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Abstract Cathepsins are enzymes capable of degrading

proteins intracellularly. They occur ubiquitously in opis-

thokonts, but their potential to provide insight across the

evolutionary transition from protists to metazoans remains

poorly investigated. Here, we explore the evolution of

cathepsins using comparative analyses of transcriptomic

datasets, focusing on both, protists (closely related to

metazoans), and early divergent animals (i.e., sponges). We

retrieved DNA sequences of nine cathepsin types (B, C, D,

F, H, L, O, Z, and silicatein) in the surveyed taxa. In

choanoflagellates, only five types (B, C, L, O, Z) were

identified, all of them being also found in sponges, indi-

cating that while all cathepsins present in protists were

conserved across metazoan lineages, cathepsins F and

H (and probably D) are metazoan acquisitions. The

phylogeny of cysteine protease cathepsins (excluding

cathepsin D) revealed two major lineages: lineage B

(cathepsins B and C) and lineage L (cathepsins F, H, L, O,

Z). In the latter lineage, a mutation at the active site of

cathepsin L gave rise to silicatein, an enzyme exclusively

known to date from siliceous sponges and involved in the

production of their silica spicules. However, we found that

several sponges with siliceous spicules did not express

silicatein genes and that, in contrast, several aspiculate

sponges did contain silicatein genes. Our results suggest

that the ability to silicify may have evolved independently

within sponges, some of them losing this capacity secon-

darily. We also show that most phylogenies based on

cathepsin and silicatein genes (except for that of cathepsin

O) failed to recover the major lineages of sponges.
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Introduction

Cysteine protease enzymes, generically known as cathep-

sins, play an essential role in intracellular degradation of

proteins in many different organisms, ranging from viruses

to animals (Berti and Storer 1995). Cathepsins can be

lysosomal (B, C, F, H, K, L, O, S, W, and Z) and be

activated by the acid pH of lysosomes (Turk et al. 2001) or

non-lysosomal (M, J, Q, R, S, and K). So far, lysosomal

cathepsins have been largely studied (Bühling et al. 2002)

because of their implication in human disease (e.g., Sloane

et al. 1981; Sloane and Honn 1984; Lutgens et al. 2007;

Rodriguez-Franco et al. 2012), remaining largely unin-

vestigated in other phyla. In mammals, the function of
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cathepsin B and L is often related to both extracellular

degradation of collagen type I in bone and processing of

hormones and antigenic proteins (Inui et al. 1997; Mort and

Buttle 1997; Söderström 1999; Horn et al. 2005). In other

eukaryotes, such as arthropods, cathepsin L is necessary for

successful molting (Liu et al. 2006), and also for degrading

insect cuticle by entomopathogenic fungi (Samuels and

Paterson 1995). Cathepsins L and B have also been re-

ported from a variety of sponges (Krasko et al. 1997;

Müller et al. 2003, 2007a), but their roles remain poorly

investigated. Interestingly, a modification of cathepsin L

seems to have led to a new functional enzyme group ex-

clusive to sponges and known as silicateins (Shimizu et al.

1998).

In silicateins, the ancestral proteolytic activity of

cathepsins has shifted into an anabolic activity, that is, the

ability to polycondensate enzymatically dissolved silicon

to produce biogenic silica, which is the essential skeletal

material characterizing many sponge groups (Shimizu et al.

1998; Cha et al. 1999). It was initially thought that this

functional modification mainly derived from a change in

the original catalytic triad of cathepsin L (i.e., cysteine,

histidine, and asparagine), with the cysteine being replaced

by a serine. Nevertheless, there is an emerging view that

additional amino acid changes must have also occurred to

explain the functional change observed (see ‘‘Discussion’’

section).

Three paralogous genes for silicatein (silicatein alpha,

beta, and gamma; Wiens et al. 2006) have been identified

in sponges (Wang et al. 2012a) but not in the other various

groups of livings organisms that are able to produce

skeletons of biogenic silica (e.g., diatoms, radiolarians,

choanoflagellates, silicoflagellates, chrysophyceans, the-

camoebae, etc.; Gröger et al. 2008). However, not all

sponges appear to have silicatein, being reliably identified

to date in two of the three siliceous classes (Hexactinellida

and Demospongiae; Fig. 1a) of the four recognized in the

phylum (Shimizu et al. 1998; Cha et al. 1999; Krasko et al.

2000, Funayama et al. 2005; Müller et al. 2007b, 2008a, b;

Kozhemyako et al. 2010; Kalyuzhnaya et al. 2011; Vere-

meichik et al. 2011 Wang et al. 2012b). It is not surprising

that the members of the class Calcarea, characterized by

producing calcareous spicules, lack silicatein. However, it

is puzzling that silicatein has not yet been found in mem-

bers of the class Homoscleromorpha (Fig. 1a), which are

also characterized by producing silica skeletons. From ul-

trastructural studies of spicule sections and silicifying cells,

it was suggested that the homoscleromorphs might have

acquired the ability to produce silica independently from

the two other siliceous lineages (Maldonado and Riesgo

2007). Homoscleromorphs possess spicules in which the

concentric silica layers are separated by unusually thick

organic rings in a pattern clearly different from that of

demosponges and it is the only sponge clade to date in

which pinacocytes are able to produce silica spicules

(Maldonado and Riesgo 2007). Within the siliceous sponge

lineages that have been confirmed to encode for the en-

zyme silicatein (i.e., classes Demospongiae and Hex-

actinellida), the evolutionary pathway of the silicatein is

not straightforward either. For instance, several demo-

sponge subclades that are known to lack siliceous skeletons

(e.g., Dictyoceratida, Dendroceratida, and part of

Verongimorpha) have members that express the gene for

silicatein (Kozhemyako et al. 2010).

