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The spliceosome is an RNA/protein complex, responsible for intron excision from eukaryotic nuclear tran-
scripts. In bacteria, mitochondria and plastids, intron excision does not involve the spliceosome, but
occurs through mechanisms dependent on intron RNA secondary and tertiary structure. For group II/III
chloroplast introns, ‘‘twintrons’’ (introns within introns) have been described. The excision of the exter-
nal intron, and thus proper RNA maturation, necessitates prior removal of the internal intron, which
interrupts crucial sequences of the former. We have here predicted analogous instances of spliceosomal
twintrons (‘‘stwintrons’’) in filamentous fungi. In two specific cases, where the internal intron interrupts
the donor of the external intron after the first or after the second nucleotide, respectively, we show that
intermediates with the sequence predicted by the ‘‘stwintron’’ hypothesis, are produced in the splicing
process. This implies that two successive rounds of RNA scanning by the spliceosome are necessary to
produce the mature mRNA. The phylogenetic distributions of the stwintrons we have identified suggest
that they derive from ‘‘late’’ events, subsequent to the appearance of the host intron. They may well not
be limited to fungal nuclear transcripts, and their generation and eventual disappearance in the evolu-
tionary process are relevant to hypotheses of intron origin and alternative splicing.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The discovery of introns (Chow et al., 1977; Berget et al., 1977)
resulted in what is arguably the major shift in our conceptualisa-
tion of the gene since the demonstration of the colinearity of the
genetic message with the amino acid sequence of a given protein
(Yanofsky et al., 1964; Sarabhai et al., 1964). Spliceosome introns
are exclusive of eukaryotic nuclear genes and they necessitate a
complex excision apparatus composed of small nuclear RNAs (snR-
NAs; U1, U2, U4, U5 and U6) and proteins (for a recent review, see
Rino and Carmo-Fonseca, 2009). The snRNAs of the major (U2-
type) spliceosome interact with three short sequences within a
U2 intron, the 50 donor site (starting with 50-GU or occasionally,
50-GC), the lariat branchpoint sequence (containing the branch-
point adenosine near the 30 end of the intron) and the 30 acceptor
site (ending with 50-AG). U2 spliceosome intron excision proceeds
by two sequential trans-esterification reactions. Firstly, the 20 hy-
droxyl group of the branchpoint adenosine performs a nucleophilic
attack on the first nucleotide of the intron donor, an invariant gua-
nosine, forming the lariat intermediate. Then, the free 30 hydroxyl
group of the released exon performs a nucleophilic attack at the
last nucleotide of the intron acceptor, another invariant guanosine,
thereby joining the exons and releasing the intron in the form of a
lariat. The minor (U12-type) spliceosome is very similar to the U2-
type spliceosome, however, it splices out introns with rare splice
sites using different but functionally analogous snRNAs (U11,
U12, U4atac and U6atac, together with U5; see, e.g., Patel and
Steitz, 2003). Kupfer et al. (2004) have discussed the consensus
sequences of donor-, lariat branchpoint- and acceptor sequences
of U2 introns in five model fungi and their subtle differences
with those of vertebrate introns. At variance with the latter,
poly-pyrimidine tracts between the lariat branchpoint- and
acceptor consensus sequences do not appear to be a conserved
feature in fungal introns. Degenerated donor and lariat branchpoint
sites (50-GUNNNN and 50-NYTNAN, respectively) occur quite
frequently in filamentous fungal U2 introns.

Differently from spliceosomal introns, group I and group II in-
trons are self-excising ribozymes, which may or not need accessory
proteins to complete the splicing process (for reviews, Haugen
et al., 2005; Nielsen and Johansen, 2009; de Longevialle et al.,
2010; Lambowitz and Zimmerly, 2011). In eukaryotes, they are pri-
marily restricted to mitochondrial and chloroplast genes, albeit
group I introns also occur in the nuclear ribosomal DNA loci of spe-
cific eukaryotic microbes (Haugen et al., 2005; Waring et al., 1983).
Group III introns are restricted to euglenoid chloroplast genes and
are probably abbreviated versions of group II introns (Doetsch
et al., 1998; and references therein).

