2E). This pattern is also found in zebrafish
and fly developmental transcriptomes (Domazet-Lo
so and
Tautz, 2010). These findings indicate that evolutionarily younger
genes have more cell-type/tissue-specific regulation, not only
during animal development (Tautz and Domazet-Lo
so, 2011)
but also during temporal cell-type differentiation in unicellular
eukaryotes.

Figure 1. Protein-Level Dynamics across Capsaspora Cell Types
(A) Heatmap (top) showing estimated protein abundances in the different biological replicates of each stage. Protein expression level was calculated as the sum of
all unique normalized peptide ion abundances for a specific protein on each run. Only proteins exhibiting significant changes in abundance (ANOVA p < 0.01) are
shown. The network (bottom) represents the proteins (nodes) assigned (edges) to each stage.
(B) Functional enrichment of Capsaspora differentially expressed proteins. Bar plots represent the gene ontology and KEGG pathway enrichment analyses of
stage-specific expressed proteins.
(C) Inferred evolutionary origin of all Capsaspora genes. The pie chart represents the frequency of each phylostratum as represented in the phylogenetic tree.
(D) Bar plot showing the phylostratigraphic enrichment analysis of the stage-specific differentially expressed genes, at the protein level and the transcript level.
Asterisks indicate the level of significance of Fisher’s exact test (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S1.
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See also Figure S2.

Phosphoregulatory Landscape Evolution
Protein phosphorylation at serine/threonine (pSer/Thr) residues
is the most widespread signaling mechanism in eukaryotes
and is mediated by the ancient paneukaryotic family of serine/
threonine kinases. In contrast, signaling through tyrosine phosphorylation (pTyr) emerged at the stem of Holozoa (i.e., Ichthyosporea, Filasterea, Choanoflagellata, and Metazoa) (Suga et al.,
2012), and is one of the few examples of innovation in post-trans-

lational protein modifications in eukaryote evolution (Beltrao
et al., 2013). Thus, Capsaspora occupies a key phylogenetic position within Holozoa in understanding the emergence of tyrosine
kinase (TK) signaling, an essential animal intercellular communication mechanism, and its early coexistence with serine/threonine phosphosignaling. To study the Capsaspora phosphoproteome, we performed phosphopeptide enrichment using both
titanium dioxide beads and a combination of three different
Developmental Cell 39, 186–197, October 24, 2016 189
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Figure 3. The Capsaspora Phosphoproteome
(A) Venn diagram of the number of all identified proteins and phosphoproteins.
(B) Bar graph showing the distribution of the number of phosphosites per protein and bar plot representing functional enrichments of genes with more than four
phosphosites.
(C) Pie chart showing the frequency of different motif categories (left) and examples of phosphorylation-specific motifs identified (right). The number of sites on
which each logo is based is indicated below.
(D) Bar graph showing the cell-type specificity distribution (in all three, in two, or only in one stage) of each motif category. Asterisks indicate significance of
chi-square test of each category versus the overall distribution (*p < 0.01).
(E) Venn diagram showing the level of co-occurrence of different motif types in the same protein. The percentage of proteins with a unique motif type is indicated.
(F) Bar plots representing functional enrichments of pTyr-regulated genes versus pSer/Thr-regulated genes in Capsaspora.
(G) Bar graph showing the phylostratigraphic enrichment analysis of pTyr-regulated genes versus pSer/Thr-regulated genes as represented in the phylogenetic
tree (third panel). Asterisks indicate significance of Fisher’s exact test (*p < 0.05, **p < 0.01, ***p < 0.001).

anti-pTyr antibodies. We identified 2,609 nonredundant phosphorylation sites (FDR < 5%) corresponding to 1,479 phosphoproteins (Figure 3A and Table S2) and examined the distribution
of number of sites per protein (Figure 3B). We found that among
the proteins with multiple phosphosites (five or more), many are
involved in Rho GTPase signaling, actin cytoskeleton, and protein kinases (Figure 3B), indicating a complex phosphoregulation
of these genes in Capsaspora.
Phosphosite selectivity is often affected by neighboring amino
acid positions, reflecting kinase substrate specificities (Villén
et al., 2007). Hence, we searched for enriched amino acid motifs
surrounding phosphorylation sites in Capsaspora (see Supplemental Experimental Procedures). We found 29 enriched
motifs (Table S4), which we used to group phosphosites into
five categories (acidic, basic, proline-directed, tyrosine-based,
and others; the latter represent pSer/Thr sites with no significant
motif enrichment) (Figure 3C). Interestingly, the enriched motif
categories are similar to those found in animals (Huttlin et al.,
2010; Villén et al., 2007) and the motif types show different
levels of cell stage specificity. Basic and proline-directed motifs
tended to be more globally distributed in cell stages (Figure 3D).
Tyrosine motifs and ‘‘other’’ motifs were more frequently stage
190 Developmental Cell 39, 186–197, October 24, 2016

specific, in contrast to what has been observed in mouse tissues
(Huttlin et al., 2010). At the single protein level, phosphorylation
motifs classified as ‘‘others’’ co-occurred most frequently with
other motifs in the same protein (Figure 3E). In contrast, tyrosine
phosphosites showed the least overlap with other motifs,
revealing that pTyr and pSer/Thr networks are minimally overlapping in Capsaspora.
Next, we compared these two systems with different evolutionary origins to explore how they coexist in Capsaspora (Figures 3F and 3G). First, we found strong subfunctionalization patterns. The pTyr network is enriched in TK activity (as expected
from the fact that TKs are activated by autophosphorylation), filopodia, and actin cytoskeleton proteins as well as focal adhesion proteins. In contrast, the pSer/Thr network was found to
be associated with guanosine triphosphatase (GTPase) signaling
and transcription factors, among others (Figure 3F). Second,
phylostratigraphic analysis of these two networks revealed
that, despite being an ancient signaling system, pSer/Thr-regulated genes are enriched in Capsaspora-specific genes. This
observation suggests that pSer/Thr networks evolve rapidly in
a species-specific manner (Beltrao et al., 2009), also during
the early stages of animal evolution (see below). In contrast,
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Figure 4. Phosphoproteome Dynamics and Cell Differentiation in Capsaspora
(A) Heatmap (top) showing differential phosphopeptide level in the different biological replicates of each stage. Only phosphopeptides exhibiting significant
changes in abundance (ANOVA p < 0.01) are shown. The network (bottom) represents the proteins (nodes) differentially phosphorylated in each stage (edges).
(B) Bar plots represent the gene ontology, KEGG pathway, and Pfam domain enrichment analyses of stage-specific phosphorylated proteins.
(legend continued on next page)
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pTyr-regulated genes are significantly enriched in Holozoa and
Filozoa phylostrata (Figure 3G), which implies that many genes
regulated by TKs originated concomitantly with the pTyr signaling system (Suga et al., 2012), thus establishing a new
phosphosignaling network parallel to the pre-existing pSer/Thr
signaling network.
Phosphoregulation in Temporal Cell Differentiation
To explore the role of the phosphorylation system in the differentiation of temporally distinct cell types, we analyzed the quantitative dynamics of the Capsaspora phosphoproteome. We found
425 phosphopeptides exhibiting significant changes (p < 0.05,
ANOVA) across life stages (Figure 4A). Notably, each Capsaspora
cell type has a highly specific phosphorylation profile, the most
distinct being the cystic stage. These cell-type-specific phosphoproteomes are enriched in different functions and phylostrata
(Figures 4B and 4C). For instance, we observed a dynamic
activation of the mitogen-activated protein kinase pathway
consistent with the proliferative behavior of the Capsaspora filopodial-stage cells (Figure S3). We also detected an enrichment
of proteins involved in the Hippo signaling pathway in the aggregative-stage phosphoproteome. This kinase cascade is an
evolutionary innovation present only in Capsaspora and animals
(Sebé-Pedrós et al., 2012), and its activation is associated with
the inhibition of cell proliferation. Interestingly, the Hippo pathway
might repress proliferation during the aggregative stage but not in
the cystic stage, which is also nonproliferative (Sebé-Pedrós
et al., 2013). The observed activation of the Hippo pathway in
the multicellular aggregates suggests a role in the repression of
cell proliferation in this specific Capsaspora stage, similar to the
role of the Hippo pathway in organ-size control in metazoans
(Sebé-Pedrós et al., 2012).
Regarding the evolutionary origin of phosphoregulated genes,
the filopodial-stage phosphoproteome is enriched in genes of
ancient, unikont origin (i.e., shared exclusively by opisthokonts
and amoebozoans), whereas the aggregative and cystic stages
are enriched in new genes (specific to Capsaspora) (Figure 4C).
Interestingly, the observed stage-specific phosphoproteomes
show statistically significant variations in the frequencies of the
different phosphosite motif categories (Figure 4D) (see above).
This finding indicates that the different life stages use specific kinases to maintain specialized phosphosignaling events, as occurs in animal tissues (Huttlin et al., 2010). Consistent with this
observation, analysis of the Capsaspora kinome revealed that
135 serine/threonine protein kinases, most of them with animal
orthologs, are active throughout the Capsaspora life cycle, and
many of them show differential patterns of abundance and/or
phosphorylation (Figure S4, see also below), which supports
the observed cell-type-specific phosphosignaling. Overall, our
results reveal that temporal cell-type transitions in Capsaspora
are associated with hundreds of unique phosphosignaling
events supported by a highly dynamic kinome.