The molecular evolution of cathepsins B, H, and L has

been explored in a handful of animals, predominantly

vertebrates (Uinuk-ool et al. 2003). However, few inver-

tebrate taxa were represented in that study, hampering a

reliable inference of the relationships among the specific

cathepsins from different animal phyla and, reciprocally,

Fig. 1 a Phylogenetic scenario

of sponge evolution modified

from Nosenko et al. (2013) and

appearance of silicatein (black

dot). b, c Transmission electron

micrographs of intracellular

formation of sponge spicules

showing a cross-section of

sclerocytes (sc) forming

spicules (s) around the axial

filament (f). Note the collagen

matrix (co) surrounding the

sclerocytes in b. d–f Scanning
electron micrographs of

megasclere (me) spicules

(d) and microsclere (mi)

spicules (d–f)
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making it difficult to assess the suitability of cathepsins for

inferring invertebrate evolution. The relationships of

sponge silicateins and cathepsins with the cathepsins of

other animals remain virtually unaddressed. Deciphering

those patterns may also help to improve the current un-

derstanding of the relationships within Porifera, given that

the standard phylogenetic markers (i.e., cytochrome c

oxidase subunit I, 28S and 18S rRNA) are inconclusive

(Cárdenas et al. 2012; Wörheide et al. 2012; Nosenko et al.

2013). Therefore, this study aims to infer the evolution of

cathepsins at the leap from protists to animals and further

explore the phylogeny of the cathepsine-derived silicatein,

a unique genetic machinery responsible for the biosilici-

fying activity in the phylum Porifera.

Methods

Identification of Cathepsin and Silicatein Genes

in Sponges: Transcriptomic and Genomic Datasets

Taxon Sampling

For the generation of cDNA libraries from RNA, we de-

signed a taxon sampling comprising species with silica

spicules from the 3 ‘‘siliceous sponge’’ lineages: (1) Hex-

actinellida: Aphrocallistes vastus (Vancouver Island,

Canada); (2) Demospongiae: Chondrilla nucula (Bocas del

Toro, Panama), Petrosia ficiformis (Catalonia, Spain),

Spongilla lacustris (Vancouver Island, Canada), Pseu-

dospongosorites suberitoides (Florida, USA), and (3) Ho-

moscleromorpha: Corticium candelabrum (Catalonia,

Spain). For a comparison, we also included a species,

Ircinia fasciculata (Catalonia, Spain), lacking silica spi-

cules despite belonging to the ‘‘siliceous’’ Demospongiae

lineage. A representative of the Calcarea sponge lineage

(see Fig. 1a), bearing calcareous rather than siliceous spi-

cules, was also considered: Sycon coactum (Vancouver

Island, Canada).

For genomic DNA, we collected tissue samples of ca.

2 cm2 for the siliceous demosponge Petrosia ficiformis, as

well as several demosponges lacking siliceous spicules:

Spongia lamella, Ircinia fasciculata, Ircinia oros, Aplysina

aerophoba, and Chondrosia reniformis from the Catalan

coast of Spain. We rinsed tissue pieces at least three times

in ethanol and preserved them in 100 % ethanol at -20 �C.

RNA Extraction and cDNA Library Preparation

In order to avoid contamination from sponge-associated

microfauna, tissues were carefully but rapidly cleansed

under a stereomicroscope to avoid RNA degradation in an

RNAse-free, cooled environment using iced dishes.

Samples were maintained alive within 1–5 h after collec-

tion, depending on the species, prior to preservation. Ex-

cised tissue fragments ranged approximately from 0.25 to

0.5 cm3 in volume. Between 20 and 80 mg of each sponge

was used, except for Petrosia ficiformis and Aphrocallistes

vastus, for which 200 mg were analyzed due to their high

spicule/cell ratio (see Riesgo et al. 2012a). Samples were

either flash-frozen in liquid nitrogen and immediately

stored at -80 �C (Aphrocallistes vastus, Petrosia fici-

formis, Ircinia fasciculata, Pseudospongosorites sub-

eritoides, Spongilla lacustris, and Sycon coactum), or

immersed in at least 10 volumes of RNAlater� at 4 �C for

1 h, placed overnight at -20 �C, and subsequently stored

in the same buffer at -80 �C until processed (Corticium

candelabrum and Chondrilla nucula).

Two RNA extraction methods were used, depending on

the tissue type: (1) total RNA extraction with standard

Trizol protocols, followed by mRNA purification using the

Dynabeads� mRNA Purification Kit for mRNA Purifica-

tion from Total RNA preps (Invitrogen, USA) for Corti-

cium candelabrum, and (2) direct mRNA extraction for all

other species, using the Dynabeads� mRNA DIRECTTM

Kit (Invitrogen, USA). Detailed protocols are available

elsewhere (Riesgo et al. 2012a). Quantity and quality

(purity and integrity) of the resulting mRNA was assessed

by three different methods (Agilent Bioanalyzer, Nan-

odrop, and a Qubit� Fluorometer), as further detailed in

Riesgo et al. (2012a). No differences in results should be

attributed to the extraction method (see Riesgo et al. 2014).

Next-Generation Sequencing and Assembly

Next-generation sequencing was carried out using the plat-

forms Illumina GAII and HiSeq (Illumina, Inc., San Diego,

California, USA) at the FAS Center for Systems Biology,

Harvard University. The protocol for cDNA synthesis and

library construction is detailed elsewhere (Riesgo et al.

