Earliest Holozoan Expansion of Phosphotyrosine Signaling
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Abstract

Phosphotyrosine (pTyr) signaling is involved in development and maintenance of metazoans’ multicellular body through
cell-to-cell communication. Tyrosine kinases (TKs), tyrosine phosphatases, and other proteins relaying the signal compose
the cascade. Domain architectures of the pTyr signaling proteins are diverse in metazoans, reflecting their complex
intercellular communication. Previous studies had shown that the metazoan-type TKs, as well as other pTyr signaling
proteins, were already diversified in the common ancestor of metazoans, choanoflagellates, and filastereans (which are
together included in the clade Holozoa) whereas they are absent in fungi and other nonholozoan lineages. However, the
earliest-branching holozoans Ichthyosporea and Corallochytrea, as well as the two fungi-related amoebae Fonticula and
Nuclearia, have not been studied. Here, we analyze the complete genome sequences of two ichthyosporeans and
Fonticula, and RNAseq data of three additional ichthyosporeans, one corallochytrean, and Nuclearia. Both the ichthyos-
porean and corallochytrean genomes encode a large variety of receptor TKs (RTKs) and cytoplasmic TKs (CTKs), as well
as other pTyr signaling components showing highly complex domain architectures. However, Nuclearia and Fonticula
have no TK, and show much less diversity in other pTyr signaling components. The CTK repertoires of both Ichthyosporea
and Corallochytrea are similar to those of Metazoa, Choanoflagellida, and Filasterea, but the RTK sets are totally different
from each other. The complex pTyr signaling equipped with positive/negative feedback mechanism likely emerged
already at an early stage of holozoan evolution, yet keeping a high evolutionary plasticity in extracellular signal reception

until the co-option of the system for cell-to-cell communication in metazoans.
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Introduction

The phosphotyrosine-mediated signaling (pTyr signaling)
plays a critical role in development and maintenance of
multicellular bodies of animals (metazoans) (Hunter 2009).
By organizing cell-to-cell communication, pTyr signaling con-
trols concerted movement, differentiation, and proliferation
of numerous cells constituting metazoan bodies (Lim and
Pawson 2010). Studying the evolution of pTyr signaling is
thus essential for understanding the origin of metazoan multi-
cellularity, one of the most fascinating questions in evolution-
ary biology (Bonner 1998). Tyrosine kinase (TK or PTK), one of
the main components of pTyr signaling, initiates the cascade
by transducing specific extracellular signals through the cell
membrane into the cytoplasm and nucleus (Fantl et al. 1993;
van der Geer et al. 1994; Hubbard and Till 2000). All TKs share
a conserved catalytic domain (TK domain) for tyrosine phos-
phorylation, but at the same time the catalytic domain is
combined with a vast variety of other protein domains,
which characterize the function of TKs within the context
of signaling cascade (Fantl et al. 1993; van der Geer et al. 1994;
Suga et al. 1999; Hubbard and Till 2000). TKs are roughly
divided by structure into two groups: receptor TKs (RTKSs)

and cytoplasmic or nonreceptor TKs (CTKs). An RTK has a
transmembrane (TM) segment, protruding the N-terminus
into the extracellular space while the C-terminus with the
catalytic domain remains in the cytoplasm. The N-terminal
receptor regions of RTKs are very diverse in domain architec-
ture, reflecting the variety of their specific ligands that are
secreted into the extracellular space by other cells (van der
Geer et al. 1994). The ligand binding triggers a series of con-
formational changes and multimerization events in RTKs, and
eventually initiates the intracellular pTyr signal, which is re-
layed by various other proteins (Hubbard and Till 2000). TKs
are thus regarded as the “writer” of the pTyr signaling (Lim
and Pawson 2010). The pTyr signal transduction system is
also made up of the “eraser” tyrosine-specific protein phos-
phatases (PTPs) and a variety of “reader” proteins having Src
homology 2 (SH2) domains or pTyr binding (PTB) domains,
both of which bind to the pTyr residue. The catalytic domains
of writers and erasers, and the two reader domains SH2
and PTB were diversified by gene duplication, and combined
as modules with each other, or with other protein domains,
giving rise to the complex pTyr signaling cascade (or net-
work) currently seen in metazoans (Hunter 2009; Lim and
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Pawson 2010). In particular, the combination of the reader
domains with the writer or the eraser catalytic domains was
crucial for the evolution of efficient signal transduction by
positive or negative feedback loops (Lim and Pawson 2010).

The catalytic domains of TKs evolved from eukaryotic pro-
tein kinases, which are considered, with some exceptions, to
specifically phosphorylate serine and threonine residues, but
not tyrosine residues, and thus they are grouped into
the serine/threonine kinase (STK) family (Hanks et al. 1988;
Manning et al. 2002). Historically, TKs had been considered
metazoan specific, due to their absence in plants, fungi, and
other analyzed eukaryotes, and their particular importance in
metazoan development (Hanks et al. 1988; Hanks and Hunter
1995). Later, putative TKs were found in several single-cellular
eukaryotes that are distantly related to metazoans, such as
the amoebozoan Dictyostelium discoideum and Entamoeba
histolytica, the green alga Chlamydomonas reinhardtii, and
the oomycete Phytophthora infestans (Tan and Spudich
1990; Shiu and Li 2004). However, these nonmetazoan TKs
do not show diversified domain architectures like those in
metazoans, and moreover, a phylogenetic study suggests dif-
ferent evolutionary origins of these two TK groups (Suga et al.
2012). The metazoan-type TKs (referred to as group A TKs)
are likely to have evolved monophyletically from the other
type of TKs (group B TKs) in nonmetazoan eukaryotes. Group
A and group B TKs do not coexist in the genomes of a single
species so far studied. It is thus likely that the ancestor of
metazoans have lost group B TKs, replacing them with newly
evolved group A TKs. Therefore, studies on the evolution of
group A TKs are essential for understanding the evolution of
metazoan multicellularity.