Capsaspora Transcription Factor Phosphoregulation
Capsaspora has a rich repertoire of transcription factors (TFs)
with roles in animal multicellularity (Sebé-Pedrós et al., 2011).
Since in metazoans TF activity is often controlled by phosphorylation (Whitmarsh and Davis, 2000), we examined the phosphorylation state of animal TFs with orthologs in Capsaspora. We
found differential phosphorylation in 25 TFs, among them
Runx, nuclear factor kB (NF-kB), CREB (cyclic AMP response
element binding protein), and p53 (Figure 4E). Runx TFs are
important regulators of animal development, and Runx phosphorylation has been directly linked to activation of these TFs
in animals (Aho et al., 2006; Ito et al., 2015). Interestingly, the
two Runx paralogs (Sebé-Pedrós et al., 2011) present in Capsaspora show complementary patterns of phosphorylation, with
Runx1 being phosphorylated in the filopodial stage and Runx2
in the cystic stage. This finding suggests that these two paralogs
are subfunctionalized via differential phosphorylation and might
direct specific transcriptional programs in these two stages (Figure 4E). NF-kB is an important regulator of proliferation and
apoptosis (Viatour et al., 2005) and C-terminal phosphorylation
blocks its activity in animals by preventing nuclear translocation
(Demarchi et al., 2003). The Capsaspora NF-kB C-terminal
domain is overphosphorylated in the cystic stage, suggesting
that it would only be active in filopodial and aggregative stages
(Figure 4E). CREB is a transcriptional activator involved in multiple functions in animals and activated by phosphorylation (Johannessen et al., 2004; Mayr and Montminy, 2001). The Capsaspora CREB ortholog has three phosphorylation sites and one of
them is strongly differentially phosphorylated in the aggregative
and cystic stage (Figure 4E), suggesting that CREB also has
stage-specific activity. Finally, p53 is an essential regulator of animal apoptosis and cell cycle. Animal p53 activity and stability is
strongly enhanced by phosphorylation (Bode and Dong, 2004),
and this results in cell-cycle arrest, apoptosis, and/or DNA repair
(Bode and Dong, 2004). The Capsaspora p53 ortholog has two
phosphorylation sites, one in the N-terminal transactivation
domain (Figure 4E) and another in the nuclear localization signal.
Both sites are clearly overphosphorylated in the cystic stage and
filopodial stage; in the filopodial stage, phosphorylation of the
nuclear localization site is predominant. Although the potential
conservation of these specific phosphosites in Capsaspora TF
regulation needs experimental validation, our results indicate
that differential phosphorylation plays an important role in regulating the activity of multiple animal-like TFs during cell differentiation in Capsaspora.
A Premetazoan Tyrosine Kinase System in Action
Tyrosine-specific phosphorylation mediated by TKs is essential
for animal cell-cell communication. Since Capsaspora has an
extremely rich TK repertoire (Figures 5B and S5; Table S5)
(Suga et al., 2012), it is an interesting system for the study of early
evolution of pTyr signaling. To understand how the TK system

(C) Bar graph showing the phylostratigraphic enrichment analysis of the differentially phosphorylated proteins. Asterisks indicate significance of Fisher’s exact
test (*p < 0.05, **p < 0.01, ***p < 0.001).
(D) Bar plot representing the enrichment or depletion of different motif categories among the stage-specific phosphopeptides. *p < 0.05, **p < 0.01, ***p < 0.001.
(E) Schematic representation of five Capsaspora transcription factors and their phosphorylation sites. For each site, dot sizes represent the level of phosphorylation in each cell type (color coded) normalized by the highest value of all the sites in the protein.
See also Figures S3 and S4.
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C
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Figure 5. Phosphotyrosine Signaling in Capsaspora
(A) Bar graph comparing the percentage of tyrosine residues in the genome and the percentage of detected phosphotyrosines in the proteome of different
species.
(B) Bar graph showing the number of tyrosine signaling-related genes in different species, including writers (tyrosine kinases), readers (SH2, PTB, and IRS
domain-containing proteins), and erasers (tyrosine phosphatases).
(C) Maximum likelihood phylogenetic tree representing all Capsaspora cytoplasmic and receptor tyrosine kinases. Gray shading indicates which kinases have
been detected, while in the outer rings dot sizes represent the relative (Z score) levels of expression (inner ring, yellow) and phosphorylation (outer ring, blue) of
each protein across Capsaspora cell types (color coded).
See also Figure S5.

works in Capsaspora and how the pTyr of animals might have
evolved, we first examined the frequency of pTyr in the Capsaspora phosphoproteome (Table S3). We observed a high frequency of tyrosine phosphorylation (5.33%), indicating that the
early holozoan expansion of TKs was accompanied by a burst
of tyrosine phosphorylation (Figure 5A). Surprisingly, however,
this high pTyr frequency is not linked to a high frequency of tyrosines in the Capsaspora genome (2.1%, less than in most animals) (Figure 5A). This finding is inconsistent with the hypothesis
that tyrosine residues would have been progressively reduced in
the genome as the number of TKs expanded during animal evolution, reducing the possibility for promiscuous, unspecific tyrosine phosphorylation (Ringrose et al., 2013; Tan et al., 2009).
Next, we examined the protein abundance and phosphorylation
of Capsaspora TKs. We identified 32 Capsaspora TKs, including all
the cytoplasmic TKs and 24 TK receptors with different extracellular domain architectures (Figures 5C and S5). Interestingly,
many of these TKs show changes in abundance and levels of