2014). Removal of low-quality raw reads was done using a

threshold for Phred scores of 30 with TrimGalore

(http://www.bioinformatics.babraham.ac.uk/projects/trim_

galore/) and visualized in FastQC (http://www.bioinfor

matics.bbsrc.ac.uk/projects/fastqc/). Then, de novo assem-

bly was conducted with Trinity (Grabherr et al. 2011).

Quality and completeness of the transcriptomic datasets are

described elsewhere (Riesgo et al. 2012b, 2014).

Sequence Annotation

For each species, contigs shorter than 300 bp were re-

moved as most did not return BLAST hits in previous

studies (Riesgo et al. 2012b, 2014). The remaining contigs

were mapped against a selection of the non-redundant (nr)

NCBI database (proteins of Metazoa) using the blastx
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program of the BLAST suite (hereafter called automated

searches). All searches were conducted with blastall (Alt-

schul et al. 1997) using an e-value cut-off of 1e-5.

In order to verify the affiliation of the cathepsin and

silicatein sequences retrieved from the automated blastx

searches, we conducted a local blast using tblastn engines

incorporated in CLC Genomics workbench, using the

contig lists as databases and 1–3 amino acid sequences of

closely related metazoans as queries. The open reading

frames for each nucleotide sequence were obtained using

ORF finder (http://www.ncbi.nlm.nih.gov/projects/gorf/)

and the subsequent amino acid sequences were re-blasted

using the blastp suite available at NCBI.

Sequences that showed maximum similarity (over

70 %) against bacteria, protozoans, or fungi were dis-

carded. Likewise, sequences shorter than 100 amino acids

were not considered. The translated nucleotide sequences

were implemented in SMART (http://smart.embl-heidel

berg.de/) to establish the location of domains, and signal

peptides were determined using HMMer searches on the

SMART database and also PFAM searches (Letunic et al.

2012). The 3D reconstructions were done with the software

Phyre2 (Kelley and Sternberg 2009).

We also assessed the presence/absence of the same set

of cysteine proteases in four different unicellular eukaryote

species (Ichthyosporea: Sphaeroforma arctica; Filasterea:

Capsaspora owczarzaki; Choanoflagellida: Monosiga bre-

vicollis, and Salpingoeca rosetta) to determine whether

some may have been acquired in sponges or whether they

were already present in these unicellular organisms. We

selected these four species of protists because they are

known as the closest relatives to Metazoa and their complete

genomes were already sequenced and available (http://www.

broadinstitute.org/annotation/genome/multicellularity_pro

ject). To determine protein identity, we used the same

gene targets and searched in the genomes with the blastp

engine implemented in the Broad institute website using

default settings.

DNA Extraction and Amplification of Genes

Encoding for Silicatein

DNA was extracted using the Qiagen DNeasy Blood and

Tissue kit (Qiagen, Valencia, CA, USA), following the

manufacturer’s instructions. Six sets of degenerated and

specific primers (Supplementary File 1) were designed

based on the silicatein sequences obtained from NCBI.

When using degenerated primer sets, two gradient-nested

PCR were carried out, the second one using 3 lL of the

PCR product obtained during the first PCR and diluted in

47 lL of molecular-grade dH2O. Both PCRs involved the

following program: 2 min at 94 �C, 35 cycles of 94 �C for

30 s, 30 s at 45–50 �C, 2 min at 72 �C, and a final

extension step of 7 min at 72 �C. When using specific

primers, the PCR program consisted of 2 min at 94 �C, 35
cycles of 94 �C for 30 s, 30 s at 50 �C, 2 min at 72 �C, and
a last extension step of 7 min at 72 �C. PCR products were

sequenced at Macrogen, Inc. (Seoul, South Korea).

In addition, libraries of genomic DNA from Petrosia

ficiformis, Ircinia fasciculata, and I. oros were obtained

using 2 lg of high-quality DNA (A260/280[ 1.8) and the

GS FLX Titanium Rapid Library Preparation Kit and GS

FLX Titanium Rapid Library MID Adaptors Kit. The li-

braries were run using the Roche Life Sciences 454 GS

FLX ? System at the Genomics Unit of the Scientific and

Technologic Center of the University of Barcelona.

BLAST searches of the resulting read files (220,876 for I.

fasciculata; 126,213 for I. oros; and 394,841 for P. fici-

formis) were executed with CLC Genomics Workbench 5.1

using the tblastn suite.

Phylogenetic Analysis of Cathepsins and Silicateins

Translated amino acid sequences of cathepsin and silica-

tein genes were aligned using MUSCLE ver. 3.6 (Edgar

2004) and used for the subsequent phylogenetic analyses.

ProtTest ver. 2.4 (Abascal et al. 2005) was used to select

the best-fit model of amino acid substitution (LG ? C ? I)

under the Akaike Information Criterion (AIC) (Posada and

Buckley 2004). In addition, sequences of cathepsin O

proteins from sponges were aligned with cathepsin O se-

quences downloaded from NCBI and also extracted from

the transcriptomes of Chiton olivaceus (SRX205322),

Cephalothrix hongkongiensis (SRX205320), Sipunculus

nudus (SRR619011), Hormogaster samnitica

(SRX205145), and Alipes grandidieri (SRX205685).

Alignments of cathepsin O proteins were performed using

the same procedures as above.

