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Abstract We discovered for the first time a mitochon-
drial intron in a non-tetillid demosponge, which sheds new
light on the interpretation of mitochondrial intron evolution
among non-bilaterian animals and has consequences for
phylogenetic and DNA barcoding studies. The newly dis-
covered class 1 intron of Aplysinella rhax (Verongida) CO1
has an ORF for a putative LAGLIDADG-type and resem-
bles other sponge and cnidarian mitochondrial introns. Our
analysis of the Aplysinella rhax intron underlines that the
patchy distribution of introns in sponges is caused by a
combination of horizontal and vertical transmission. Fur-
ther implications for CO1 phylogenetic and barcoding
projects are discussed.
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Introduction

A decade since the publication of the first complete mito-
chondrial (mt) poriferan genomes (Lavrov et al. 2005), our
understanding of animal mtDNA evolution is still incom-
plete. These genomes revealed major structural differences
to their bilaterian counterparts. Subsequently, published
mt-genomes of placozoans (Dellaporta et al. 2006), cte-
nophores (Pett et al. 2011), and calcareous sponges (Lavrov
et al. 2013) displayed even more dramatic differences to
the relatively homogeneous bilaterian mt-genomes. Several
differences can directly be attributed to ancestral traits,
successively lost in Bilateria. Additionally, there are sev-
eral mt-intragenic elements only present in sponges and
other non-bilaterian mtDNA, such as repetitive hairpin
elements (see e.g., Erpenbeck et al. 2009). Likewise
mitochondrial introns, frequently self-splicing and mobile
elements, are known from choanoflagellates, ichthyospo-
reans, and other close relatives of Metazoa (Burger et al.
2003; Burt and Koufopanou 2004), furthermore in Porifera,
Cnidaria, and Placozoa (e.g., Beagley et al. 1996; Della-
porta et al. 2006; Rot et al. 2006). Bilateria, however,
(mostly) lack mitochondrial introns (see Valles et al. 2008).

Mitochondrial introns in sponges are rare. Only three
different types are known, all in the cytochrome oxidase
subunit 1 (CO1) gene of tetillid Demospongiae (Cinachy-
rella and Tetilla), but also in plakinid Homoscleromorpha
(Plakina and Plakinastrella) (Gazave et al. 2010; Rot et al.
2006; Szitenberg et al. 2010) (Fig. 1). All these introns
harbor an ORF for a putative LAGLIDADG-type homing
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(KP026315)
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(e.g. HM032739)

Tetilla radiata (HM032742)
Plakina crypta (HQ269352)
Plakina trilopha (HQ269356)

Plakinastrella cf. onkodes
(NC010217)

Fig. 1 Schematic view of the CO1 intron position in sponges. Three
types of introns are known. They differ by their sequence and insertion
points and are subsequently called “714”, “723”, and “870” following

endonuclease. The high similarity of the introns
(>85-99 %, Szitenberg et al. 2010) and their identical
insertion site in CO1 are in strong contrast to the distant
relationship of their hosts as Plakinidae and Tetillidae are
members of two distant poriferan classes (see e.g.,
Worheide et al. 2012). Insertions of LAGLIDADG-ORF
introns into genes are sequence-tolerant, but site-specific
(Edgell 2009), which complicate our understanding whe-
ther their patchy distribution derives from vertical trans-
mission among ancestral sponge lineages with subsequent
loss (Wang and Lavrov 2008), or from horizontal trans-
mission (Haugen et al. 2005; Rot et al. 2006), or from a
combination of both (see also Fukami et al. 2007; Sziten-
berg et al. 2010). We now detected a COIl intron in a
second demosponge lineage, Verongida, which corrobo-
rates the theory of combined vertical and horizontal
transmission in sponges, but impede the use of popular
COl1 primers.