tyrosine autophosphorylation (Figure 5C), indicative of dynamic kinase activation across the Capsaspora life cycle. For example, TK
receptors with extracellular Sushi domain repeats and receptors
with leucine-rich repeats (involved in protein-protein interactions)
are activated in the aggregative stage, whereas a TK receptor
with two L domains (found in animal receptor TKs such as
epidermal growth factor receptors and insulin receptors) is activated in the filopodial and aggregative stage (Figure S5). Among
the cytoplasmic TKs, Abl is a multifunctional animal proto-oncogene (Wang, 2014) that appears to be active in the filopodial and
aggregative stages of Capsaspora. Another example is Tec, which
in animals is involved in actin cytoskeleton reorganization and inside-out signaling to integrins, promoting cell adhesion (GomezRodriguez et al., 2007). Tec is strongly activated in the aggregative
stage and could be linked to stimulated adhesiveness in these
cells. Focal adhesion kinase (FAK) is a well-studied downstream
signaling effector of integrin adhesion (Mitra and Schlaepfer,
2006; Mitra et al., 2005; Schlaepfer et al., 1999) and its levels are
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increased in the aggregative stage; in addition, it appears to be
phosphorylated in in both the filopodial and aggregative stages.
This indicates that integrin signaling is active in both stages, with
different integrin paralog pairs expressed in different life stages
(Sebé-Pedrós et al., 2013), but using the same single Capsaspora
FAK ortholog. Finally, Src is involved in many human cancers, and
its activation by a range of transmembrane receptors induces cell
motility and proliferation (Yeatman, 2004). The autophosphorylation activator site of one of the Capsaspora Src orthologs (Src1)
was determined experimentally (Y541) (Schultheiss et al., 2012),
showing that it is homologous to the human c-Src activation
site. Interestingly, we observe the same Src1 site dynamically
phosphorylated, as well as the homologous site (Y447) in Src2.
These activation sites of the two Capsaspora Src orthologs are
strongly phosphorylated in the filopodial proliferative stage and it
is, therefore, tempting to speculate that Src may play an important
role in stimulating cell proliferation in Capsaspora. Taken together,
our data suggest that TKs function as a major signaling mechanism that controls temporal cell behaviors in response to environmental stimuli in Capsaspora.
The Origin of Animal Phosphoregulatory Networks
To gain further insights into the evolution of animal phosphoregulation, we compared the Capsaspora phosphorylation network
with other species for which similar proteomic phosphoenrichment datasets are available, including mouse (Mus musculus)
(Huttlin et al., 2010), an early-branching animal Trichoplax
adhaerens (Ringrose et al., 2013), and yeast (Saccharomyces
cerevisiae) (Hustedt et al., 2014), as an outgroup of Holozoa
(Figure 6A). We first analyzed the number of phosphosites per
protein as a measure of the complexity of the different phosphoregulation networks. We observed that mouse has more phosphosites in total than any of the other taxa; most notably, it has many
more phosphosites per protein. This suggests more elaborate
phosphosignaling machinery in vertebrates than in the earlybranching or nonanimal taxa analyzed. In contrast, Capsaspora
and Trichoplax do not differ in the number of sites or in the distribution of sites per protein, with yeast showing a similar profile but
with a reduced number of phosphosites (Figure 6A). These data
indicate that the phosphoregulatory network did not undergo a
sudden quantitative increase in complexity at the origin of
Metazoa. Instead, the biggest innovation was the emergence of
pTyr signaling at the stem of Holozoa (see above).
Next, we explored how these phosphoregulatory networks
changed qualitatively during evolution. We used our phylome
analysis to assign one-to-one orthologs and then determined
whether orthologous genes are phosphorylated in different
species. We then applied a parsimony criterion to reconstruct
phosphorylated ortholog content at ancestral nodes, including
the stems of Opisthokonta, Holozoa, and Metazoa (Figure 6B).
The inferred ancestral phosphonetworks showed striking differences in functional gene content. Thus, the ancestral shared
Opisthokonta phosphonetwork is enriched in basic cellular
functions such as translation, DNA replication, and basal transcription machinery (Figure 6B). In contrast, the holozoan
ancestral phosphorylated orthologs are enriched in, among
others, GTPase signaling, actin cytoskeleton and filopodia,
Hippo signaling, protein kinases, and TFs. Finally, the ancestral
metazoan phosphorylation network is enriched in genes involved
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in multicellularity-related processes, such as development, morphogenesis, and fertilization. These results show that important
qualitative, rather than quantitative, remodeling of phosphoregulatory networks occurred in the lineage, leading to animal multicellularity. In this stepwise assembly, genes involved in functions
important for multicellularity were incorporated at the stem of
Metazoa.
Conclusions
Our integrative analysis of the Capsaspora proteome represents
the first systematic study of the protein levels and phosphosignaling dynamics underlying temporal cell differentiation in a
unicellular eukaryote. In our deep proteomic datasets we identified 4,798 proteins, representing 55.4% of the annotated Capsaspora genes. Quantitative analysis of these proteins across
stages indicates that temporal cell-type differentiation during
the life cycle of this animal relative is finely regulated at the level
of protein abundance and phosphorylation. This is reflected in
highly cell-type-specific proteomic and phosphoproteomic profiles, similar to those observed in different animal cell types and
tissues (Huttlin et al., 2010; Kim et al., 2014; Wilhelm et al., 2014).
Similarly, the Capsaspora phosphosignaling system resembles
in many aspects the phosphorylation observed in metazoans
(Huttlin et al., 2010; Ringrose et al., 2013), including an important
role for tens of TKs that are activated in a cell-specific manner,
and a shared network of phosphoregulated orthologs that was
progressively assembled during premetazoan evolution. Our results further indicate that gene age similarly affects proteome
regulation in temporal and spatial cell differentiation, with
increased post-transcriptional regulation and higher cell-type
specificity in evolutionarily younger genes. Gene-age distribution
also differs between pTyr and pSer/Thr networks, indicating that
most pTyr-regulated genes appear concomitantly with the
expansion of the pTyr system at the stem of Holozoa (Beltrao
et al., 2013; Suga et al., 2012).
Overall, these findings suggest that the unicellular ancestor of
animals regulated the differentiation of temporally distinct cell
types through the use of elaborate animal-like gene expression
control and phosphosignaling systems. We hypothesize that
these pre-existing mechanisms in the protistan ancestors of animals constituted the molecular basis of a transition from temporal to spatial cell differentiation at the origin of Metazoa.
EXPERIMENTAL PROCEDURES
Capsaspora Cell Cultures
Capsaspora strain ATCC30864 cells were grown axenically in ATCC medium
1034 at 23 C and differentiated as described in Supplemental Experimental
Procedures.
Protein Extraction and Digestion
For each cell stage and each of the three biological replicates (nine samples),
total protein extracts were obtained by resuspending cells in extraction buffer
containing protease and phosphatase inhibitors and sonicating on ice. Protein
extracts were precipitated in cold acetone, resuspended in urea solution, and
sonicated. Following reduction and alkylation, proteins were digested with
trypsin. Details are provided in Supplemental Experimental Procedures.
Phosphopeptide Enrichment
Phosphorylated peptides were enriched using an offline immobilized metalaffinity TiO2 protocol. In addition, we performed a specific enrichment for
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Figure 6. Evolution of Metazoan Phosphoregulatory Networks
(A) Right: schematic phylogenetic tree representing the evolutionary relationship between the four analyzed species: mouse, Trichoplax, Capsaspora, and yeast.
Left: histogram representing the distribution of number of phosphosites per protein in each species and line plot representing the cumulative frequency of each
distribution.
(B) Bar graphs representing the gene ontology enrichment analyses of the inferred ancestral Opisthokonta (1), Holozoa (2), and Metazoa (3) phosphorylation
networks. In each case, the number of phosphorylated orthologs versus the background (i.e., total number of orthologs) used in the enrichment are indicated.

phosphotyrosine-containing peptides by immunoaffinity purification, using
three different anti-pTyr antibodies. Details are provided in Supplemental
Experimental Procedures.

tides were used to estimate protein quantities, and significant differences in
protein levels were evaluated using an ANOVA model. Details are provided
in Supplemental Experimental Procedures.