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.fgb.2013.06.003&domain=pdf
http://dx.doi.org/10.1016/j.fgb.2013.06.003
mailto:michel.flipphi@igmors.u-psud.fr
http://dx.doi.org/10.1016/j.fgb.2013.06.003
http://www.sciencedirect.com/science/journal/10871845
http://www.elsevier.com/locate/yfgbi


M. Flipphi et al. / Fungal Genetics and Biology 57 (2013) 48–57 49
The origin of spliceosome introns is a vexing problem. Similar-
ities in splicing mechanism with that of group II introns, supported
by recent structural studies (Toor et al., 2008), led to the hypothe-
sis that they resulted from an invasion of mobile group II introns
originating from the protobacterial ancestor of mitochondria (see
Koonin, 2009, for a review of this hypothesis). This ‘‘intron early’’
hypothesis accounts for the striking conservation of intron posi-
tions among organisms belonging to widely divergent phyla, but
cannot account for episodes of intron gain, which surely have oc-
curred in modern phyla (e.g., Ragg, 2011; Rogozin et al., 2012;
van der Burgt et al., 2012; Roy and Irimia, 2012). The ‘‘intron early’’
and ‘‘intron late’’ hypotheses do not necessarily exclude each other.
The appearance of new introns in metazoans, where mitochondria
are free from introns in general and from group II introns in partic-
ular (with very few exceptions in early diverging lineages attrib-
uted to horizontal transfer, e.g., Vallès et al., 2008), necessitates
mechanisms of de novo appearance of introns independent from
mobile group II introns.

The term ‘‘twintron’’ was originally applied to complex introns
of the group II and III types in the chloroplast genomes of eugle-
noid species, including 15 introns present in the plastid genome
of Euglena gracilis (see, e.g., Copertino and Hallick, 1991; Hallick
et al., 1993; and most recently, Doetsch et al., 2001) and later iden-
tified in a cryptomonad (Maier et al., 1995). Excision of the ‘‘inter-
nal’’ or ‘‘invading’’ intron is required for the excision of the
‘‘external’’ or ‘‘host’’ intron as the former interrupts a sequence
essential for splicing, such as domains V or VI (but see below). This
site of integration of the internal intron leads necessarily to evolu-
tionary stability of the twintron arrangement – the internal intron
must remain functional to permit the excision of the external in-
tron (Copertino and Hallick, 1993; Thompson et al., 1995; Doetsch
et al., 2001). For the chloroplast mat2 gene, the ‘‘twintron’’ consist
of two introns within the intron-encoded ORF rather than inter-
rupting crucial splicing sequences (Zhang et al., 1995). The pres-
ence of group II twintrons has been inferred but not
demonstrated in archea and cyanobacteria (Nakamura et al.,
2002; Rest and Mindell, 2003; Mohr et al., 2010). The mitochon-
drial DNA of the mushroom coral Discosoma shows an astonish-
ingly complex organisation where the nad5 gene is interrupted
by a group I intron, which carries in its P8 loop 15 mitochondrial
genes, including the cox1 gene, which is itself interrupted by a
group I intron (Medina et al., 2006).

Very recently, twintrons have been predicted in fungal mito-
chondrial genomes (Hafez et al., 2013). Twintrons formed by
the insertion of a group I intron within the P1 loop of the external
group I intron in the small subunit RNA (rns) genes of Chrypho-
nectria parasitica and Ophiocordyceps tricentri were predicted.
The same article describes a group II intron inserted in an open
reading frame comprised within a loop in the P9.1 region of a
group I intron in the rns gene of Chaetomium thermophilum. In
the latter case, the presence of the group II internal intron does
not affect the ribozyme structure of the external intron. It would
preclude the excision of the external intron only if the protein en-
coded by the ORF would be a maturase essential for in vivo splic-
ing of the external intron. An intron within an intronic ORF had
previously been described in the mitochondrial genome of
Grosmannia piceiperda by the same laboratory (Rudski and Haus-
ner, 2012).

Some group I introns present in extrachromosomal DNA carry-
ing the gene specifying the small ribosomal RNA subunit in
amoeboflagelates (Naegleria gruberi) and myxomycetes (Didymiun
iridis) (Johansen et al., 1997; Einvik et al., 1998; Nielsen et al.,
2005; Nielsen and Johansen, 2009) were also called ‘‘twintrons’’.
These self-splicing introns comprise a conventional group I ribo-
zyme, involved in the splicing reaction, and a second group I ribo-
zyme that catalyses hydrolytic cleavages in the intron RNA, which
are presumably necessary for the maturation of the mRNA of the
homing endonuclease, whose coding region is contained within
the intron.