Metazoan TKs, which are all in group A, are classified into
29 common families on the basis of their protein domain
architectures and phylogenetic relationship of the catalytic
(kinase) domains (Suga et al. 1997, 2012; Hubbard and Till
2000). Nineteen of the 29 TK families are RTKs. Metazoan
RTKs have diverse domain architectures in the ligand-binding
regions, which characterize the diversity and specificity of the
cell-to-cell signaling. Importantly, many CTK and RTK family
are shared among all extant metazoans (Suga et al. 2007;
Srivastava et al. 2010), suggesting that the establishment of
this basic TK set was critical for the origin of Metazoa.

However, the genomes of two closest metazoan relatives
that make up the clade Holozoan together with metazoans,
namely choanoflagellates and filastereans (fig. 1), showed the
presence of group A TKs in premetazoans, and thus the origin
of group A TKs turned out to be much earlier than the
metazoan onset itself (Manning et al. 2008; Pincus et al.
2008; Suga, Sasaki, et al. 2008; Suga et al. 2012). The genomes
of choanoflagellates and filastereans do not encode any group
B TK, similar to the metazoan genomes. These data also
showed that the basic repertoire of CTK families had already
been established in the last common ancestor of these three
holozoan clades, whereas their RTK sets were extensively di-
versified independently in each clade (Suga et al. 2012).

These surveys however still contain a large taxonomic gap,
in which whole-genome scale information has been critically
lacking. For example, ichthyosporeans (or mesomycetozoans;

518

Opisthokonta
Holozoa
Metazoa - Homo, Drosophila, Nematostella
E Choanoflagellida - Monosiga
Filasterea - Capsaspora

Ichthyosporea - Creolimax, Amoebidium

Corallochytrea - Corallochytrium
Fungi - Saccharomyces, Rhizopus

Nucleariidae+Fonticula - Nuclearia, Fonticula

Amoebozoa - Dictyostelium, Acanthamoeba

Alveolata - Tetrahymena

Excavata - Naegleria

Fic. 1. Phylogeny of eukaryotes. Schema of a widely accepted eukaryotic
phylogeny. Genera described in this study are indicated after the hy-
phens. Blue and orange boxes represent the Opisthokonta and the
Holozoa, respectively.

[Mendoza et al. 2002; Glockling et al. 2013; for review]), which
are a highly diverse group of animal symbionts and are the
sister group to filastereans, choanoflagellates, and metazoans
(Shalchian-Tabrizi et al. 2008; Torruella et al. 2012; Paps et al.
2013) (fig. 1), have not been analyzed. Moreover, there has
been no information from the enigmatic Corallochytrium
limacisporum  (Raghu-kumar 1987, Cavalier-Smith and
Allsopp 1996), whose phylogenetic position within the
Holozoa remains unsettled (Ruiz-Trillo et al. 2006;
Steenkamp et al. 2006; Paps et al. 2013). In addition, no
data have been available from Nuclearia or Fonticula alba,
sister lineages to the Fungi (Brown et al. 2009; Liu et al.
2009). For a deeper understanding of the origin and evolution
of TKs, these earlier-branching lineages of the Opisthokonta
(metazoans, fungj, and their closest-relative protists [Cavalier-
Smith 1998]; fig. 1) should be explored.

In this study, we search for TKs, PTPs, and proteins con-
taining SH2 domains and PTB domains in all of the afore-
mentioned opisthokont lineages. The origin of complex pTyr
signaling system seen now in metazoans is here pinpointed
with unprecedented detail. Furthermore, we examine numer-
ical and architectural diversification of these proteins, and
discuss how eventually the metazoans’ cell-to-cell communi-
cation through pTyr signaling evolved in the course of
holozoan evolution.

Results

Early Expansion of pTyr Signal Transduction
Components in Holozoan Evolution

We produced three ichthyosporean data: the draft genome
sequence of Creolimax fragrantissima and RNAseq of
Abeoforma whisleri and Pirum gemmata. Moreover, we gen-
erated RNAseq data of the free-living marine holozoan
Corallochytrium limacisporum, and the nucleariid amoeba
Nuclearia sp. (ATCC50694), a sister lineage of fungi. We also
analyzed the draft genome sequences of the ichthyosporean
Sphaeroforma arctica and the amoeba Fonticula alba, another
fungi-relative, and RNAseq data of the ichthyosporean
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Amoebidium parasticium, generated in the context of
UNICORN project (Ruiz-Trillo et al. 2007).

By combining multiple homology searches for TK catalytic
domains, phylogenetic analyses, and importantly a careful
manual inspection of gene prediction, we identified 173
group A TKs in the analyzed holozoan data, but no group
B TKs. Notably, neither group A nor group B TKs were iden-
tified in Nuclearia and Fonticula. The number of TK catalytic
domains identified in ichthyosporeans and Corallochytrium
ranges from 8 to 67, which are much smaller than those of the
filasterean Capsaspora owczarzaki (103) (Suga et al. 2012) and
the choanoflagellate Monosiga brevicollis (136) (Manning
et al. 2008; Pincus et al. 2008), but still comparable to that
of Drosophila melanogaster (34) (table 1).

We then searched for the classical (i.e, tyrosine-specific
[Tonks 2006]) PTP catalytic domains, SH2 domains, and
PTB domains. We identified between 7 to 16 PTPs in the
whole genomes and RNAseq data of the five ichthyosporeans,
as well as 7 PTPs in the RNAseq data in Corallochytrium

Table 1. Numbers of pTyr Signaling Domains.

Species Group A TK PTP SH2 PTB
Nonopisthokonta

Naegleria 0 3 5 0

Tetrahymena® 0 3 1 0

Acanthamoeba® 0 6 51 0

Dictyostelium® 0 3 14 0
Fungi and their relatives

Rhizopus 0 6 1 0

Saccharomyces® 0 7 1 0

Fonticula 0 1 3 0

Nuclearia“ 0 1 5 0
Corallochytrea

Corallochytrium* 8 (5) 7 18 1
Ichthyosporea

Creolimax 31 (30) 7 22 1

Sphaeroforma 38 (37) 7 22 1

Abeoforma“ 18 (8) 13 56 0

Pirum* 1 (3) 16 45 0

Amoebidium® 67 (56) 9 55 0
Filasterea

Capsaspora 103 (92) 8 39 7
Choanoflagellida

Monosiga® 136 (93) 40 143 31
Metazoa

Nematostella 85 (—)¢ 66 29 27

Drosophila® 34 (21) 23 34 10

Homo? 9 (58) 50 120 51

Note.—Sequence data reported in this study are underlined. Number of protein
domains, but not number of proteins (or genes) is shown. Numbers of kinase
domains occurring in RTKs are in parentheses.