Maximum likelihood analyses of entire dataset and also

that containing only cathepsin O sequences were conducted

in RAxML ver. 7.2.7 (Stamatakis 2006). For the likelihood

searches, a unique LG model of amino acid substitution

with corrections for a discrete gamma distribution and in-

variant sites (LG ? C ? I) was specified, according to the

AIC analysis, and 500 independent searches were con-

ducted. Nodal support was estimated via 500 replicates of

the rapid bootstrap algorithm of Stamatakis et al. (2008)

using the PROTGAMMAI model. Bootstrap resampling

frequencies were thereafter mapped onto the optimal tree

resulting from the independent searches.

Bayesian inference analyses of the entire dataset were

conducted in MrBayes ver. 3.1.2 (Huelsenbeck and Ron-

quist 2005) with a unique WAG model of amino acid

substitution and corrections for a discrete gamma distri-

bution and a proportion of invariant sites (WAG ? C ? I;

Yang 1996). WAG ? G ? I was the second best-fit model
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suggested by ProtTest but the LG model was not imple-

mented in MrBayes ver. 3.1.2. Two runs, each with three

hot and one cold chains, were conducted in MrBayes for 20

million generations, sampling every 3000th generation and

using random starting trees. The analysis was run twice and

25 % of the runs were discarded as burn-in after checking

for stationarity with Tracer v.1.4 (http://beast.bio.ed.ac.uk/

Tracer). The remaining trees were combined to find the

maximum a posteriori probability estimate of the phy-

logeny. The topology of the resulting trees was rooted

according to results obtained by several studies that pro-

vided structural and phylogenetic evidence for the exis-

tence of two distinct subfamilies, the L-like and the B-like

subfamilies, distinguished by the presence and absence of

the ERFNIN motif, respectively (Karrer et al. 1993; Berti

and Storer 1995; Uinuk-ool et al. 2003).

Distance values among Bayesian inference and max-

imum likelihood trees based on Robinson-Foulds metric

(Steel and Penny 1993) were calculated with the phangorn

package in R version 3.0.3 (R Development Core Team

2011). RF values were rescaled using the formula RF/N-2,

where N is the number of terminals used (188), in order to

provide a rough estimate of the number of terminals whose

position changed from tree to tree.

Sequences derived from the present study were de-

posited in GenBank with accession numbers shown in

Supplementary File 2. Accession numbers of cathepsin

sequences from other metazoans and protists retrieved

from GenBank to conduct phylogenetic analysis are also

shown in Supplementary File 2.

Identity and Similarity Analyses of Cathepsin

and Silicatein Proteins

An alignment of cathepsin and silicatein proteins of

sponges (n = 74) was implemented in MatGat (Cam-

panella et al. 2012) to obtain pairwise levels of similarity

and identity using the Myers and Miller global alignment

algorithm and the BLOSUM62 matrix, allowing gaps in

12 sites. Identity is defined as the degree of identical

correspondence between two sequences when no gaps

between the sequences are allowed, assuming similarity

of function when values are over 25 %. In turn, similarity

refers to the degree of resemblance between sequences,

which is dependent on the identity. Within and between

groups (silicatein and cathepsin L), mean distances were

computed with MEGA 5.2 (Tamura et al. 2011) using the

bootstrap variance estimation method with 100 replica-

tions and the two only available models in MEGA,

Poisson and JTT, with uniform rates among sites and

pairwise deletion.

Results

Cathepsin and Silicatein Genes: Presence/Absence

and Structure

Non-lysosomal cathepsins M, J, Q, R, S, and K were not

found in our transcriptomic datasets. Lysosomal cathepsins

B, C, Z, O, and L appeared in protist lineages (Figs. 2, 3, 4),

but while cathepsins B, L, and Z were obtained from all

four protist species, cathepsin O was only observed in the

choanoflagellates Monosiga brevicollis and Salpingoeca

rosetta, and cathepsin C in Sphaeroforma arctica and

Capsaspora owczarzaki (Fig. 2). Among the recovered

cathepsins, none was exclusive to protists. In contrast,

cathepsins H and F appeared to be exclusive metazoan

acquisitions (Fig. 2), with F present in all four major

sponge lineages (i.e., Demospongiae, Hexactinellida, Ho-

moscleromorpha, Calcarea), but H missing in our repre-

sentative of the class Calcarea (Table 1; Fig. 2).

In the selected sponge species, we retrieved a total of

eight cysteine proteases (cathepsins B, C, H, L, F, O, Z, and

silicatein), although with inconsistent patterns of presence/

absence and duplication patterns across the phylum

(Table 1). In addition, 31 sequences tentatively assigned to

an aspartyl protease (i.e., cathepsin D) were found

(Table 1), constituting another plausible metazoan acqui-

sition. In some cases, the different gene copies might

correspond to distinct alleles rather than paralogs, but

without a reference genome to map, the position of the

genes in the same location (alleles) or different locations

(paralogs) remains impossible to assess it at this point.

Accordingly, even though our approach might not recover

the paralogy with 100 % certainty, we were not able to

provide more specific assignations, and assumed that since

sequences were very divergent among them (see Supple-

mentary File 3), in most cases, we might have recovered

paralogs rather than highly divergent alleles. The cathepsin

sequences identified using automated searches with blastx

involved many fragments of unassembled genes and also

sequences derived from sponge bacterial and eukaryotic

symbionts (not shown) that were later discarded. In many

instances, both automated and local searches retrieved the

same number of sequences, but often the automated re-

trieval outperformed the local searches (Table 1). Although

our transcriptomic datasets showed high parameter values

for quality descriptors (see Supplementary File 4), ab-

sences of genes could not be interpreted with reliability as

true absences.