The third pattern of RNA organisation, which has been called a
‘‘twintron’’ occurs in the prospero gene of Drosophila melanogaster
(encoding a transcription factor expressed in immature neuronal
cells), but it is actually a unique case of alternative splicing (Scam-
borova et al., 2004; Borah et al., 2009). The second intron contains
active U2 splicing sites within a U12 spliceosome intron. While the
gene and the (U12) intron position are highly conserved, the U2
sites are specific of Diptera and absent in other insects (Mount
et al., 2007).

Despite their common denomination, there are fundamental
differences between these three classes of ‘‘twintrons’’. In the
euglenoid chloroplast twintrons, the excision of the internal in-
tron is essential for the consecutive splicing reaction, and thus
for correct exon joining, while in the group I twin-ribozyme in-
trons, each ribozyme has a distinct and specialised function. The
prospero twintron can in fact be considered as functionally dia-
metrically opposed to the euglenoid group II/III twintrons as in
prospero, the excision of one intron precludes that of the other
(Borah et al., 2009), while the removal of chloroplast twintrons
necessitates ‘‘inside out’’ sequential excision of the constituent
introns.

In this article we describe a new type of intervening sequences
where the name of twintron sensu strictu is appropriate. These are
complex spliceosomal introns in which the excision of an ‘‘inter-
nal intron’’ is obligatory for the splicing of the ‘‘external intron’’.
Thus they are formally splicesomal analogues of the group II/III
twintrons of the euglenoid chloroplast, even if their splicing
mechanism is necessarily different. We shall call these structures
‘‘stwintrons’’ for ‘‘spliceosomal twin introns’’. We propose to re-
strict the name stwintron (sensu strictu) for those complex splice-
osomal introns where the ‘‘internal intron’’ interrupts a sequence
essential for the ultimate splicing reaction, so as to differentiate
this structure, besides from the alternatively spliced prospero in-
tron described above, also from apparently more similar ones
such as those processed by recursive splicing in D. melanogaster
(Burnette et al., 2005), or intrasplicing (Parra et al., 2008, 2012)
or nested splicing (Suzuki et al., 2013) in vertebrates (see
Section 4).
2. Materials and methods

2.1. Data mining

Homologous genes and ESTs were mined upon TBLASTN
(Altschul et al., 1997) screening using the Aspergillus nidulans
PIH1, AMFS and BioDA proteins (see Results, below) as queries. The
screened databases included the National Center for Biotechnology
Information non-redundant nucleotide (nr/nt), EST and fungal
databases, MycoCosm at the US Dept. of Energy Joint Genome Insti-
tute (Grigoriev et al., 2012), the Sclerotinia sclerotiorum Sequencing
Project and the Origin of Multicellularity database of the Broad
Institute of Harvard and MIT, and the Botrytis cinerea T4 genome
database of the Institut National de la Recherche Agronomique
(Amselem et al., 2011). Gene models and proteins were deduced
manually and where possible, verified with extant ESTs.
2.2. DNA alignment

Genomic bioDA sequences were aligned with Clustal-W
(Thompson et al., 1994). The output alignment was manually cor-
rected and printed in shaded backgrounds with BOXSHADE (http://
www.ch.embnet.org/software/BOX_form).

http://www.ch.embnet.org/software/BOX_form
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2.3. Phylogeny

Peptidic sequences were aligned with MAFFT version 6 (Katoh
and Toh, 2008) (http://mafft.cbrc.jp/alignment/server) using the
G-INS-I algorithm. Curation was carried out with Block Mapping
and Gathering using Entropy (BMGE) (Criscuolo and Gribaldo,
2010) (http://mobyle.pasteur.fr/cgi-bin/portal.py#forms::BMGE)
with a BLOSUM 85 similarity matrix. The Maximum Likelihood tree
was obtained with PhyML (Guindon et al., 2010) (http://www.phy-
logeny.fr/version2_cgi/alacarte.cgi) and adapted in Adobe Illustra-
tor from a FigTree (http://tree.bio.ed.ac.uk/software/figtree)
image. Approximate likelihood ratio tests (aLRTs) are described
(Anisimova and Gascuel, 2006).