*Numbers from the previous publication (Manning et al. 2008).

®Numbers from the previous publication (Clarke et al. 2013).

“RNAseq data.

dUncountable because the predicted Nematostella TK sequences in the current
assembly are very fragmented.

(table 1). In contrast, only one PTP was identified both in
Fonticula and in Nuclearia. The SH2 domain repertoire is also
highly expanded in the Ichthyosporea (22-56 SH2 domains)
and Corallochytrium (18 domains), whereas those of Fonticula
and Nuclearia are poorly diversified (3 and 5 domains, respec-
tively). PTB domain was also identified in the Ichthyosporea
and Corallochytrium, but not in Fonticula and Nuclearia.
Among the studied ichthyosporeans, only one PTB domain
was identified in each of the two genome-sequenced lineages,
Creolimax and Sphaeroforma, but none in the RNAseq data of
the other three species, which may underrepresent their
whole genomic information.

Overall, our data show that the repertoires of pTyr signal-
ing components greatly increased at the onset of Holozoa.
Group A TK and PTB domain appear to be an earliest
holozoan innovation. Although a few flowering plant ge-
nomes encode a short motif with a partial homology
to the PTB domain (e.;g, GenBank entries XP_003545025,
XP_002301956, and BAJ53102), this motif seems to be a prod-
uct of either convergent evolution or lateral gene transfer
event because it is not found in other plants. The ori-
gins of classical PTP and SH2 domain, which show a pan-
eukaryotic distribution, are much more ancient than those
of group A TK and PTB domain. However, the numbers of
PTPs and SH2 domains appear to have leaped at the holozoan
onset (3—4 times more on average in ichthyosporeans and
Corallochytrium than in the nonholozoan taxa analyzed)
(table 1).

Dramatic Increase in the Architectural Diversity of
Ichthyosporean and Corallochytrean TKs

We analyzed the domain architecture of each identified TK by
a search of Pfam and SMART databases. The search was com-
plemented with manual inspection, which recovered many
domains with low statistical significance. As a result, we found
a large architectural variety in both ichthyosporean and cor-
allochytrean TKs (fig. 2; supplementary fig. S1, Supplementary
Material online). The identified holozoan TKs were classified
into 9 CTK families (34 genes) and 24 RTK families (139 genes)
according to their protein domain architectures and the sim-
ilarity in their catalytic domain sequences (see also the phy-
logenetic analyses discussed later).

Twenty-nine group A TKs from ichthyosporeans and
Corallochytrium belong to the four CTK families (Src, Abl,
Csk, and Teg; fig. 2) that are shared among metazoans, choa-
noflagellates, and filastereans (Suga et al. 2012). Although the
two complete genomes of Creolimax and Sphaeroforma
encode only a single CTK (Src), the other three ichthyospor-
ean species have a much diverse CTK repertoire, even shown
by their RNAseq data. This suggests an earliest holozoan di-
versification of the CTK family repertoire, which already re-
sembled that in extant metazoans, followed by its secondary
reduction in the ichthyosporean lineage leading to Creolimax
and Sphaeroforma.

Both ichthyosporeans and Corallochytrium show a much
more expanded repertoire of RTK families than that of CTK
families. Their RTKs have unique architectures that are not
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Cytoplasmic Creo Spha Abeo* Piru* Amoe* Cora*
Src — o 1 1 5 8 4 1
Abl — o S S 1 1 2 =
Csk s — - - 3 3 1 1
Tec — b~ oL B B
IchCTK1 - - - - - 1 B
IchCTK2 @ - - - - 1 =
IchCTK3 —E— e N
IchCTK4 ———a@@=—— - - - - 1 -
CorCTK1 <2 - = = - - 1

Receptor Creo Spha Abeo* Piru* Amoe* Cora*
IchRTK1 ~—s——HI———00—#% 3 3 2 = 1 -
IchRTK2 =————— 00— 88— 6 1 - - 2 -
IchRTK3 i 1 1 1 - - -
IchRTK4 =so—0——0—0—C0—0—b————— 3 2 = = 3 =
IchRTK5 =IHHEEEHEHHE——0—00— b 5 12 - - 16 -
IchRTK6 i i — i 1 - - - - -
IChRTK7 — s——0000A0-0H i 1 1 - - - -
IchRTK8 =00 HE—— Ha = = 2 - 2 -
IchRTK9 =—<ooooooooooocoi——H-aEib——s=—— 2 5 - = 4 B
IchRTK10 ~—GOOanadinod Hooooo—il————————— o = = = 2 -
IChRTK11 ~088@ae~ et omaSii ot e ~———r
IChRTK12 I T—0-0-0o——8 - - - -2 -
IchRTK13 ~—TH B~ -
IChRTK14 =l 5 4 - 2 4 -
IChRTK15 —=<= 5o L e
IChRTK16 — e — 1 2 - - - B
IchRTK17 ——= S S = = 2 -
IChRTK18 #———-0—ci—0——— - - - - 2 B
IchRTK19 HIHH—F—~————— - - - - 4 B
IChRTK20 »——~—m— 1 5 1 - 11 -
CorRTK1  ~o00——0——m—— - - - - - =
CorRTK2 s—< oo b——<am— - - s B 1
CorRTK3 =~~~ ~ ~ b - - - - - W
CorRTK4 =—B—— 200 aa - - - - - 2