Out of the five demosponges whose transcriptome was

completed in this study, the silicatein gene was found ex-

pressed in three (Table 1). Surprisingly, silicatein was not

retrieved from a fourth siliceous demosponge, Chondrilla
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nucula, despite this species being known to elaborate a

dense skeleton of silica spicules. It was also puzzling that

silicatein expression was found neither in the heavily

silicified hexactinellid Aphrocallistes vastus nor in the ho-

moscleropmorph Corticium candelabrum, each

representing in our analyses major lineages of siliceous

sponges. To make the evolutionary scenario even more

complicated, a demosponge from a subclade that lacks

siliceous spicules (Spongia lamella) provided a short,

highly divergent silicatein sequence, retrieved when using
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Fig. 3 Phylogenetic reconstruction of the cathepsins B, C, Z, H, O, L,

and silicatein using maximum likelihood with posterior probabilities

shown in clades also supported by Bayesian inference. Only bootstrap

and posterior probabilities over 70 % and 0.9, respectively, are

shown. Sequences obtained in this study are in bold letters. Clades

containing only sponge sequences are shown in blue. Sequences from

cathepsin L and silicatein are collapsed and shown in detail in Fig. 4.

The sequence of cathepsin L6 from Aphrocallistes vastus is shown in

red to highlight its clustering outside cathepsin L (Color figure online)
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specific primers (fragment of 331 bp). The open reading

frame of such fragment was too short to be included in our

phylogenetic analysis (44 aa), but since the retrieved amino

acid sequence was highly similar to two demosponge

silicateins previously reported from Petrosia ficiformis

(Q6YD92.1) and Amphimedon queenslandica

(XP_003383103.1), we conducted an additional ex-

ploratory phylogenetic analysis with a reduced dataset

containing only cathepsin L and silicatein amino acid se-

quences from sponges (Supplementary File 5). This ex-

ploratory analysis indicated that the silicatein amino acid

sequence in Spongia lamella was quite divergent, being

vaguely related to silicatein sequences from haplosclerid

demosponges (Supplementary File 5). In the 44 amino

acids predicted for the silicatein-like gene of S. lamella, the

asparagine residue of the catalytic triad was replaced by a

cysteine (Supplementary File 6). Such a substitution should

theoretically be enough to render this ‘‘silicatein’’ dys-

functional for silicification.

Using SMART, we found that the eight identified

cysteine proteases (cathepsins and silicateins) derived

from the transcriptomic datasets had a very similar sec-

ondary structure, all having a catalytically inactive pep-

tidase C1 domain. In cathepsin B, three domains were

identified: a transmembrane domain, a propeptide C1, and

a peptidase C1 domain (Figs. 3, 4). Cathepsin C encoded

for a cathepsin C exclusion domain before the peptidase

C1 domain (Figs. 3, 4). The structure of cathepsins H, L,

O, and Z had in common a transmembrane domain, a

domain inhibitor I29 acting as a propeptide, and a pep-

tidase C1 domain (Figs. 3, 4). Cathepsin F had a pros-

egment with structural similarities with cysteine protease

inhibitors of the cystatin superfamily before the inhibitor

I29 and then a peptidase C1 domain. Since the primary

structure of the cystatin-like inhibitor diverged greatly

from the domains present in the rest of the cathepsins

considered in the analysis, we did not include it in further

analyses.
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Fig. 4 Phylogenetic reconstruction of the cathepsins H, L, and

silicatein using maximum likelihood with posterior probabilities

shown in clades also supported by Bayesian inference. Only bootstrap

and posterior probabilities over 70 % and 0.9, respectively, are

shown. Sequences obtained in this study are in bold letters. Clades

containing only sponge sequences are shown in blue. Sequences from

cathepsin H are collapsed and shown in detail in Fig. 3 (Color figure

online)
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The primary structure resulting from the silicatein se-

quences, for which almost a full-length transcript was ob-

tained, is shown in Supplementary File 6. The catalytic

triad is typically formed by cysteine, histidine, and as-

paragine in cathepsin L sequences, and by serine, histidine,

and asparagine in silicateins. However, in the silicatein 4 of

Petrosia ficiformis, the first residue of the catalytic triad

(i.e., serine) was replaced by a cysteine (Supplementary

File 6), a change that is supposed to turn the enzyme into a

non-functional configuration for silicification. The catalytic

triad was not observed in the remaining sequences derived

from our transcriptomic datasets. It was surprising to find

silicatein only in Demospongiae. The absence of silicatein

transcripts in the hexactinelid representative is a major

mismatch relative to the results of previous work describ-

ing the occurrence of silicatein in at least some members of

the Hexactinellida (Veremeichik et al. 2011).

Identity and Similarity Analyses of Cathepsin

and Silicatein Proteins

Using MEGA, we found that the genetic divergence within

the cathepsin L group of sequences was 0.53 ± 0.03 under

the Poisson model and 0.67 ± 0.05 under the JTT model.

Similarly, within the silicatein group of amino acid se-

quences, the genetic divergence was 0.53 ± 0.03 under the

Poisson model and 0.58 ± 0.05 under JTT model. In turn,

genetic divergence between cathepsin L and silicatein

groups was 0.76 ± 0.05 under the Poisson model and

0.93 ± 0.07 under the JTT model (Supplementary File 3).