Liquid Chromatography-Tandem Mass Spectrometry Sample
Acquisition and Data Analysis
Peptide and phosphopeptide samples were purified by reverse-phase
columns and subsequently analyzed in an LTQ-Orbitrap Velos Pro mass
spectrometer. Acquired data were analyzed using Mascot search engine
(v2.3, Matrix Science) for peptide and TiO2-enriched phosphopeptide identification, whereas Andromeda search engine (MaxQuant v1.4.0.5) was used for
antibody-based enrichment of pTyr-containing peptides. Data were searched
against an in-house generated database based on C. owczarzaki genome v3
and all identified peptides were filtered using a 5% FDR threshold (peptide
level). Peptide and phosphopeptide (pSer, pThr) areas were extracted from
the peptide features using the feature detection algorithm implemented in Progenesis (v4.1, Nonlinear Dynamics). Normalized abundances of unique pep-

Phylome Reconstruction and Analysis
The complete phylomes of Capsaspora and four other species were reconstructed as described in Supplemental Experimental Procedures. We used
these phylomes to infer orthology and paralogy relationships among genes
from the five species and also to assign a relative gene age to each gene (phylostratigraphy). Phylome data were used in multiple downstream analyses as
described in Supplemental Experimental Procedures and below.
RNA-Protein Correlation Analysis
Previously published RNA-seq data (Sebé-Pedrós et al., 2013) were used to
compare protein and RNA levels. This RNA-seq dataset contains replicates
of the same Capsaspora life stages studied here. General and gene-age-specific RNA-protein level Spearman and Pearson correlations were calculated
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using averaged cross-sample/cross-replicate expression values. A similar
strategy was used to analyze publicly available human and yeast datasets.
Further details are provided in Supplemental Experimental Procedures.
Phosphorylation Motif Analysis
We generated a dataset of centered 13-mer sequences by extending six
amino acids around each of the detected phosphosites, and computed the
motif enriched with X motif (Schwartz and Gygi, 2005) using the whole
predicted proteome as background and the default significance threshold
(p = 0.000001). The detected motifs were classified using a previously defined
decision-tree algorithm (Villén et al., 2007; Huttlin et al., 2010). Further details
are provided in Supplemental Experimental Procedures.
Ancestral Phosphorylation Network Reconstruction
We used available phosphoproteomics datasets for yeast (Hustedt et al.,
2014), T. adhaerens (Ringrose et al., 2013), and mouse (Huttlin et al., 2010),
and used our phylome dataset to determine pairwise ortholog genes that are
phosphorylated in both species. We used a parsimony criterion to infer phosphorylated ortholog repertoires in ancestral nodes. Further details are provided in Supplemental Experimental Procedures.
ACCESSION NUMBERS
MS proteomics data have been deposited to the Proteomics Identifications repository under accession number PRIDE: PXD004567. Phylome data can be
accessed through PhylomeDB.org (phylomes 100–105).
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Sebé-Pedrós, A., Irimia, M., del Campo, J., Parra-Acero, H., Russ, C.,
Nusbaum, C., Blencowe, B.J., and Ruiz-Trillo, I. (2013). Regulated aggregative
multicellularity in a close unicellular relative of metazoa. Elife 2, e01287.
Solyakov, L., Halbert, J., Alam, M.M., Semblat, J.-P., Dorin-Semblat, D.,
Reininger, L., Bottrill, A.R., Mistry, S., Abdi, A., Fennell, C., et al. (2011).
Global kinomic and phospho-proteomic analyses of the human malaria parasite Plasmodium falciparum. Nat. Commun. 2, 565.
Suga, H., Dacre, M., de Mendoza, A., Shalchian-Tabrizi, K., Manning, G., and
Ruiz-Trillo, I. (2012). Genomic survey of premetazoans shows deep conservation of cytoplasmic tyrosine kinases and multiple radiations of receptor tyrosine kinases. Sci. Signal. 5, ra35.
Suga, H., Chen, Z., de Mendoza, A., Sebé-Pedrós, A., Brown, M.W., Kramer,
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Figure S1. Concerted Differential Expression of the Proteasome and Ribosomal KEGG
Pathways, related to Figure 1. In each case, the schematic representation of the pathway is
shown and the genes present in the Capsaspora genome are highlighted in light green. A colorcoded pathway for each cell type indicates the normalized level of expression (Z-score) of each
protein. Proteins absent in the Capsaspora genome or undetected in our proteomics dataset are
shown in white. Notice the concerted overexpression of the proteasome in the cystic stage (except
the PSME3 regulatory subunit), suggesting extensive proteome remodeling and protein recycling
in this stage. In contrast, ribosomal proteins are overexpressed in the filopodial stage, the trophic
proliferative phase of the Capsaspora life cycle, and are strongly repressed in the quiescent cystic
stage.

Figure S2. Transcriptionally versus Non-transcriptionally Regulated Proteins and
Capsaspora Predicted Secretome, related to Figure 2. (A) Dot plots comparing the log2 fold
changes in protein (y-axis) versus transcript (x-axis) levels between aggregative and filopodial
stages (left) and between cystic and filopodial stages (right). Black lines indicate a fold change of
2 (log2FC=1). Each dot corresponds to a gene and dots are colored according to the degree of
correlation (see Methods). (B) Barplots representing the Gene Ontology enrichment analyses of
transcriptionally and non-transcriptionally regulated gene lists, pooled from the two pairwise
comparisons in a. Genes with strong transcript-protein level correlation are mostly involved in
translation, protein sorting and metabolic activity; these genes also have higher correlation
between species(Schrimpf et al., 2009). Genes with weak couple of transcript-protein level
changes include actin cytoskeleton proteins, GTPases and regulators of the cell cycle. (C)
Heatmap showing the normalized (Z-score) protein and transcript levels in each stage of 198 out
of the 394 predicted secreted genes in the Capsaspora genome (see Materials & Methods). (D)
Heatmap of the difference between normalized protein and RNA levels. (E) Line plots
representing the individual profiles of RNA and protein levels across stages of the two clusters
highlighted with black boxes in b. The strong anti-correlation observed between RNA and protein
levels between successive cell stages suggests active transcriptional activation of the genes in the
first stage not matched by protein levels because of active secretion (which drastically reduces the
amount of protein inside the cell). In the next stage, transcription is repressed and remnant
proteins accumulate inside the cell. (F) Bar plots representing the Gene Ontology and Pfam
domain enrichment analyses of predicted secreted proteins in the aggregative stage (top) and in
the filopodial stage (bottom). Notice the enrichment in laminin proteins in the predicted
aggregative secretome and the presence of multiple proteins involved in bacterial prey capture
(such as lipases, LBPs and saposins) in the filopodial secretome.

Figure S3. Concerted Differential Phosphorylation of the MAPK KEGG Pathway, related
to Figure 4. A schematic representation of the pathway is shown and the genes present in the
Capsaspora genome are highlighted in light green. A color-coded pathway for each cell type
indicates the normalized level of phosphorylation (Z-score) of each protein. Proteins absent in the
Capsaspora genome or undetected in our proteomics dataset are shown in white. Notice the
coherent phospho-activation of the MAPK pathway in the filopodial proliferative stage and, in
contrast, the repression in the quiescent cystic stage. The main exception is the Akt/PKB protein,
a negative regulator of the MAPK pathway, which follows an inverse pattern of phosphorylation.