Materials and Methods

DNA of Aplysinella rhax (De Laubenfels 1954) (Queens-
land Museum voucher QMG313039) was extracted, and
CO1 sequenced following previously published methods
(Erpenbeck et al. 2012) using the reverse primer COX1-R1
(Rot et al. 2006) and 1:30 min PCR extension time (Gen-
bank Acc. No: KP026315). Sequence annotation and
alignments were performed with MacClade 4.08 (Maddi-
son et al. 1999) and Geneious v6.1.6 (Biomatters).
LAGLIDADG-type homing endonuclease protein sequen-
ces from published alignments (Rot et al. 2006; Szitenberg
et al. 2010) and Aplysinella rhax were realigned with
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their distinct position relative to Amphimedon queenslandica COI (cf.
Szitenberg et al. 2010). P. onkodes is the only sponge taxon with two
introns, its “714” intron is short and lacks an ORF

Fig. 2 Maximum-likelihood tree of LAGLIDADG-type homingp
endonuclease protein sequences from sponges, cnidarians, and non-
metazoans from the published alignments (Rot et al. 2006; Szitenberg
et al. 2010), and the partial sequences yielded from Aplysinella rhax.
The data set is based on 80 protein characters from the 3’ region of A.
rhax LAGLIDADG. The tree is reconstructed with RAXML with 100
rapid bootstraps and subsequent ML search under the PROTGAMMA
model with MTREV. Numbers on the branches indicate bootstrap
support (>65). Numbers preceding taxon names are Genbank
accession numbers. Scale bar depicts substitutions per site

MAFFT v7.149b (G-INS-i Katoh and Standley 2013), and
end-trimmed prior to phylogenetic reconstruction with
RAxML v8.0.26 (Stamatakis 2006) (see Fig. 2 for details).

Results

COl1 of Aplysinella rhax possesses an intron at a similar
position to Cinachyrella alloclada (Uliczka 1929), C. lev-
antinensis Vacelet et al. 2007 and Plakinastrella onkodes
(Uliczka 1929) (Fig. 1), and resembles their “723”-type
LAGLIDADG homing endonuclease (cf. Szitenberg et al.
2010) with >80 % nucleotide similarity. Interestingly,
p-distances of Cinachyrella sequences to the homo-
scleromorph P. onkodes are smaller (0.118) than to its
fellow Demospongiae A. rhax (0.188). Similarly, the
3'intron region between the LAGLIDADG-ORF stop
codon and the CO1 exon 3 (113 bp) of Cinachyrella spp. is
70 % identical to P. onkodes, but barely alignable to
A. rhax.

The Maximum-likelihood analysis recovered all meta-
zoan “723”-type COIl introns as monophyletic (Fig. 2).
The sponge sequences, however, are paraphyletic with
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A. rhax as sister group to all other Metazoa. The cnidarian
sequences are nested within the remaining sponges as sister
group to the Tetillidae.

Discussion

The specificity of a mobile intron for insertion into homol-
ogous sites leads to rapid insertions at identical positions (see
Haugen et al. 2005). Unlike e.g., SINE insertions, which may
constitute potent phylogenetic markers (see also Miyamoto
1999), evolutionary tracking of group I introns remains more
challenging. The initial interpretation of mt-introns in
sponges as the result of a horizontal transfer from fungi (Rot
et al. 2006) was subsequently doubted after homo-
scleromorph sponge (Wang and Lavrov 2008), and coral
(Fukami et al. 2007) introns from the same sites were dis-
covered. Instead, the patchy distribution of introns among
poriferans in two families of different classes was interpreted
with multiple losses of an ancestral intron (Wang and Lavrov
2008), as known among Bilateria (Cho et al. 2004). How-
ever, the A. rhax intron phenetic discrepancies in coding and
noncoding regions and the resulting phylogenetic position of
its protein are strongly incongruent with the currently
accepted sponge systematics, and therefore oppose this
scenario (Redmond et al. 2013; Worheide et al. 2012).
Instead, our discovery of a second intron-bearing lineage in
demosponges supports a combination of vertical and hori-
zontal transmissions (cf. Szitenberg et al. 2010). So far,
complete co-speciation between the introns and their hosts, a
prerequisite for the multiple-loss hypothesis could never be
shown, therefore some lineages must have acquired introns
independently (Fukami et al. 2007; Szitenberg et al. 2010).
Group I introns with homing endonuclease likewise can
invade each other or invade a “naked” intron without
endonuclease ORF (Haugen et al. 2005). The horizontal
transmission (see e.g., Valles et al. 2008) with fixation will
remain a rare event in metazoans in comparison to other
opisthokonts as metazoan germ lines are relatively segre-
gated, which inhibits the easy incorporation of DNA frag-
ments (Burt and Koufopanou 2004).