MatGat provided pairwise comparisons between sequences

for identity and similarity that are tabulated in Supple-

mentary File 3. Similarities within the silicatein proteins

ranged between 20 and 97.2 %, within cathepsin L varied

from 17.3 to 74 %, and finally between silicatein and

cathepsin L protein sequences from 14.1 to 78.4 % (Sup-

plementary File 3). The 3D reconstructions also showed a

high similarity in the domain organization between the

cathepsin L and silicatein proteins (Fig. 5), and especially

between cathepsin L4 in Corticium candelabrum and sili-

cateins (Fig. 5).

Phylogeny of Cathepsin Proteins in Sponges

Maximum likelihood (ML) and Bayesian inference (BI)

recovered similar tree topologies although with some dis-

crepancies; Figs. 3 and 4 show the topology obtained under

ML with the bootstrap proportions and posterior prob-

abilities mapped on clades. Additionally, the topology of

the tree obtained with BI analysis is provided in Supple-

mentary File 7. The Robinson-Foulds metric was 87 and

0.46 when rescaled, indicating that the position of roughly

46 % terminals differed between trees. Rooting of the ML

and BI trees was done on the split of lineages B and L

(Figs. 3, 4), based on the presence of ERFNIN motif in

cathepsins Z, F, O, H, L, and silicatein (subfamily or lin-

eage L) and absence in cathepsins B and C (subfamily or

lineage B). All cathepsins in lineage L shared a similar

secondary structure (one transmembrane domain, the in-

hibitor I29 domain, and the peptidase C1), while cathepsins

Table 1 Occurrence of the different cathepsins in the sponge transcriptome datasets identified using automated blastx searches (A) and local

tblastn searches in CLC Genomics Workbench (L)

Cathepsin Hexactinellida Demospongiae Homoscleromorpha Calcarea

Aphrocallistes Chondrilla Ircinia Petrosia Spongilla Pseudospongosorites Corticium Sycon

A L A L A L A L A L A L A L A L

Cysteine proteases

B 4 4 2 1 6 2 4 2 6 1 1 1 7 1 6 2

C 0 0 0 0 0 0 0 0 1 2 0 1 0 2 0 0

F 1 1 0 0 0 2 1 1 1 1 0 1 3 3 1 2

H 1 0 1 1 1 1 1 1 1 1 1 1 4 1 0 0

L 7 7 11 11 7 4 8 4 18 4 2 2 16 4 12 4

O 0 0 0 0 0 0 0 1 0 1 1 1 0 1 0 1

Z 0 0 4 4 0 1 4 2 0 2 1 1 4 2 2 1

Silicatein 0 0 0 0 0 0 4 4 15 5 3 1 0 0 0 0

Aspartyl proteases

D 2 2 2 2 2 1 6 4 4 4 1 2 9 9 5 5

Only the sequences that showed their maximum similarity against metazoans or those with open reading frames longer than 100 aa were

considered for the subsequent phylogenetic analyses
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in lineage B only had the peptidase C1 domain in common

(Figs. 3, 4).

Lineage B was clearly divided into two well-supported

subgroups (one containing cathepsin B (100 % bootstrap

support [BS]; 1.00 posterior probability [pp]), and the other

containing cathepsin C (90 % BS, 1.00 pp; Fig. 3). For

both subgroups, the phylogenetic relationships of sponge

sequences with those of other metazoans were not resolved

(Fig. 2). Within lineage L (Fig. 3), cathepsin Z was also

well-supported (100 % BS, 1.00 pp) and made the earliest

diverging group, followed by a clade supported with 99 %

BS and 0.99 pp, respectively that contained cathepsins O,

F, and H, and a large clade containing cathepsin L and

silicatein (Figs. 3, 4). The internal relationships between

cathepsin Z sequences were in most cases robustly sup-

ported ([0.95 pp) by Bayesian posterior probabilities

(Fig. 3), and included three subclades with internal com-

positions that do not recover the major accepted sponge

lineages (Fig. 3). Sequences of cathepsin O were supported

by high values of bootstrap and posterior probabilities

([80 % BS and[0.99 pp, respectively) and the clade was

further divided into two subclades (Fig. 3), one containing

a
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Fig. 5 a Three-dimensional reconstructions of cathepsin L sequences

in the choanoflagellate Monosiga brevicollis and the sponges

Aphrocallistes vastus and Corticium candelabrum, and silicatein in

Euplectella aspergillum, Petrosia ficiformis, and Spongilla lacustris.

Similar domains are coded with the same colors. b Maximum

likelihood reconstruction of relationships within the cathepsin O

clade. Bootstraps obtained from 500 replicates over 70 are shown on

the branches
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only sponge sequences and another containing sequences

from other metazoans (arthropods and vertebrates). Further

analyses of the clade containing cathepsinO (includingmore

sequences from metazoans retrieved from available tran-

scriptomic datasets) supported monophyly of all sponges

except Hexactinellida (which did not contain a cathepsin O

sequence) and recovered moderate support (72 % BS) for

most bilaterian groups (Fig. 5). Sequences of cathepsin F,

excluding that of Petrosia ficiformis, were grouped with

67 % BS from ML and 0.99 pp (Fig. 3 and Supplementary

File 7), but within the clade, sponge sequences were mixed

with those of other metazoans and not forming a sponge

clade (Fig. 3). The group of cathepsin H was supported by

0.97 pp in the BI (Fig. 3); however, bootstrap values from

ML analysis only supported a clade formed by two sponge

sequences, the hadromerids Suberites domuncula and

Pseudospongosorites suberitoides (Fig. 3).