Figure S4. The Capsaspora Kinome, retated to Figure 4. Maximum likelihood phylogenetic
tree of Capsaspora serine/threonine kinases. Tree leaves (Gene accession number) are colored
according to kinase family classification (as defined in Suga et al 2013 (Suga et al., 2013)), and
the subfamily classification is indicated next to each gene ID (if known) (Suga et al., 2013). The
first column of data refers to protein expression. The dot sizes represent the relative (Z-score)
level of expression of each kinase in each cell type (to be interpreted only horizontally) and the
heatmap represents absolute expression levels (in order to allow vertical comparisons between
different kinases). The second column refers to protein phosphorylation, and similar to the first
column, dots and heatmaps indicate relative and absolute levels of phosphorylation. The third
column represents the structure of Pfam domains of each detected protein kinase. The length of
the representation is proportional to the length of the protein.

Figure S5. The Capsaspora Tyrosine Kinome, related to Figure 5. Maximum likelihood
phylogenetic tree of Capsaspora tyrosine kinases. A red dot indicates that the tyrosine kinase has
been identified. The first column of data refers to protein expression. The dot sizes represent the
relative (Z-score) level of expression of each tyrosine kinase in each cell type (to be interpreted
only horizontally) and the heatmap represents absolute expression levels (in order to allow
vertical comparisons between different tyrosine kinases). The second column refers to protein
phosphorylation, and similar to the first column, dots and heatmaps indicate relative and absolute
levels of phosphorylation. The third column represents the structure of Pfam domains of each
detected protein kinase. The length of the representation is proportional to the length of the
protein.

Table S1. Proteomics Data, related to Figure 1. (A) List of identified proteins across
Capsaspora life stages. (B) List of identified peptide-spectrum matches in all Capsaspora life
stages. (C) Protein quantitation results for all Capsaspora life stages. (D) Feature quantitation
results for all Capsaspora life stages.

Table S2. Phosphoproteomics Data, related to Figure 3. (A) List of identified peptidespectrum matches in all Capsaspora life stages after enrichment of phosphorylated peptides. (B)
Quantitation results of the phosphopeptide features for all Capsaspora life stages.

Table S3. Phosphotyrosine Proteomics Data, related to Figure 3. (A) List of identified
peptide-spectrum matches in all Capsaspora life stages after enrichment of phosphotyrosinecontaining peptides. (B) Extracted ion chromatogram peak areas (MS1) corresponding to the
identified phosphotyrosine containing peptides.

Table S4. Phosphorylation Sites Motif Enrichment Analysis, related to Figure 3.

Table S5. Phosphotyrosine System Gene Counts and Percentage of Tyrosine Residues in the
Genome, related to Figure 3.

Supplemental Experimental Procedures
Cell Culture and Differentiation Conditions
Capsaspora owczarzaki cells were grown axenically in 5-ml flasks with ATCC medium 1034
(modified PYNFH medium) in a 23°C incubator. Three biological replicates (three independent
clonal cell lines) were generated by subculturing from a single-founding cell and grown for 2
months. Adherent filopodiated cells were obtained by initiating a new 1/100 sub-culture (from an
approximately 5 × 10e6 cells/ml initial culture) and, after 3–4 days, cells were scratched from the
substrate. Aggregate formation was induced by initiating a new 1/250 sub-culture (from an
approximately 5 × 10e6 cells/ml initial culture) and by gentle agitation at 60 rpm during 4–5 days.
Finally, floating cystic cells were obtained from a 14-day-old culture, starting from a new 1/100
sub-culture (from an approximately 5 × 10e6 cells/ml initial culture).

Protein Extraction
Between 8x10e8 and 25x10e8 cells were collected by centrifugation 10 min at 5000g at 4ºC and
washed once in sterile PBS1x. The cell pellet was resuspended in 1.5ml of Capsaspora protein
extraction buffer (50mM TrisHCl pH8, 150mM NaCl, 0.1% SDS, 0.5% deoxycholic acid, 5mM
EDTA, 1mM EGTA, 1% NP-40, 1mM MgCl2, 1mM CaCl2) to which protease inhibitors and
phosphatase inhibitors where freshly added (including 1mM PMSF, pepstatin 1 ug/ml, 1
Complete Mini Tablet (Roche, Basel, Switzerland) and 1 PhoSTOP tablet (Roche)). Samples
were incubated on ice for 15 min and sonicated three times for 30 seconds at 10% amplitude in a
Branson Sonifier 250 with a microtip (Branson Ultrasonics, Danbury, USA). Samples were
centrifuged for 20 min at 20.000g at 4ºC in order to remove cellular debris and the supernatants
were recovered and stored at -80ºC.

Sample Digestion
Cell lysates were precipitated with six volumes of cold acetone at -20 ºC overnight. Pellets were
resuspended with 6 M Urea 200 mM NH4HCO3 and sonicated in cycles of 30 sec for 15 min (in a
Bioruptor system). Proteins were reduced with DL-Dithiothreitol (ratio 3 nmol:1µg protein) 1 h at
37ºC, alkylated with iodoacetamide (ratio of 6 nmol:1µg protein) 30 min at room temperature in
dark. The resulting protein extract was then diluted 1:6 with 200 mM NH4HCO3 and digested

with sequencing grade modified trypsin (Promega, enzyme/substrate ratio 1:10; w:w) at 37 ºC
overnight. Trypsin activity was quenched by the addition of formic acid (FA) to a final
concentration of 10%.

Phosphopeptide Enrichment
Phosphorylated peptides were enriched using an offline immobilized metal affinity TiO2 protocol.
Briefly, microcolumns were prepared by placing a small plug of C8 material (3M Empore C8
extraction disk) into the end of a GeLoader tip (Eppendorf, Hamburg, Germany). TiO2 beads
were rinsed with washing buffer (WB: 0.1 % trifluoroacetic acid + 80 % acetonitrile in water),
then suspended in loading buffer (LB: 6 % trifluoroacetic acid + 80 % acetonitrile in water) in a
concentration 10 µg/µl. A slurry-suspension of TiO2 (50 µl) was packed in the GeLoader tip by
centrifugation at 100 x g. Then, 250 µg of peptides were dissolved in LB (100 µl) and they were
loaded into the TiO2 microcolumn by centrifugation (100 x g). Microcolumns were rinsed with
LB (50 µl) and subsequently with WB (50 µl). Phospho-enriched peptides were then eluted from
the microcolumns with 5 % NH3(aq) (30 µl), followed by an additional elution step with 2 % FA +
80 % acetonitrile in water. Eluted peptides were acidified with 30 µl of 20 % FA in water.
Phosphotyrosine-containing peptides were enriched by immunoaffinity purification. Briefly,
protein G bound to agarose beads (30 µl, Calbiochem) was incubated with a mix of three antipTyr antibodies (PT66, Sigma; PY100, Cell Signaling Technologies; and 4G10, Millipore; 4 µg
each) and 250 µl of IP buffer (100 mM Tris, 1% Nonidet P-40, pH 7.4) for 8 h at 4 ºC. Antibodyconjugated protein G agarose was rinsed three times with 400 µl IP buffer. Then, 3 mg of tryptic
peptides dissolved in 1.5 ml of IP buffer were added to the loaded agarose beads, and incubated
with rotation overnight at 4ºC. Conjugated protein G was rinsed with 400 µl IP buffer and four
times with 400 µl Rinse Buffer (100mM Tris pH 7.4). Enriched phosphotyrosine-containing
peptides were eluted with 100 µl 100 mM glycine pH 2. A further elution step was performed
with 100 µl 0.1% TFA.