The poriferan mitochondrial introns are inserted in the
5'region of CO1, a popular marker for phylogenetic anal-
yses (e.g., Erpenbeck et al. 2007), and therefore hamper
experiments by disrupting annealing sites of popular uni-
versal COl (barcoding) primers (e.g., Rot et al. 2006). Our
findings that demosponge mt-introns are not restricted to
Tetillidae (one of 97 demosponge families, Van Soest et al.
2012), but may be distributed among other demosponge
lineages, must subsequently be considered for standardized
mt-studies (e.g., DNA barcoding). The ~ 100 demosponge
mt-genomes sequenced so far still fail to provide sufficient
overview on intron distribution among the >8,500 sponge
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species for the identification of intron “hotspots” (Sziten-
berg et al. 2010) such as Tetillidae and Plakinidae.

Acknowledgements DE and GW thank the Deutsche For-
schschungsgemeinschaft (DFG) for financial support (Er611/3-1,
Wo896/15-1) and acknowledge funding through the LMU Munich’s
Institutional Strategy LMUexcellent (Project MODELSPONGE)
within the framework of the German Excellence Initiative.

Conflict of interest The authors declare that they have no conflict
of interest.

References

Beagley CT, Okada NA, Wolstenholme DR (1996) Two mitochon-
drial group I introns in a metazoan, the sea anemone Metridium
senile: one intron contains genes for subunits 1 and 3 of NADH
dehydrogenase. Proc Natl Acad Sci USA 93:5619-5623

Burger G, Forget L, Zhu Y, Gray MW, Lang BF (2003) Unique
mitochondrial genome architecture in unicellular relatives of
animals. Proc Natl Acad Sci USA 100:892-897

Burt A, Koufopanou V (2004) Homing endonuclease genes: the rise
and fall and rise again of a selfish element. Curr Opin Genet Dev
14:609-615

Cho S, Jin SW, Cohen A, Ellis RE (2004) A phylogeny of
Caenorhabditis reveals frequent loss of introns during nematode
evolution. Genome Res 14:1207-1220

De Laubenfels MW (1954) The sponges of the West-Central Pacific.
Oregon State monographs. Studies in zoology, no. 7, pp i—X,
1-306, I-X1I

Dellaporta SL, Xu A, Sagasser S, Jakob W, Moreno MA, Buss LW,
Schierwater B (2006) Mitochondrial genome of Trichoplax
adhaerens supports Placozoa as the basal lower metazoan
phylum. Proc Natl Acad Sci USA 103:8751-8756

Edgell DR (2009) Selfish DNA: homing endonucleases find a home.
Curr Biol 19:R115-R117

Erpenbeck D, Duran S, Riitzler K, Paul V, Hooper INA, Worheide G
(2007) Towards a DNA taxonomy of Caribbean demosponges: a
gene tree reconstructed from partial mitochondrial CO1 gene
sequences supports previous rDNA phylogenies and provides a
new perspective on the systematics of Demospongiae. J Mar Biol
Soc U. K. 87:1563-1570

Erpenbeck D, Voigt O, Worheide G, Lavrov DV (2009) The
mitochondrial genomes of sponges provide evidence for multiple
invasions by Repetitive Hairpin-forming Elements (RHE). BMC
Genom 10:591

Erpenbeck D, Sutcliffe P, Cook SdC, Dietzel A, Maldonado M, van
RWM Soest, Hooper JNA, Worheide G (2012) Horny sponges
and their affairs: on the phylogenetic relationships of keratose
sponges. Mol Phylogenet Evol 63:809-816

Fukami H, Chen CA, Chiou CY, Knowlton N (2007) Novel group I
introns encoding a putative homing endonuclease in the mito-
chondrial cox1 gene of Scleractinian corals. J Mol Evol
64:591-600

Gazave E, Lapébie P, Renard E, Vacelet J, Rocher C, Ereskovsky
AV, Lavrov DV, Borchiellini C (2010) Molecular phylogeny
restores the supra-generic subdivision of homoscleromorph
sponges (Porifera, Homoscleromorpha). PLoS One 5(12):e14290