2.4. Fungal strains, media and growth conditions

The fungi used were: Fusarium verticillioides strains FRC M-3125
and 57-7-7 (Brown et al., 2005), Trichoderma reesei strain QM9414
(Vitikainen et al., 2010), and B. cinerea strain T4 (Amselem et al.,
2011).

F. verticillioides was maintained on Aspergillus Minimal Medium
(AMM) plates (Pontecorvo et al., 1953) containing 10 g/L glucose
and 0.5 g/L bacto-peptone. Mycelia were grown in 500-mL Erlen-
meyer flasks with 100 mL of Complete Medium (i.e., AMM with 2
% (w/v) malt extract, 1 % bacto-peptone and 2 % glucose) seeded
with vegetative spore inoculum, at 25 �C in a rotary shaker (Infors
HT Multitron) at 200 rotations per min (rpm). T. reesei was main-
tained on malt extract agar (Difco). Mycelia were grown at 30 �C
in 500-mL Erlenmeyer flasks with 100 mL of medium at 250 rpm.
Liquid medium (Mandels and Andreotti, 1978) contained glucose
(10 g/L) as the carbon source. B. cinerea was maintained on potato
dextrose agar (Difco). Batch cultures were performed in 500-mL
Erlenmeyer flasks with 100 mL of PDB (Potato Dextrose Broth, Dif-
co) medium at 25 �C and 200 rpm.

2.5. Nucleic acid isolation

Fungal mycelia were harvested by medium filtration, washed
with distilled water, frozen and ground to powder under liquid
Fig. 1. Schematic representation of stwintron splicing. This occurs in two steps. In the
generated. Subsequently, the external intron is excised and the exons are joined. ID, IL an
intron (grey squares, top scheme). EL and EA indicate the lariat branchpoint- and acceptor
E30-Dp indicate the two precursor sequences (black triangles in top scheme) that, when sp
scheme). The 50 and 30 superscripts indicate the relative positions of the two precursor s
right to left.
nitrogen. For the extraction of genomic DNA, plasmid DNA and to-
tal RNA, Promega purification kits (Wizard Genomic DNA Purifica-
tion Kit, PureYield Plasmid Miniprep System and PureYield RNA
Midiprep System, respectively) were used according to the manu-
facturer’s instructions.

2.6. Reverse transcription PCR (RT-PCR)

Reverse transcription was primed off 1 lg of total RNA with Oli-
go(dT) as a primer using the Transcriptor High Fidelity cDNA Syn-
thesis Kit (Roche). PCR reactions were performed in a 25 lL volume
containing 4 lL of single strand cDNA, using gene-specific oligonu-
cleotides (Table S1) as primers and DreamTaq DNA Polymerase
(Thermo Scientific). Cycling conditions after initial denaturation
at 95 �C for 2 min were: 40 cycles of 95 �C for 30 s, 60 �C for
1 min, and 72 �C for 30 s, followed by one post-cyclic elongation
at 72 �C for 5 min. Amplified fragments were resolved in a 3 % na-
tive agarose gel and stained with ethidium bromide.

2.7. cDNA sequencing

PCR was primed off the primary RT product using gene-specific
oligos (Tables S1 and S2) with cycling conditions as described
above. Double strand cDNA was gel-purified and subsequently
cloned (pGEM-T Easy Vector System I, Promega). Three indepen-
dent clones were sequenced (MWG-Biotech AG, Ebersberg, Ger-
many). Sequences were deposited at GenBank under the
accession numbers KC019312–KC019315.

3. Results

Inspecting fungal genomes while pursuing unrelated phyloge-
netic and metabolic work (for example, Magliano et al., 2011),
we have found serendipitously four cases where the existence of
a stwintron could be predicted. In each of these cases, splicing at
the apparent canonical 50 donor sequence would result in an early
frameshift. The actual 50 donor sequence of these stwintrons is
interrupted by a putative second intervening sequence such that
only the excision of this second sequence (‘‘internal intron’’) would
first step, the internal intron is removed and a new, canonical donor sequence is
d IA indicate the donor-, lariat branchpoint- and acceptor sequences of the internal
sequences of the external intron (black squares, top and middle schemes). E50-Dp and
liced together, generate the donor of the external intron, ED (black square in middle
equences. The internal intron is hatched from left to right; the external intron, from

http://mafft.cbrc.jp/alignment/server
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result in a new canonical donor sequence allowing a subsequent
splicing event, which then yields the proper continuous open read-
ing frame. The internal intron comprises secondary lariat branch-
point and acceptor sites, allowing its excision and the
reconstitution of the external intron’s 50 donor site. Fig. 1 shows
the general structure of donor-disrupted stwintrons.