LC-MSMS Sample Acquisition
Preceding the LC-MSMS analysis both peptide and phosphopeptide samples were purified by
reverse phase columns (Hypersep C18 from Thermo; or MicroSpin C18 from The Nest Group).
The resulting peptide mixtures were dried using a speed-vac system.

Samples were analyzed in a LTQ-Orbitrap Velos Pro mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) coupled to an EasyLC (Proxeon, Odense, Denmark) equipped
with a reversed-phase chromatography 25-cm column with an inner diameter of 75 μm, packed
with 1.9 and 3 µm C18 particles (Nikkyo Technos Co., Ltd. Japan). Chromatographic gradients
from 93 % buffer A, 7 % buffer B to 65% buffer A, 35% buffer B in 360 min for the proteome
and phosphoproteome, and in 120 min for phosphotyrosine samples. In both cases the flow rate
was set at 250 nl/min. Buffer A: 0.1% formic acid in water. Buffer B: 0.1% formic acid in
acetonitrile.
The mass spectrometer was operated in positive ionization mode with nanospray voltage set at
2.5 kV and source temperature at 200 °C. Ultramark 1621 for the FT mass analyzer was used for
external calibration prior the analyses. Moreover, an internal calibration was also performed using
the background polysiloxane ion signal at m/z 445.1200. The instrument was operated in DDA
mode and full MS scans with 1 micro scans at resolution of 60,000 were used over a mass range
of m/z 350-1500 with detection in the Orbitrap. Auto gain control (AGC) was set to 1E6, and
dynamic exclusion (60 seconds) and charge state filtering disqualifying singly charged peptides
were both activated. In each cycle of DDA analysis, following each survey scan the twenty most
intense multiple charged ions were selected for fragmentation at normalized collision energy of
35% (ion count threshold = 5000). Fragment ion spectra produced via collision-induced
dissociation (CID) were acquired in the ion trap, AGC was set to 5E4, isolation window of 2.0
m/z and maximum injection time of 50 ms was used. Neutral loss masses of 32.7, 49, 65.4 and
98.0 m/z among the three most intense fragment ions, was set to trigger a multi-stage activation
acquisition in the phosphorylation database. For the particular case of phosphotyrosine-enriched
samples neutral losses of 80, 40 and 26.7 m/z were also considered. All data was acquired with
Xcalibur software v2.2.

Mass Spectrometry Data Analysis
Acquired data was analyzed using Mascot search engine (v2.3, Matrix Science) for peptide and
TiO2-enriched phosphopeptide identification, and Andromeda search engine (MaxQuant
v1.4.0.5) for antibody-based enrichment of pTyr-containing peptides. Data was searched against
an in-house generated database based on Capsaspora owczarzaki genome v3. A precursor ion
mass tolerance of 10 ppm at the MS1 level was used, and up to three miscleavages for trypsin
were allowed. The fragment ion mass tolerance was set to 0.5 Da. Oxidation of methionine and

protein acetylation at the N-terminal were defined as variable modification. In the case of the
phospho-enriched samples, phosphorylation on Ser, Thr and Tyr were also considered as variable
modifications. Carbamidomethylation on cysteines was set as a fix modification in all cases. All
identified peptides were filtered using a 5 % FDR threshold (peptide level). Identified pTyrcontaining peptides were quantified using the area under the curve of extracted ion
chromatograms (MS1) (Schilling et al., 2014). In the analysis of Tyrosine Kinase (TK)
phosphorylation, only pTyr residues present in the TyrK catalytic domain were considered, as a
proxy of TK activation by autophosphorylation.
Peptide and phosphopeptide (pSer, pThr) areas were extracted from the peptide features using the
feature detection algorithm implemented in Progenesis (v4.1, Nonlinear Dynamics Inc.).
Normalized abundances of unique peptides were used to estimate protein quantities, and
significant differences in protein levels were evaluated using an ANOVA model. Heatmaps of the
proteins and phosphopeptides exhibiting significant differences in abundance (ANOVA qvalue<0.01 and q-value<0.05, respectively) where plotted using ‘heatmap.2’ R function, from the
gplots library (Warnes et al., 2015). To draw these heatmaps we performed a hierarchical
clustering of the normalized (Z-score) data with distances based on Pearson correlation and using
the ‘ward’ agglomeration method as implemented in the ‘hclust’ R function. Finally, the
visualization networks of differentially expressed and phosphorylated genes per stages were
produced using Cytoscape v3.1.1 (Cline et al., 2007).

Phylome Reconstruction and Analysis
In order to gain insight into the evolutionary dynamics of the genome of Capsaspora, compare it
with representative species of major eukaryotic lineages, and establish the relative age of genes,
we reconstructed several phylomes (Sicheritz-Pontén and Andersson, 2001), i.e. the complete
collections of evolutionary histories of all genes encoded in a genome and their homologs across
other fully-sequenced species.
Proteins encoded in 18 fully sequenced eukaryotic genomes were downloaded from various
sources (Table 1). Additionally, a proteome based on RNA-Seq data for Ministeria vibrans was
included. Five phylomes were reconstructed with these species but using 5 alternative species as
seed (species marked in bold in Table 1). We were able to reconstruct 6,598 (75.49%) single-gene
trees using as seed the 8,740 unique protein sequences from Capsaspora. We were also able to
reconstruct 18,538 (87.91%), 20,020 (90.67%), 4,441 (68.08%), and 10,199 (88.55%) single-gene

trees in the context of the Homo sapiens (Human), Mus musculus (Mouse), Saccharomyces
cerevisiae (Yeast), and Trichoplax adhaerens phylomes, respectively.

Species Name

Unique

Genes

Source

As in

8,740

8,759

Broad Institute

11/2013

Homo sapiens

21,088

23,660

Ensembl - 73

09/2013

Mus musculus

22,080

22,563

Ensembl - 77

11/2014

Saccharomyces cerevisiae

6,523

6,523

YGOB

10/2013

Trichoplax adhaerens

11,518

11,518

UniProt

01/2015

Amphimedon queenslandica

29,761

29,883

Ensembl Metazoa

07/2012

Caenorhabditis elegans

20,345

20,532

Ensembl - 73

11/2013

Cryptococcus neoformans

6,244

6,244

Quest for Orthologs - 04/2011

12/2012

Dictyostelium discoideum

12,714

13,073

Quest for Orthologs - 05/2012

07/2012

Drosophila melanogaster

13,789

13,937

Ensembl - 73

11/2013

Ministeria vibrans

19,506

19,506

Monosiga brevicollis

9,180

9,180

JGI

06/2011

Naegleria gruberi

15,634

15,634

UniProt

11/2013

Nematostella vectensis

24,424

24,424

Quest for Orthologs - 04/2011

10/2011

Rhizopus oryzae

16,971

17,459

Broad Institute

06/2011

Salpingoeca sp. ATCC 50818

11,614

11,624

Broad Institute

07/2012

Schizosaccharomyces pombe

5,072

5,665

Quest for Orthologs - 05/2012

07/2012

Sphaeroforma arctica JP610

18,207

18,213

Broad Institute

07/2012

Spizellomyces punctatus

8,942

8,952

Broad Institute

07/2012

Capsaspora owczarzaki
ATCC 30864

Sequences

Genome Project - RNA-Seq data 11/2013

List of the 19 species used in the comparative genomics analysis of this study. Columns
indicate i) the scientific name of each species, ii) the number of unique longest transcripts, iii)
the number of genes predicted for each species, iv) the data source, and v) when data was
acquired. Note that the number of unique longest transcripts can be smaller than the number of