Haugen P, Simon DM, Bhattacharya D (2005) The natural history of
group I introns. Trends Genet 21:111-119

Katoh K, Standley DM (2013) MAFFT Multiple sequence alignment
software version 7: improvements in performance and usability.
Mol Biol Evol 30:772-780



J Mol Evol (2015) 80:13-17

17

Lavrov DV, Forget L, Kelly M, Lang BF (2005) Mitochondrial
genomes of two demosponges provide insights into an early
stage of animal evolution. Mol Biol Evol 22:1231-1239

Lavrov D, Pett W, Voigt O, Worheide G, Forget L, Lang BF, Kayal E
(2013) Mitochondrial DNA of Clathrina clathrus (Calcarea,
Calcinea): six linear chromosomes, fragmented rRNAs, tRNA
editing, and a novel genetic code. Mol Biol Evol 30:865-880

Maddison DR, Baker MD, Ober KA (1999) Phylogeny of carabid
beetles as inferred from 18S ribosomal DNA (Coleoptera :
Carabidae). Syst Entomol 24:103-138

Miyamoto M (1999) Molecular systematics: perfect SINEs of
evolutionary history? Curr Biol 9:R816-R819

Pett W, Ryan J, Pang K, Mullikin J, Martindale M, Baxevanis A,
Lavrov D (2011) Extreme mitochondrial evolution in the
ctenophore Mnemiopsis leidyi: insight from mtDNA and the
nuclear genome. Mitochondrial DNA 22:130-142

Redmond NE, Morrow CC, Thacker RW, Diaz MC, Boury-Esnault N,
Cardenas P, Hajdu E, Lobo-Hajdu G, Picton BE, Pomponi SA,
Kayal E, Collins AG (2013) Phylogeny and systematics of
Demospongiae in light of new small-subunit ribosomal DNA
(18S) sequences. Integr Comp Biol 53:388-415

Rot C, Goldfarb I, Ilan M, Huchon D (2006) Putative cross-kingdom
horizontal gene transfer in sponge (Porifera) mitochondria. BMC
Evol Biol 6:71

Stamatakis A (2006) RAXML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22:2688-2690

Szitenberg A, Rot C, Ilan M, Huchon D (2010) Diversity of sponge
mitochondrial introns revealed by cox 1 sequences of Tetillidae.
BMC Evol Biol 10:288

Uliczka E. (1929) Die tetraxonen Schwidmme Westindiens (auf Grund
der Ergebnisse der Reise Kiikenthal-Hartmeyer). In: Kiikenthal
W, Hartmeyer R (eds) Ergebnisse einer zoologischen For-
schungsreise nach Westindien. Zoologische Jahrbiicher. Abtei-
lung fiir Systematik, Geographie und Biologie der Thiere,
Supplement 16, pp 35-62

Vacelet J, Bitar G, Carteron S, Zibrowius H, Perez T (2007) Five new
sponge species (Porifera: Demospongiae) of subtropical or
tropical affinities from the coast of Lebanon (eastern Mediter-
ranean). J] Mar Biol Assoc UK 87(6):1539-1552

Vallés Y, Halanych KM, Boore JL (2008) Group II introns break new
boundaries: presence in a bilaterian’s genome. PLoS One
3:e1488

Van Soest RWM, Boury-Esnault N, Vacelet J, Dohrmann M,
Erpenbeck D, De Voogd NJ, Santodomingo N, Vanhoorne B,
Kelly M, Hooper JNA (2012) Global diversity of sponges
(Porifera). PLoS One 7:¢35105

Wang X, Lavrov D (2008) Seventeen new complete mtDNA
sequences reveal extensive mitochondrial genome evolution
within the Demospongiae. PLoS One 3:€2723

Worheide G, Dohrmann M, Erpenbeck D, Larroux C, Maldonado M,
Voigt O, Borchiellini C, Lavrov D (2012) Deep phylogeny and
evolution of sponges (Phylum Porifera). Adv Mar Biol 61:1-78

@ Springer



	A Mitochondrial Intron in a Verongid Sponge
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgements
	References