The relationships among the different sequences of the

cathepsin L group remained poorly resolved and incorporated

a mix of sequences from sponges and other animals (Fig. 4

and Supplementary File 7). In addition, the putative cathepsin

L sequence (cathepsin L6) obtained for Aphrocallistes vastus

did not fall into the cathepsin L cluster in the ML analysis,

branching off earlier than cathepsin H (Fig. 4). In contrast,

within the cathepsin L group, all the silicatein sequences

formed a supported group (84 % BS; 0.99 pp), except for the

silicatein 3 ofHymeniacidon perlevis that clustered out of the

silicatein group (Fig. 4 and Supplementary File 7). The four

major sponge classes were not recovered within the silicatein

clade (Fig. 4 and Supplementary File 7). The silicatein se-

quences of the haplosclerids Petrosia ficiformis (4 sequences)

and Amphimedon queenslandica (1 sequence), and that of the

hadromerid Pseudospongosorites suberitoides diverged ear-

lier than the rest (Fig. 4), while the remaining silicatein se-

quences formed a derived subclade supported by a posterior

probability of 1 in the BI analysis (Fig. 4 and Supplementary

File 7).Within the latter subclade, the silicateins of freshwater

sponges (family Spongillidae) made a small cluster, not re-

lated to marine haplosclerids (i.e., against the old view pos-

tulating that freshwater sponges derived from marine

haplosclerids) but sister to a larger, complex cluster (sup-

ported only by BI) that contained intermingled sequences

from hexactinellids and several non-haplosclerid demo-

sponges (Fig. 4 and Supplementary File 7).

Discussion

Cathepsins

Our study suggests that all the investigated protists possess a

small number of cathepsins, including B, C, L, and Z, which

were later expanded in metazoans. In sponges, early

branching metazoans, cathepsins B,C, F,H, L,O, and Zwere

already present, also presenting a novel acquisition, silica-

tein, a cathepsin L-derived enzyme. Within each cathepsin

lineage, many different enzymes appeared through duplica-

tions during animal diversification, and such enzymes spe-

cialized to undertake quite different functions (Uinuk-ool

et al. 2003). Interestingly, our analyses indicated that

cathepsin H evolved within the L lineage, similarly to what

was found by Uinuk-ool et al. (2003), although the cathepsin

H sequences form a well-supported clade within the L group.

In sponges, the levels of gene duplication appeared to be

higher for cathepsins B and L than for the rest of cathepsins

(and silicateins), as we found up to four paralogs of

cathepsin B in Aphrocallistes vastus and eleven of cathepsin

L in Chondrilla nucula. Only cathepsins F and H appeared

to be novel metazoan acquisitions and they occurred in all

four major sponge lineages, while cathepsin H was not re-

trieved from our calcareous species. For most of the six

major cathepsin clades recovered in our analyses, with the

exception of cathepsin O, taxon relationships were poorly

supported, probably suggesting that they are not reliable

markers for phylogeny inference. In summary, despite

cathepsins being ubiquitious enzymes in opisthokont (Fungi,

Choanozoa, Metazoa) lineages, their phylogenetic signal

was weak, failing to recover major lineages of either

metazoans or sponges. However, screening of other protist

genomes in the future might shed more light into the origin

and acquisition of cathepsins in these ancient lineages.

The functional roles of most cathepsins in both early

metazoans (sponges, ctenophores, cnidarians, and placo-

zoans) and most other non-mammal animals remain largely

unknown. The assessment of the potential role of cathepsins

from lineage B (B and C) in the reproduction and immunity

of sponges (as it occurs in other animals, Cha et al. 1999; Niu

et al. 2013) appears as a promising field. Currently, it seems

that enzymes in lineage L are the ones with major importance

for sponge biology given their involvement in spiculogenesis

(Kozhemyako et al. 2010), but most of their proteolytic tar-

gets and their specific biological functions remain unclear.

Sponges cathepsin L and silicatein have received some at-

tention (Krasko et al. 1997, 2000; Shimizu et al. 1998; Cha

et al. 1999; Müller et al. 2003; Schröder et al. 2005, 2006,

2007), and it has been hypothesized that cathepsin Lmight be

involved in the elaboration of the collagen templates neces-

sary for spicule formation (Kozhemyako et al. 2010) since it

is involved in different aspects of collagen cleavage in other

animals (Kakegawa et al. 1993; Felbor et al. 2000; Dalton

et al. 2003; Lustigman et al. 2004).

Silicateins

Our results, in agreement with previous studies, cor-

roborate that cathepsin L gave rise to silicatein, which to
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date has only been found in the phylum Porifera. Enzymes

encoded by cathepsin L possess an active site nucleophilic

cysteine residue at position 25 that attacks scissile peptide

bonds (Brocklehurst et al. 1987). This cysteine residue is

part of a catalytic triad (cysteine, histidine, and asparagine)

unique to cathepsins. It is thought that the gene cathepsin L

duplicated and mutated the catalytic cysteine to a serine

(Cha et al. 1999), resulting in a new functional enzyme,

silicatein. The silicatein enzyme is able to polycondensate

dissolved silicon into amorphous biogenic silica, the basic

material from which siliceous sponge spicules are made

(Shimizu et al. 1998; Cha et al. 1999; Schröder et al. 2007;

Wang et al. 2010, 2012a, b). Because silicatein has been

derived from a lysosomal proteolytic enzyme, we propose

here that the intracytoplasmic ‘‘silica deposition vesicle,’’

in which the silicatein filament is assembled to start sili-

cification within the sponge silicifying cells (sclerocytes),

is likely derived from a lysosome.