<@~ Tyrke  B>SH3  ©>SH2 [ANK G@@PH <IBTK FCH (CJEF-hand

@=sIPLCXc < ENTH ®Myr =Sig BTM [JLRR OEGF C—o=JCLECT

TNFR  lesd 11 EI13 " DANF  <TSP1 Kelch

Fic. 2. Ichthyosporean and corallochytrean TKs. TKs found in the whole genome data of two ichthyosporeans (Creo, Creolimax; Spha, Sphaeroforma)
and the RNAseq data (asterisks) from three other ichthyosporeans (Abeo, Abeoforma; Piru, Pirum; Amoe, Amoebidium), and a corallochytrean (Cora,
Corallochytrium) are classified according to their domain architectures and phylogenetic positions. CTKs are classified into ichthyosporean-specific
families (IchCTK1-4) or corallochytrean-specific families (CorCTK1) unless they are homologous to metazoan CTKs. The domain architecture of a family
member is schematically shown. The number of genes within each family is shown on the right (red and blue shades for ichthyosporeans and
corallochytreans, respectively). See supplementary figure S1, Supplementary Material online, for the full list of annotated TKs. ANF, atrial natriuretic

(continued)
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homologous to any RTK family of metazoans, choano-
flagellates, or filastereans (fig. 2; supplementary fig. S1,
Supplementary Material online). Moreover, the RTK reper-
toires of ichthyosporeans and Corallochytrium show little, if
any, overlap among them, suggesting that they diversified
independently. In this context, the architectural homology
between IchRTK4 and CorRTK2 (fig. 2; supplementary
fig. S1, Supplementary Material online) is likely a product of
convergent evolution, as also shown by a phylogenetic anal-
ysis (described in the following section) of the catalytic
domain sequence.

We identified two novel protein domains (named as |1 and
I3 domains) in the ichthyosporean RTKs. The 1T domain of
around 170 amino acids in length (supplementary fig. S2A,
Supplementary Material online) appears as a single domain
only in the extracellular regions of the ichthyosporean
IchRTK14 family proteins. In most cases, the 11T domain con-
tains four conserved cysteine residues, suggesting formation
of disulfide bonding in its tertiary structure. The I3 domain,
which has the conserved sequence motif GGA(V/I)(Y/F)
XXXX(VILX(V/DX(N/D)XXFXXNXA  (supplementary fig.
S2B, Supplementary Material online), is much smaller,
mostly composed of 25 amino acids, but occurs repeatedly
in a single protein (fig. 2). In contrast to the 11 domain, which
is unique to ichthyosporeans, the I3 domain is identified in
many eubacterial or archaeal proteins of unknown function
(supplementary fig. S2C, Supplementary Material online).
Interestingly, there is an overall structural similarity between
these prokaryotic 13-containing proteins and other bacterial
proteins designated adhesins, which are involved in host in-
fection of bacteria (Klemm and Schembri 2000; Coutte et al.
2003); both proteins always have numerous internal repeats,
and often a signal peptide and a TM segment, suggesting
their localization at the outer membrane, or secretion onto
the cell surface. Similar to many bacterial adhesins, the pro-
karyotic 13-containing proteins often have as well the hem-
agglutination activity domain (supplementary fig. S2C,
Supplementary Material online), which is considered to be
involved in the host cell attachment (Inatsuka et al. 2005).
The 13 domain is also found in some protists such as
Trichomonas but not in any examined metazoan or non-
ichthyosporean holozoan. In ichthyosporeans, this domain
always occurs in the receptor regions of RTKs, suggesting
their potential function of interacting with extracellular
molecules.

The ichthyosporean RTK families IchRTK15, IchRTK16, and
IchRTK19 show unique membrane topologies that no other
RTK exhibits. The IchRTK15 and IchRTK16 families were pre-
dicted to be “inverted,” having their TM segments on the

C-termini of the TK catalytic domains and lacking signal pep-
tides (fig. 2). The epidermal growth factor- (EGF-) like do-
mains, which are normally located in the N-terminus of the
TM segment (i.e, ligand-binding regions), reside in the C-ter-
minus. We confirmed that these genes are expressed as pre-
dicted by RT-PCR. Interestingly, the electrostatic properties
on the edges of TM segments of these families are inverted as
well; they carry positively charged amino acid stretches adja-
cently on the N-termini and moderately negatively charged
ones on the C-termini, which are oppositely aligned in canon-
ical RTKs (supplementary fig. S3, Supplementary Material
online). These RTKs are most likely inversely inserted into
the membrane so that the catalytic domains are exposed
to the cytoplasm like in canonical RTKs. Certain mem-
brane-bound proteins such as the asialoglycoprotein and
transferrin receptors are proposed to be similarly inserted in
the membrane (von Heijne 1990; Lodish et al. 2000). Such
receptor proteins usually lack a signal peptide, but instead the
proteins use a TM segment for the membrane localization
signal (Lodish et al. 2000). The same seems to apply to the
ichthyosporean RTK10 and RTK11 proteins that also lack a
signal peptide (fig. 2). The Amoebidium-specific IchRTK19
family, which has six putative TM segments, is another
unique example demonstrating the plasticity in membrane
topology of ichthyosporean RTKs.

Domain Architectures of Readers and Erasers in pTyr
Signaling

We examined the detailed domain architectures of classical
PTPs and SH2- and PTB-domain containing proteins. Figure 3
shows the domain combinations occurring in single proteins.
The network roughly illustrates the architectural complexity
of pTyr signaling proteins enhanced in the Holozoa, com-
pared with nonholozoans. Within the Holozoa, the choano-
flagellate Monosiga recruits exceptionally diverse domain
combinations in the pTyr signaling proteins.

Contrary to TKs, PTPs of ichthyosporeans and
Corallochytrium show much less diversity than those of meta-
zoans. Nevertheless, some of the cytoplasmic PTP in ichthyos-
poreans and Corallochytrium are clearly homologous to
certain metazoan PTPs: PTPN6/11 family genes (Tonks
2006) with two SH2 domains, PTPN9 with the CRAL-TRIO/
SEC14 domain, PTPN21 with the B41 (FERM) domain, and
PTPN23 with the BRO1 domain (supplementary figs. S4 and
S5, Supplementary Material online). On the other hand, clear
homologs of metazoan PTPs, or even a complex domain
combination usually seen in the holozoan PTPs, are absent
in Fonticula, Nuclearia, and any other nonholozoan taxa an-
alyzed (fig. 3; Lim and Pawson 2010; Clarke et al. 2013).