genes, since two longest transcripts with identical sequence are collapsed in a single entry.
Species marked in bold were used as seed for reconstructing the phylomes used in this project.
The phylome reconstruction was performed as follows. For each encoded protein in the seed
genome a Smith-Waterman (Smith and Waterman, 1981) search was used to retrieve homologs
using an e-value cut-off of 1e-3, and considering only sequences that aligned with a continuous
region representing more than 50% of the query sequence. Then, selected homologous sequences
were aligned using three different programs: MUSCLE v3.8 (Edgar, 2004), MAFFT v6.861b
(Katoh and Toh, 2008), and KAlign v2.04 (Lassmann et al., 2009). Alignments were performed
in forward and reverse direction (i.e using the Head or Tail approach (Landan and Graur, 2007)),
and the six resulting alignments were combined using M-Coffee (Wallace et al., 2006). The
resulting combined alignment was subsequently trimmed with trimAl v1.4 (Capella-Gutierrez et
al., 2009), using a consistency score cut-off of 0.1667 and a gap score cut-off of 0.1, to remove
poorly aligned regions.
Phylogenetic trees based on Maximum Likelihood (ML) approach were inferred from these
alignments. ML trees were reconstructed using the best-fitting evolutionary model. The selection
of the evolutionary model best fitting each protein family was performed as follows: A
phylogenetic tree was reconstructed using a Neighbour Joining (NJ) approach as implemented in
BioNJ (Gascuel, 1997); The likelihood of this topology was computed, allowing branch-length
optimisation, using eight different models (JTT, WAG, MtREV, VT, LG, Blosum62, Dayhoff,
and DCMut), as implemented in PhyML v3 (Guindon et al., 2010). The two evolutionary models
best fitting the data were determined by comparing the likelihood of the used models according to
the AIC criterion. Then, ML trees were derived using these two models, using the default tree
topology search method NNI (Nearest Neighbour Interchange), and the one with the best
likelihood was used for further analyses. A similar approach based on NJ topologies to select the
best-fitting model for a subsequent ML analysis has been shown previously to be highly accurate
(Huerta-Cepas et al., 2011). Branch support was computed using an aLRT (approximate
likelihood ratio test) parametric test based on a chi-square distribution, as implemented in PhyML
v3.0. In all cases, a discrete gamma-distribution with four rate categories plus invariant positions
was used, estimating the gamma parameter and the fraction of invariant positions from the data.
Next, orthology and paralogy relationships among genes from the 5 species used as seed and
those encoded by the other genomes included in the different phylomes were inferred using a
phylogenetic approach (Gabaldon, 2008). In brief, a species-overlap algorithm, as implemented in

ETE v2 (Huerta-Cepas et al., 2010), was used to label each node in the phylogenetic tree as
duplication or speciation depending on whether the descendant partitions have, at least one,
common species or not (i.e. using a Species Overlap Score of 0). The resulting orthology and
paralogy predictions can be accessed through PhylomeDB.org (Huerta-Cepas et al., 2011). These
predictions have been used in subsequent analyses such as orthology-based functional annotation
or the relative dating of protein-coding genes.
Finally, we assigned a relative gene age to each gene (phylostratigraphy). To this end, we scanned
the five available phylomes to date protein-coding genes which have been used as seed for singlegene trees. We used a previously-described algorithm (Huerta-Cepas and Gabaldon, 2011) to
detect speciation and duplication events in which the seed protein is involved. We looked for
orthologous and paralogous counterpart proteins which will set the relative age of each seed
protein (see Figure 1B). In the case of Capsaspora we define seven relative ages: 1) Capsasporaspecific, 2) Filasterea, 3) Filozoa, 4) Holozoa, 5) Opisthokonta, 6) Unikonta, and 7) Eukaryota.
We first looked for the furthest orthologous sequence age of each seed protein. If this information
was not available, then we looked at the age of the most ancient duplication in which the seed
protein. If such information was not available, we then looked for the most distant homologous
sequence when considering BLAST results filtered only by the coverage (minimum overlapping
region between query and target protein: 50%) and e-value (1e-3). Table 2 shows the results of
the dating process for the different phylomes and strategies used.

Furthest

Most ancient

Blast-based

ortholog

duplicated

annotation

8,754 / 8,759

3,896

2,750

2,108

H. sapiens

23,220 / 23,660

17,641

2,991

2,588

S. cerevisiae

6,523 / 6,523

2,642

1,852

2,029

M. musculus

22,459 / 22,563

17,644

2,843

1,972

T. adhaerens

11,516 / 11,518

7,173

3,026

1,317

Seed Species

Annotated genes

C. owczarzaki

Number of seed protein dated using different strategies. Columns indicate the species name,
the total number of dated protein-coding genes, the number of dated proteins using the furthest
orthologous sequence age, the number of dated proteins using the age of the most ancient
duplication for which the seed protein was involved, and the number of dated protein using the

most distant homologous sequence relative age.
RNA-protein Correlation Analysis
RNA-protein level comparisons in Capsaspora were performed using RNA-seq data previously
published

(Sebé-Pedrós

et

al.,

(http://www.ncbi.nlm.nih.gov/biosample/?term=txid595528%5BOrganism:noexp%5D).

2013)
This

dataset corresponds to exactly the same life stages analyzed here and, similarly to this proteome
dataset, included three biological replicates per stage.
The correlation between RNA and protein levels was calculated using the ‘cor’ function in R,
both for Person and Spearman correlations, with averaged cross-sample/cross-replicate
expression values (ie. obtaining a single expression value for each gene). All correlations reported
are highly significant (p<1e-05) in correlation tests calculated using ‘cor.test’ R function. For the
phylostratigraphic analysis of RNA-protein levels (Figure 2), genes were grouped by phylostrata
and Spearman correlation was calculated, as well as a population of 1000 bootstrap values using
‘boot’ R library (Canty and Ripley, 2015; Davison and Hinkley, 1997) with default parameters. In
a different analysis, coefficients of variation of RNA or protein levels across tissues (human)
(Fagerberg et al., 2014; Kim et al., 2014), across temporal cell types (Capsaspora) (Sebé-Pedrós
et al., 2013) or across a metabolic time series (yeast, only RNA CV) (Kuang et al., 2014), were
calculated using R and, again, a population of 1000 bootstrap values using ‘boot’ R library. All
bootstrap values were represented in violin plots using ‘vioplot’ R library (Adler, 2005).
In order to determine which genes of Capsaspora show a strong correlation between RNA and
protein levels, we analyzed the samples pair-wise (Aggregative vs Filopodial and Cystic vs
Filopodial) in order to determine the relationships between RNA and protein fold changes. We
considered as “transcriptionally regulated” (red dots Figure S3) those genes with an absolute
log2(Fold Change) in RNA and protein levels greater than 0.5 (in order to select only genes with
enough change in expression to evaluate if the RNA and protein changes correlate or not) and in
which the two fold changes are similar (log2FC RNA/log2FC protein < 3 and vice versa).
Inversely, we considered as “non-transcriptionally regulated" genes with an absolute log2(Fold
Change) in RNA and protein levels greater than 0.5 and in which the two fold changes are
different (log2FC RNA/log2FC protein > 3 or vice versa). Finally, we merged the genes from
both pair-wise comparisons in order to preform functional enrichment analysis of the two
populations of genes (Figure S3).