3.1. Internal intron splitting the first from the second base of the
external intron donor site

A gene encoding a protein similar to bacterial cyclic imidine
hydrolases is widely conserved in the Basidiomycota and
Pezizomycotina lineages. In Fusarium verticillioides and F. oxyspo-
rum, two closely related paralogues are present (�78% identity at
the amino acid level). Phylogenetic analysis indicated that the
second gene has arisen through a duplication of an ancestral gene
Fig. 2. The [D1.2] stwintron of the PIH2 gene of Fusarium verticillioides. (Panel A) Scheme o
donor sequence of the external intron. The two precursor sequences are given in white l
The horizontal arrow points to the outcome of the [D1.2] splicing event which generate
nucleotide of the final donor originates from the upstream precursor E50-Dp (see Fig. 1).
sequence occurs between its first and second nucleotide. The positions of the primers us
situated on the coding strand within the second (upstream) exon; P2, partly overlapping P
and extending into the external intron; P3, on the non-coding strand within the third (do
the primers indicated above. Hollow arrows indicate the fragments corresponding in si
fragment corresponding in size to the primary transcript, while the most conspicuous ba
mature mRNA. M1 and M2; molecular size markers. (Panel C) Predicted and actual sequen
are printed in capitals, intronic sequences (external intron) in lower case letters. The
verticilloides strains tested gave identical results.
(M. Flipphi and C. Scazzocchio, unpublished results). The second
gene (called PIH2 in Fig. 2, for putative imidine hydrolase para-
logue 2) is also present in F. graminearum and F. pseudograminea-
rum, which lack the ancestral paralogue (NB. Identity of
paralogues based on sequence, gene model and synteny, not
shown). An intron, absent in the ancestral paralogue PIH1, is pres-
ent in PIH2. This intron is a putative stwintron. Its structure is
shown in Fig. 2A, while the actual sequences are given in the Sup-
plementary data (Fig. S1).

An extant cDNA clone from F. verticillioides (accession number
DR668820) shows that the first of the two successive Gs is used
in the final donor site (Fig. 2). To account for this departure from
the almost universal GU rule at the donor site, we postulated that
the second G is in fact the first nucleotide of a consensus donor of
an internal intron interrupting the 50 donor site of the external in-
tron between the first and the second nucleotide of this latter
f the structure of this stwintron, and of the splicing event that generates de novo the
ettering on a black background above the two donor precursor triangles (see Fig. 1).
s the ED sequence (also in white lettering on a black background), where the first

The [D1.2] nomenclature indicates that the splicing together of the ultimate donor
ed to detect the splicing products are indicated above and below the scheme. P1 is
3 (see below), on the non-coding strand spanning the stwintron/third exon junction
wnstream) exon. (Panel B) Experimental results. PCR products were obtained using
ze to the predicted splicing intermediate. PCR on genomic DNA (gDNA) yields the
nd amplified with the P1–P3 primers corresponds to the final splicing product, the
ce of the splicing intermediate, amplified with the P1–P2 primers. Exonic sequences
re-constituted donor sequence of the external intron is underlined. The two F.



Fig. 3. The [D2.3] stwintron of the bioDA gene of Trichoderma reesei. All conventions and symbols are as in Fig. 2. The ED sequence (see Fig. 1) is in this case generated by a
[D2.3] event, where the first two nucleotides originate from the upstream precursor E50-Dp. The band amplified with the P1–P3 primers corresponds to the final splicing
product.
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(canonical) site (i.e., 50-G|UAUGU, for F. verticilloides and F. oxyspo-
rum, G|UAUGC for F. graminearum and F. pseudograminearum, see
Fig. 2A). If we accept that the acceptor and donor splicing sites
used are those nearest to each other (i.e., intron definition: Berget,
1995; Romfo et al., 2000), the excision of the predicted internal in-
tron would utilise the most proximal consensus lariat branchpoint-
acceptor sequences (50-GCUAAC – 8 nt – CAG in all species, see
Supplementary Fig. S1) located roughly halfway the intervening se-
quence (as depicted by the grey boxes in the schematic represen-
tation in Fig. 2A). Once the internal intron is excised, a second
splicing event would occur using the neo-constructed, canonical
donor site and the 30 set of lariat branchpoint- and acceptor sites.
This stwintron will be called a [D1,2] stwintron (Fig. 2A).