Fic. 2. Continued

factor receptor-like ligand binding region; ANK, ankyrin repeats; BTK, Bruton’s tyrosine kinase Cys-rich motif, CLECT, C-type lectin (CTL) or carbo-
hydrate-recognition domain (CRD); EF-hand, EF-hand-like domain; EGF, epidermal growth factor-like domain; ENTH, epsin N-terminal homology
domain; FCH, Fes/CIP4 homology domain; I1, 11 domain; 13, 13 domain; Kelch, Kelch motif; LRR, leucine-rich repeat; Myr, predicted myristoylation site;
PH, Pleckstrin homology domain; PLCXc, phospholipase C catalytic domain X; SH2, Src homology 2 domain; SH3, Src homology 3 domain; Sig, signal
peptide; TM, transmembrane segment; TNFR, tumor necrosis factor receptor/nerve growth factor receptor repeat; TSP1, thrombospondin type 1
repeats; TyrKc, tyrosine kinase catalytic domain. Incomplete sequences are shown by dotted lines.
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RNAseq data.

Contrary to the cytoplasmic PTPs, none of the receptor
PTPs in ichthyosporeans and Corallochytrium is clearly
homologous to any metazoan PTP (supplementary fig. S5,
Supplementary Material online; Tonks 2006). These data sug-
gest, similar to TKs, an early diversification of major cytoplas-
mic PTP families in extant metazoans at the onset of Holozoa,
as well as a simplification of the PTP repertoires in the line-
age leading to Creolimax and Sphaeroforma, which have
less PTPs with little architectural diversity than other
ichthyosporeans (supplementary fig. S4, Supplementary
Material online).

The SH2 domain-containing proteins exhibit highly diver-
sified architectures in ichthyosporeans and Corallochytrium.
At least 34 different domains in total are involved in building
the SH2 domain-containing protein sets of the six holozoan
taxa (supplementary fig. S5, Supplementary Material online).
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This architectural variation in basal holozoans clearly out-
numbers those of the fungi S. cerevisiae and R. oryzae (only
one [Lim and Pawson 2010] and four domains combined with
SH2, respectively) and other nonholozoan eukaryotes such
as N. gruberi (six domains combined; fig. 3). The amoebozoan
A. castellanii, which has the most expanded SH2 domain-
containing protein repertoire among nonholozoan lineages
known to date (Clarke et al. 2013; table 1 and fig. 3), has
a unique set of SH2-containing proteins that may have
evolved independently—their SH2 domains are frequently
combined with STK catalytic domains (S_TKc), but not
with TK or PTP catalytic domains (fig. 3). The network
in figure 3 also illustrates the exceptionally highly diversified
architectures of SH2-containing proteins in M. brevicollis
(123 proteins containing 143 SH2 domains, which are
combined with 53 other domains), suggesting the presence
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of a highly diversified pTyr signaling uniquely evolved in
choanoflagellates.

The presence of the combination of SH2 domains with TK
or PTP domains in ichthyosporeans and Corallochytrium is
especially important, because the evolution of this combina-
tion likely contributed to building a complex and efficient
pTyr signaling circuit by creating the positive or negative
feedback loops (Lim and Pawson 2010). Such recruitment
of the reader module into the writer/eraser proteins of
pTyr signaling appears to be exclusive to the Holozoa (fig. 3).

Compared with TK, PTP, and SH2, PTB domain-containing
proteins show a much poorer diversity regarding the combi-
nation with other domains. None of the three PTB-containing
proteins of ichthyosporeans and Corallochytrium is combined
with other recognizable domains, whereas in filastereans,
choanoflagellates, or metazoans, PTB-containing proteins
show much complex architectures (fig. 3). The filasterean
Capsaspora, in which seven PTB domains are found but
not combined with TK or PTP catalytic domains, exhibits a
kind of intermediate stage of PTB domain evolution be-
tween ichthyosporeans and choanoflagellates + metazoans

(fg. 3).

Evolution of the Diverse TKs of Holozoans

To elucidate the evolutionary history of TKs, we performed a
Maximum Likelihood (ML) phylogenetic analysis (fig. 4; the
details are in supplementary fig. S6, Supplementary Material
online) based on the common catalytic domain sequences.
All the 173 TKs identified in ichthyosporeans and
Corallochytrium form a monophyletic cluster (the group A
TK cluster; fig. 4 green shade) together with all the other
holozoan TKs, supporting the single evolutionary origin of
group A TKs from a nonholozoan group B TK (Suga et al.
2012). There is however no support for a branching close to
the root of the group A TK subtree, suggesting a rapid diver-
sification process of group A TK families.

Our phylogenetic tree analysis confirmed the classification
of the 29 ichthyosporean and corallochytrean CTKs into the
four metazoan CTK families (Src, Csk, Tec, and Abl; desig-
nated as Src-related CTKs), which are also present in choano-
flagellates and filastereans (fig. 4 the detailed CTK tree in
supplementary fig. S7, Supplementary Material online).
Frequent gene duplications in the ichthyosporean Src and
Csk families are also apparent (supplementary fig. S7,
Supplementary Material online). The other five CTKs of
ichthyosporeans and Corallochytrium do not associate
with metazoan CTK families (fig. 2; supplementary fig. S6,
Supplementary Material online), indicating their independent
origins.