Secretome Prediction
In order to predict the Capsaspora secretome in silico, we first used SignalP3.0 (Bendtsen et al.,
2004) (D-cutoff=0.45) to retrieve all proteins with a signal peptide. From this initial list of
candidates we discarded:
1. Proteins that contain, after the first 60 amino acids, a transmembrane domain, identified using
TMHMM v2.0 (Krogh et al., 2001).
2. Proteins with an endoplasmatic reticulum retention signal with the C-terminal motifs KDEL or
HDE[LF].
3. Glycosylphosphatidylinisotol (GPI) anchored proteins, identified using PredGPI (Pierleoni et
al., 2008).
4. Proteins with a mitochondrial location tag, identified using TargetP v1.1 (Emanuelsson et al.,
2007).
The resulting list comprised 384 proteins, of which 194 where detected in our proteomics dataset.
We then analyzed the relationship between RNA and protein levels of these 194 genes. We
normalized (Z-score) both protein and RNA levels and subtracted the normalized values (Protein
– RNA levels). The resulting matrix was represented in a heatmap (Figure S4B) by performing a
hierarchical clustering using distances based on Pearson correlation. Two clear clusters were
visually identified and the individual gene RNA and protein profiles represented in line plots
(Figure S4C) to further evaluate anti-correlation relationships.
Phosphorylation Motif Analysis
We first generated a dataset of centered 13-mer sequences by extending 6 amino acids around
each phosphosite. We used this dataset as input for X-motif (Schwartz and Gygi, 2005) to find
enriched motifs. We used the whole Capsaspora proteome as background, the default
significance threshold (p = 0.000001) and a sequence occurrence threshold corresponding to 1%
of the input sequences (External Database S4). We found 20 Serine-centered motifs and 8
Threonine-centered motifs, while no specific enrichments were found around Tyrosine
phosphosites (these were, thus, simply classified as “Tyrosine”). The motifs found are very
similar to those found in mouse by Huttlin et al. (Huttlin et al., 2010) and Villen et al. (Villén et
al., 2007) and we used the same decision-tree algorithm to classify them into 5 categories:
1. If the phosphorylated residue is a tyrosine: “Tyrosine.”
2. If there is a Proline in the +1 position: “Proline-directed.”

3. If there are 5 or more Asp and Glu residues in positions +1 to +6: “Acidic.”
4. If there is an Arg or a Lys residue at position −3: “Basic.”
5. If there is an Asp or a Glu at +1, +2, or +3 positions: “Acidic.”
6. If there are 2 or more Arg or Lys residues between −6 and −1 positions: “Basic.”
7. If the site doesn't match any previous classes, classify as “Other.”
Enrichment of motifs categories per stages was done based on the different phosphopeptides
identified in each stage (pooling the three replicates of IMAC-enriched phosphoproteome and of
the two replicates of the phosphor-tyrosine enriched phosphoproteome).

Functional and Phylostratigraphic Enrichment Analyses
A gene ontology of all Capsaspora genes was generated using Blast2GO (Conesa et al., 2005)
and GO enrichments of the different lists of differentially expressed genes (see above) were
analyzed using Ontologizer (Bauer et al., 2008) using the Topology-Weighted method. A p-value
threshold of 0.01 was used. KEGG pathway annotation of all Capsaspora genes was generated
using the WebMGA (Wu et al., 2011) and KEGG pathway enrichments were calculated using
Hoea (http://hoea.sourceforge.net/). Pfam domains of all genes were analyzed using Pfamscan
v26 (a HMMER search-based algorithm) with default Gathering Threshold (Punta et al., 2012),
and counts were generated using custom Perl scripts. Fisher’s exact tests were performed using
custom R scripts. This Pfam annotation was also used to predict the domain architecture of the
kinases shown in Figures S7 and S8. GO, Pfam and KEGG enrichments for any particular subset of
proteins were performed using the total identified proteins as a background.

For the phylostratigraphic enrichment analyses, we assigned each to an evolutionary origin
(phylostratum) based on the phylome data (see above): Eukaryota, Unikonta, Opisthokonta,
Holozoa, Filozoa, Filastera or Capsaspora-specific (orphan genes). We determined the frequency
distribution of each phylostratum in the analyzed gene set and used the distribution of all genes
seen in the proteome as a background distribution to perform a Fisher exact test of enrichment as
implemented in R (‘fisher.test’ function). In the case of the transcriptome differential enrichment
gene set (Figure 1C), we used all the expressed genes (FPKM > 2) as the background distribution.

Tyrosine Kinase Signaling Repertoire Counts
We used HMMER 3.1 (Eddy, 2011) with domain profiles from Pfam and a Gathering Threshold
as defined in Pfam database (Punta et al., 2012) to search for the number of components of the
tyrosine kinase signaling system in the different species included in Figure 4.
We then counted the number of erasers (number of proteins containing Y_phosphatase domain
(PF00102)) and readers (number of proteins containing SH2 (PF00017), IRS (PF02174) or
PTB (PF08416) domains).
The number of writers (Tyrosine kinases) cannot be inferred with the previous approach, as no
domain univocally identifies Tyrosine kinases. For this reason, writer counts were obtained from
available literature where Tyrosine kinases have been annotated phylogenetically (Clarke et al.,
2013; Fairclough et al., 2013; Manning et al., 2008; Srivastava et al., 2010; Suga et al., 2012,
2014). For two relevant species of early-branching animals (Trichoplax adhaerens and
Mnemiopsis leyidi) there was not data available. In these two cases, we constructed a maximum
likelihood phylogeny of all tyrosine kinase candidates of the two species together with well
annotated kinomes from ‘kinase.com’ database: Monosiga brevicollis and Strongylocentrotus
purpuratus. The sequences were aligned using the Mafft L-INS-i algorithm, optimized for local
sequence homology (Katoh and Toh, 2008; Katoh et al., 2002). The alignment was then manually
inspected and edited in Geneious software. This resulted in a matrix containing 107 amino acid
residues. The Maximum likelihood (ML) phylogenetic tree was estimated by RaxML
(Stamatakis, 2006) using the PROTGAMMALG model, which uses the Le and Gascuel (LG)
model of evolution (Le and Gascuel, 2008) and accounts for between-site rate variation with a
four category discrete gamma approximation. The best model was determined using ProtTest3
(Darriba et al., 2011).
The same approach was used to construct phylogenetic trees for Capsaspora kinases (Figure S7)
and tyrosine kinases (Figures 4 and S8). All tree visualizations were produced using Interactive
Tree Of Life tool (Letunic and Bork, 2007).

Ancestral Phosphorylation Network Reconstruction
One-to-one orthologs between the different species were extracted from our phylome analysis
(see above). The only exception was mouse, in which we allowed up to one-to-four orthologs in
order to account for the double whole-genome duplication occurred at the stem of vertebrata

(Dehal and Boore, 2005; Huminiecki and Heldin, 2010) and which results in many gene families
having multiple orthologs. We then did pair-wise comparisons between species to determine lists
of ortholog genes that are phosphoregulated in both species. We used available
phosphoproteomics datatasets for yeast (Hustedt et al., 2014), Trichoplax adhaerens (Ringrose et
al., 2013) and mouse (Huttlin et al., 2010) generated with a similar approach than ours. Finally,
we used a parsimony criterion to infer phosphorylated ortholog repertoires at three ancestral
nodes: Opisthokonta (shared by yeast and at least Capsaspora, Trichoplax or mouse), Holozoa
(shared by Capsaspora and at least mouse or Trichoplax, excluding those present in yeast) and
Metazoa (shared by Trichoplax and mouse, excluding those proteins found also in yeast or in
Capsaspora).
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