The functionality of silicatein may, however, rely on

mechanisms more complex than currently thought. It is

worth noting that the silicatein 4 sequence from the demo-

sponge Petrosia ficiformis and the silicatein sequence from

the glass sponge Aulosaccus sp. (Veremeichik et al. 2011)

that were previously classified as true silicateins do not

possess serine, but cysteine in the first residue of the cat-

alytic triad (Supplementary File 6), which would potentially

prevent them from being functional silicateins. Furthermore,

Fairhead et al. (2008) demonstrated that the single mutation

of cysteine to serine did not confer significant levels of

silica-production activity. In order to obtain high-silicifica-

tion activity, the residues of either side of the cysteine had to

be mutated as well. Additionally, silicateins also differ from

sponge capthepsins L in having (although not in all species)

long clusters of serine residues in the former. This serine

stretch that comes close to the catalytic histidine has been

postulated to participate somehow in the binding of the

substrate/product (Müller et al. 2007a, b, 2008a). Yet addi-

tional conditions, such as association with galectin, might be

required for effective spicule formation (Fairhead et al.

2008). Since we were able to identify four silicatein genes in

P. ficiformis, including the previously known copy (Poz-

zolini et al. 2004), we hypothesize that different genes may

play alternate roles in the process of spicule formation in

Petrosia ficiformis and could operate alternatively/con-

secutively during the putative intracellular and extracellular

stages of spicule formation.

Although the presence and morphology of silica spicules

have been used for about two centuries as a major taxo-

nomic tool to establish the taxonomy within Porifera, the

phylogenetic signal of silicatein, the main gene known to

date involved in spicule formation, remains unclear. If

sponges were monophyletic (see recent discussions in

Nosenko et al. 2013), silicatein should have arisen before

the split of the two major siliceous clades, that is, hex-

actinellids and demosponges (Fig. 1). However, there are

several subclades within demosponges unable to produce

silica (e.g., orders Dendroceratida, Dictyoceratida, and

most members of Verongimorpha), suggesting that the

ability to produce silica may have been lost secondarily.

Such loss would agree with claims that siliceous sponges

suffer a chronic limitation by dissolved silicon in the

modern ocean, outcompeted by diatoms (Maldonado et al.

1999, 2010, 2012; Maldonado 2009). On the other hand,

we have not identified here any silicatein gene in hex-

actinellids, homoscleromorphs, or in the demosponge

Chondrilla nucula, which produce siliceous spicules.

Although the genome of the aspiculate homoscleromoprh

Oscarella carmela (unable to make siliceous spicules) re-

vealed that this species does not contain a silicatein gene

(Hemmrich and Bosch 2008; Nichols et al. 2012), other

aspiculate sponges might still possess a copy of the gene.

We found a small fragment of silicatein in the aspiculate

dictyoceratid demosponge Spongia lamella, and it showed

the substitution of the original asparagine by a cysteine,

which could render it not functional for silicification

(Supplementary File 6). A partial sequence was also re-

trieved from the dendroceratid Acanthodendrilla sp. by

Kozhemyako et al. (2010), which was also too small to

contain the complete catalytic triad. Therefore, the pres-

ence of silicatein gene fragments appears to be a common

occurrence in aspiculate demosponge species. These results

suggest that a modification of the catalytic triad and pos-

sibly of other residues in the silicatein gene sequences of

these species may have impaired their function and thus

their ability to produce biogenic silica. In order words, the

ability to silicify would have been secondarily lost in these

demosponges.

Because the relationships between the four major

sponge lineages remain unsettled, it is difficult to retrace

plausible gains and losses of silicatein genes within Por-

ifera. If sponges were monolophyletic with its four major

lineages grouped in two subclades, i.e., [(Demospongiae,

Hexactinellida), (Homoscleromorpha, Calcarea)], as sug-

gested by recent studies (Nosenko et al. 2013; Ryan et al.

2013), our results herein suggest that the functional sili-

catein gene was not present in the common ancestor of all

Porifera, but rather would have appeared in the common

ancestor of Demospongia and Hexactinellida. As silicatein

has been found in only some members of Hexactinellida

(e.g., Müller et al. 2008a, b; Veremeichik et al. 2011;

Schloßmacher 2012), the absence of transcripts in other

investigated species (Veremeichik et al. 2011; this study)

may also be explained by either unrecognized difficulties to

detect expressed transcripts or by expression not being

captured in the relatively small body portions and narrow

time windows of our sampling approach.
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If silicatein was acquired in a common ancestor to

hexactinellids and demosponges, the spicules observed in

some homoscleromorphs may result from an independent

acquisition. Indeed, the internal structure of the ho-

moscleromorph spicules has been reported as unconven-

tional relative to that of the remaining studied types, and

the spicules, in at least some species, can be elaborated not

only by the conventional mesohyl specialized cells (scle-

rocytes) but also by the pinacocytes (Maldonado and

Riesgo 2007). Given the abundance of cathepsin L paralogs

in homosclerophorids (up to 16 retrieved when using au-

tomated BLASTX searches and 4 using local BLAST

searches), the absence of silicatein could indicate that an

alternative silicification system had evolved in this sponge

lineage. Alternatively, the absence of silicatein could also

be the consequence of extensive modifications to an ori-

ginal cathepsin L that we were unable to recognize. Indeed,

this could be the reason behind the high similarity found

between the protein structure of cathepsin L4 in Corticium

candelabrum and silicateins.
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