As RNAseq data do not represent the whole transcrip-
tome, it remains unclear whether the evolution of the
other major CTK families (Fes, Fak, Jak, Ack, Syk, and Shark;
fig. 4), which are common in metazoans but missing in the
studied ichthyosporeans, antedates that split. The possibility
that these six CTK families emerged in the last common an-
cestor of filastereans, choanoflagellates, and metazoans after
its divergence from ichthyosporeans cannot be excluded.
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Fic. 4. Phylogenetic tree of the TK family. Branches with low support
(bootstrap values <10%) are collapsed and represented by multifur-
cated nodes. The full tree showing each gene name and bootstrap value
is in the supplementary figure S6, Supplementary Material online. Seven
STKs are used as an outgroup. TK families are highlighted by grey
shading. Group A and group B TKs are shaded in green and red, re-
spectively. The subtree containing all RTKs and a few CTKs of ichthyos-
poreans is represented by a red triangle, which is fully shown in
supplementary figure S8, Supplementary Material online. Presence of
orthologs of 10 common metazoan CTK families in ichthyosporeans (1),
a corallochytrean (Co), filastereans (F), and choanoflagellates (Ch) are
shown on the right. Orthologs of metazoan RTK were not identified in
premetazoans, as shown in the abbreviated row “Metazoan RTK fam-
ilies”. TOrtholog not found in the Monosiga brevicollis genome, but
identified in Codonosiga gracilis (Suga, Sasaki, et al. 2008). SA CTK
with domain architecture similar to Jak is present in M. brevicollis, but
its TK domain is phylogentically close to that of Syk (Suga et al. 2012).

However, the dramatically reduced CTK repertoires in
Creolimax and Sphaeroforma suggest a massive loss of CTK
families that occurred as a product of evolutionary adaptation
in the Ichthyosporea.
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All the ichthyosporean TKs except the Src-related CTKs fall
into a monophyletic cluster (red triangle in fig. 4), including all
the ichthyosporean RTKs and a few non-Src-related CTKs of
Amoebidium (supplementary fig. S8, Supplementary Material
online). This clustering suggests an extensive RTK expansion
in the ichthyosporean clade, as well as several gene duplica-
tion and domain shuffling events that transformed certain
Amoebidium RTKs into CTKs. Yet, the phylogenetic tree does
not provide support for monophyly of the TK family
from choanoflagellates, filastereans, or corallochytreans.
This suggests either their paraphyletic origins or obscured
phylogenetic signal due to deep divergence.

Overall, in the basal holozoans analyzed, RTKs show con-
trasting diversification patterns from CTKs during holozoan
evolution, similar to the results obtained from the filasterean
and choanoflagellate data (Suga et al. 2012). Although the
basic repertoire of CTKs was already established very early in
holozoan evolution, probably at the onset of Holozoa, RTKs
diversified much later independently in each of the
Ichthyosporea, Corallochytrea, Filasterea, Choanoflagelliida,
and Metazoa.

Rapid RTK Diversification within the Ichthyosporean
Clade

We examined in detail the diversification history of the
ichthyosporean RTKs using the whole genomic information
from Creolimax and Sphaeroforma (fig. 5). These two species
are very close, with their divergence time inferred as 87-163
Ma (the Mesozoic Era) from molecular dating by Bayesian
analysis (fig. 6). Consistent with this dating, Creolimax
and Sphaeroforma have similar RTK repertoires; 40 out of
67 RTKs are most likely orthologous to their counterparts
(g 5 supplementary fig. S9, Supplementary Material
online), sharing identical domain architectures. However,
we could not identify orthologs among the remaining 27
RTKs. It is likely that these RTKs were either produced by
species-specific gene duplication or were orphaned by loss of
the counterparts.

According to this tree, we parsimoniously inferred that the
domain architectures of the RTK extracellular regions chan-
ged 16 times (red bars) in the course of ichthyosporean evo-
lution. We also found that RTKs in the same family are not
always monophyletic, as typically shown by the IchRTK5
family (fig. 5). These data suggest a dynamic evolution and
optimization of the ichthyosporean RTK diversity by frequent
gene duplications, domain shuffling, and gene conversions, as
well as gene disruption and gene loss, which continued after
the Mesozoic split between Creolimax and Sphaeroforma.

Discussion

Evolutionary History of pTyr Signaling

The evolution of group A TK diversity is illustrated in figure 6.
Concurrently with the numerical expansions of group A TK
and other pTyr signaling modules, the earliest holozoans in-
creased the architectural complexity of pTyr signaling pro-

teins through the combination with other protein domains.
The positive or negative feedback loops in pTyr signaling
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Fic. 5. Clade-specific RTK expansion in the Ichthyosporea. The phylo-
genetic tree was inferred from the TK sequences of Creolimax (C) and
Sphaeroforma (S). The family classification is represented by symbols. A
typical structure of each family is shown at the bottom. Likely ortholo-
gous divergences of Creolimax and Sphaeroforma are labeled by black
dots. One of the most parsimonious scenarios of domain architecture
alteration was manually inferred based on the assumption that the
ancestral gene belongs to the most dispersed RTK1 family. Red bars
indicate branches where an architectural alteration is assumed. The full
figure with bootstrap values and domain architectures is in supplemen-
tary figure S9, Supplementary Material online.

cascade, which is proposed to be a critical innovation toward
the efficient and complex signal transduction seen in extant
metazoans (Lim and Pawson 2010), was already present in the
earliest stage of holozoan evolution.

Our study has reinforced, by the use of the data from two
holozoan clades (ichthyosporeans and corallochytrean) that
were not analyzed previously, the scenario of contrasting di-
versification patterns between CTKs and RTKs, which was
previously proposed from a study of filastereans and choano-
flagellates (Suga et al. 2012). Holozoans have been diversifying
the RTK repertoire extensively, generating the clade-specific
RTK sets that are totally different from each other. Our data
covering the five ichthyosporean species further demon-
strated that the rapid turnover of RTK repertoire continued
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tree is based on the time-calibrated phylogeny by Bayesian inference. Blue bars represent the 95% range of highest probability density (Drummond et al.
2012) of the node age. Red and blue circles represent extensive TK diversification and massive reduction of TK diversity, respectively. The period of RTK
diversification in Abeoforma whisleri and Pirum gemmata remains unclear (red dotted circle), because RNAseq data may represent a minor fraction of
TK diversity. The open arrowhead represents the evolution of the complex pTyr-mediated signaling system with the diversified pTyr signaling modules,
as well as their enhanced combination. Note that we do not exclude the possibility of basal holozoan expansion of group A RTKs (green dotted circle),
which may be obscured today by their rapid turnover during the holozoan evolution. Amoe, Amoebidium; Abeo, Abeoforma; Creo, Creolimax; Cora,
Corallochytrium; Caps, Capsaspora; Font, Fonticula; Mini, Ministeria; Mono, Monosiga brevicollis; Nucl, Nuclearia; Piru, Pirum; Spha, Sphaeroforma; Salp,
Salpingoeca. Species that were newly analyzed in this study are underlined, with the RNAseq data labeled with asterisks.

within the ichthyosporean clade after the divergence from
other holozoan clades.

It has been hypothesized that the pTyr signaling system of
premetazoan lineages was originally assembled to deal with
the various extracellular information, and later co-opted for
the intercellular communication at the unicell-multicell tran-
sition (King et al. 2003; Suga et al. 2012). This hypothesis is
supported by the observation that the basic set of RTK did
not drastically change in the Metazoa, in which RTK generally
confronts the internal fluid, whereas in the premetazoan lin-
eages, which are constantly exposed to environment, the RTK
repertoire has been rapidly changing.

Possible Function of Ichthyosporean RTKs

The protein domain 13 is present, mostly as tandem repeats,
in one-third of ichthyosporean RTKs. It is tempting to spec-
ulate that the 13 domains in the ichthyosporean RTKs are
involved in sensing the extracellular information such as nu-
trient condition, or possibly the host tissue for symbiosis,
similar to prokaryotic adhesins. The large variety of the 13-
containing RTKs of ichthyosporeans may then contribute to
the diversity of extracellular information that they are able to
detect. The highly repetitive and plastic structure in the re-
ceptor regions of these RTKs may have allowed the ichthyos-
poreans’ rapid adaptation to various environments, by
changing the receptor sequence through recombination. It
is noteworthy that the hosts of ichthyosporeans are highly
diverse, ranging from fish’s gill to digestive tracts of marine
crustaceans (Mendoza et al. 2002). Host diversification occurs
even within a single ichthyosporean species (Marshall and
Berbee 2013).

As previously shown, the RTK repertoire of the filasterean
Capsaspora is also highly diverse (Suga et al. 2012). In partic-
ular, one specific RTK family of Capsaspora includes 40 genes
(39% of the whole TK repertoire) of similar structure, having a
long receptor region that contains numerous leucine-rich
repeat (LRR; fig. 3). Similar to filastereans, many RTKs of
choanoflagellates contain hyalin repeats (Manning et al.
2008; Suga, Sasaki, et al. 2008), which are considered to be
involved in cellular adhesion in metazoan tissues (Callebaut
et al. 2000). Thus, three unicellular holozoan clades indepen-
dently use different protein domains to increase the diversity
of receptor region structures of RTKs. As seen in animal lens
proteins, such flexible recruitment of proteins or protein do-
mains represents an important evolutionary driving force
(Piatigorsky 2003).

Conclusions

Our analyses have elucidated the history of pTyr signaling
development through the course of holozoan evolution
with unprecedented detail. Further molecular-level studies
on the function of premetazoan pTyr signaling using available
tools (Suga and Ruiz-Trillo 2013) will allow better understand-
ing of the co-option process of this signaling system.

Materials and Methods

Cultures

The live culture of C. fragrantissima, P. gemmata, and
A. whisleri were kindly provided by Dr. Wyth Marshall. The
live culture of C. limacisporuml was kindly provided by Stuart
Donachie (University of Hawaii, USA). The live culture of
Nuclearia sp. was purchased from ATCC (ATCC50694).
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Data Mining

Creolimax TKs were searched for in the draft genome se-
quence, which was preliminary constructed from raw reads
of an approximately 70x coverage. The Sphaeroforma
genome and the Fonticula genome were sequenced as a
part of UNICORN project (Ruiz-Trillo et al. 2007); their ver-
sion 1 assemblies were retrieved from http://www.broadinsti
tute.org/annotation/genome/multicellularity_project/  (last
accessed December 13, 2013). The RNAseq data of
Nuclearia, Corallochytrium, Pirum, and Abeoforma were pro-
duced from high quality lllumina paired-end reads of approx-
imately 4 GB (quality score >20 in 40% bases). The RNAseq of
Amoebidium (from 22 GB lllumina paired-end reads) was per-
formed by Broad Institute within UNICORN project (data
available under the NCBI BioProject PRINA189477). The pre-
dicted proteomes were searched for TKs by the use of BLAST
and HMMER (Eddy 2009) programs. For the HMMER search,
both the SMART entry SM00219 and a model build from a
previously published alignment (Suga et al. 2012) that include
choanoflagellates and filasterean TKs were used. To discrim-
inate between TK and STK, we used the ML phylogenetic tree
analyses (discussed later), as well as the conservation of the
highly characteristic motif in the catalytic loop (typically
HRDLAARN/HRDLRAAN [Manning et al. 2008]). For the
downstream analyses, we used only those with kinase
domain sequences that have less than 50% of missing se-
quence (i.e, those having kinase domains with more than
112 amino acid sites aligned with other protein kinases). All
the discovered ichthyosporean and corallochytrean TKs were
then subjected to a manual inspection; in each protein, we
examined the integrities of protein domains and the presence
of signal peptide (in case of an RTK), and manually amended
the prediction. In this process, we took into account also the
suboptimum predictions of Augustus (Stanke and Waack
2003), which was specifically trained for each organism.
Finally, we compared the domain architectures of the discov-
ered sequences with those of other organisms to confirm the
prediction adequacy. Some predicted Sphaeroforma se-
quences were split into pieces, due to its severely fragmented
scaffolds of the current draft assembly. We manually com-
bined these pieces as much as possible by comparing their
sequences with those of Creolimax putative orthologs. We
assigned the same letter to the name of each putatively
orthologous pair of Creolimax and Sphaeroforma TKs (e.g,
CfrTK-a and SarTK-a). As the architectures of IchRTK15 and
IchRTK16 families are very atypical, we further confirmed the
prediction validity of CfrTK-s, one of the IchRTK15 family
genes, by RT-PCR and sequencing the obtained fragments.
Gene-specific primers used for the RT-PCR are as follows: for
the 5" amplification, CfrTK-s-50.2 (sense strand), 5'-TACTAAA
GCTCAAAATGCCACG-3'; CfrTK-s-50.3 (sense), 5'-TCTACCG
ACGCTGCCACC-3'; CfrTK-s-A3 (antisense), 5'-TGTTCTGCGT
CCCTATCCAC-3'; for the 3'RACE, CfrTK-s-S1 (sense), 5'-CCT
TCGCCATCTTACAATTC-3'; CfrTK-s-S2 (sense), 5'-AACGAG
GCATATGAGGTAATG-3.

The PTP catalytic domain, the SH2 domain, and the PTB
domain were similarly searched for by the use of HMMER
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program, followed by the manual inspection. The used prob-
abilistic models are SM00194 and PF00102 for PTP (for com-
parison, the other models SM00012 and SM00404 with a
lower specificity were also used), SM00252 and PF00017 for
SH2, and SM00462, PF08416, and PF00640 for PTB domain.
For the PTP-domain containing proteins, only the members
of the classical tyrosine-specific phosphatase family (Tonks
2006) were considered. The dual specificity phosphatases
were thus excluded.

The pTyr signaling modules were further searched across
eukaryotes. In addition to the previously published data
(Manning et al. 2008; Suga et al. 2012; Clarke et al. 2013),
we searched the whole genome data of the heterolobosean
Naegleria gruberi (version 1; http://genome,jgi-psf.org/Naegr1,
last accessed December 13, 2013), the zygomycete fungus
Rhizopus oryzae (version 3; http://www.broadinstitute.org/an-
notation/genome/rhizopus_oryzae, last accessed December
13, 2013), the filasterean Capsaspora owczarzaki (version 2;
http://www.broadinstitute.org/annotation/genome/multicel
lularity_project/, last accessed December 13, 2013), and the
sea anemone Nematostella vectensis (version 1; http://
genomejgi-psf.org/Nemvel/, last accessed December 13,
2013).

Protein Domain Architecture and TK Classification

Protein domains composing the ichthyosporean and corallo-
chytrean TKs were annotated by the search of SMART
(http://smartembl-heidelbergde, last accessed December
13, 2013) and Pfam (http://pfamsangerac.uk/, last accessed
December 13, 2013) databases, which were then subjected to
manual inspections of the result alignments. Sequences that
were not mapped to any known domain were further
searched for in the public databases and in other ichthyos-
porean TKs, and two domains (11 and I3 domains) were newly
annotated. TM segments and signal peptides of RTKs were
manually predicted. For the detailed classification of CTK
families, their N-terminal myristoylation sites were predicted
by the Myristoylator program (Bologna et al. 2004), which
provides the prediction confidence by the score S. We classi-
fied TKs into families based on their domain architectures
and phylogenetic positions as in (Suga et al. 2012). TKs with-
out clear domain architectural information or an apparent
affiliation to a specific family supported by the phylogeny
were provisionally classified into IchRTK20 (for ichthyospor-
ean genes) or CorRTK4 (for corallochytrean genes) families.

Network Analysis of Domain Architecture

Domain architectures of proteins containing the four pTyr
signaling domains (TK catalytic, PTP catalytic, SH2, and PTB
domains) were manually examined. The domain combina-
tions occurring in these proteins were represented by a net-
work drawn by Cytoscape (http://www.cytoscape.org/, last
accessed December 13, 2013). In the network, co-occurring
two domains are represented by two circles directly con-
nected by a line. Duplicated domains in a protein were not
counted.
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Phylogenetic Tree Inference

Phylogenetic trees were inferred from the kinase (catalytic)
domain sequences (225 amino acid positions) by the
Maximum Likelihood (ML) method, using the LG-I" model
with four rate categories implemented in RAXML version 7.2.8
(Stamatakis 2006). The alignment is in supplementary fig. S10,
Supplementary Material online. The obtained topology was
further optimized by the genetic algorithm-based heuristic
approach (Katoh et al. 2001; Suga, Schmid, et al. 2008; Suga
et al. 2012), in which all the possible topologies generated
both by crossing over all trees in the population and by the
subtree pruning and regrafting (SPR) and tree bisection and
reconnection (TBR) algorithms started from the best tree
were evaluated. To avoid the long-branch attraction artifact,
Awh_RS39176 of Abeoforma and Apa_RS28315.0.1 of
Amoebidium were excluded from phylogenetic analyses.

Molecular Dating by Bayesian Inferences

We used the methodology from the previous publication
(Parfrey et al. 2011). Data from Salpingoeca rosetta,
Ministeria, ~ Creolimax,  Corallochytrium,  Pirum, and
Abeoforma were added to the original alignment constituted
by 15 proteins (5695 amino acid sites in total). The
Sphaeroforma and Amoebidium data, which had already
been included in the original alignment, were additionally
supplemented with the new genome and RNAseq data of
this study. The alignment was then manually inspected and
amended, and then used for Bayesian inferences by the Beast
program (Drummond et al. 2012). We analyzed the data
using the setting A (Parfrey et al. 2011), where the root was
constrained to the Opisthokonta and all calibration points
were used.

Protein Charge Plot

We analyzed the 45 amino acids around the boundary be-
tween the TM segment and the non-TM sequence (30 amino
acids outside the TM segment and 15 amino acids within the
TM segment). As a sliding window of five amino acids moved
along the sequence from the TM toward the non-TM region,
the averaged charge of five amino acids in the window was
calculated. This value was considered as the charge at the first
position of the window. In the scanning process, the residue
of aspartic acid and glutamic acid gave a charge of —1, lysine
and arginine a charge of + 1, and histidine a charge of + 0.5.
The values were plotted along the sequence.

Supplementary Material

Supplementary figures S1-S10 are available at Molecular
Biology and Evolution online (http://http://mbe.oxfordjour
nals.org/).
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