We endeavoured to detect the postulated splicing intermediate
in F. verticillioides. Fig. 2 B shows that an intermediate of the pre-
dicted size was indeed present in two different strains, 57-7-7
and FRC M-3125. Two clones from the putative intermediate of
strain 57-7-7 and one from FRC M-3125 were sequenced, and they
all showed the sequence predicted after the splicing of the internal
intron (Fig. 2C). A full-length cDNA clone generated from the same
57-7-7 template RNA (GenBank KC019314) showed the predicted
sequence obtained after excision of the whole [D1,2] stwintron.

A second, putative [D1,2] stwintron is predicted below. An L-
arabinose-inducible gene encoding a putative sugar transporter
was identified in the genome of Aspergillus nidulans (M. Flipphi,
unpublished results). This gene (called provisionally AMFS for L-
Arabinose-inducible Major Facilitator Superfamily protein) is con-
served among many members of the Pezizomycotina, and so are
two intron positions in the 50 moiety. The orthologue genes of
two closely related members of the Magnaportaceae family, Mag-
naporthe poae and Gaeumannomyces graminis, contain two addi-
tional introns downstream, absent from all other orthologue
genes in the databases, including that of Magnaporthe oryzae. The
50 of those additional introns is a putative [D1,2] stwintron (Sup-
plementary Fig. S2), analogous in its structure to one demonstrated
above (Fig. 2). The GUAUGU donor site extant in the primary tran-
script (Supplementary Fig. S2) would result in a frame shift, while
the donor generated by fusing the preceding G with the internal se-
quence UGAGA (upon splicing of the proposed internal intron)
would yield the correct phase.



Fig. 4. Alternative splicing in the PIH1 gene of Botrytis cinerea. (Panel A) Hypothetical [D4.5] stwintron as predicted for this gene. Nomenclature as in Figs. 2 and 3. The
horizontal arrow points in this case to the predicted generation of the donor sequence of an external intron, where the first 4 nucleotides derive from the upstream precursor
(E50-Dp). (Panel B) Experimental results. RNA samples were extracted after 15 h and 24 h of mycelial growth. The hollow arrows indicate an amplification product of
intermediate size that could correspond to the putative splicing intermediate. The major band revealed by the P1–P3 primers is the putative final splicing product. (Panel C)
cDNA sequence of the band indicated by the arrows is shown. This does not correspond to the predicted splicing intermediate (see Supplementary Fig. 5B) but reveals an
instance of alternative splicing, and includes, overlaid in grey, the lariat branchpoint- and acceptor sequences of the predicted internal intron of the putative [D4.5] stwintron.
The exon/exon junction resulting from the excision of the small variant of the alternatively spliced intron is underlined. Note that the first in phase stop codon in the
alternatively spliced RNA (underlined TGA) is within the predicted lariat branchpoint sequence of the predicted internal intron. (Panel D) Schematic representations of the
two exclusive, alternative splicing events, both using the 50-GUCUGU donor sequence. Top: A schematic representation of the event that generates an mRNA encoding the
full-length protein, derived from the actual sequence of the final splicing product (GenBank KC019312). Bottom: A schematic representation of the alternative splicing event,
leading to a protein truncated at the UGA codon (marked with an asterisk) located within the putative lariat branchpoint sequence of the hypothetical internal intron as
predicted in Panel A. For both top and bottom schemes: Black squares, donor-, lariat branchpoint- and acceptor sites of the main splicing event; Grey squares, the predicted
lariat branchpoint- and acceptor sequences of the hypothetical internal intron; Squares in punctuated black and white pattern, putative lariat branchpoint- and acceptor
sequences of the alternative splicing event (tagged ‘‘Alt L’’ and ‘‘Alt A’’, respectively). The sequences of the donor (D) and the two alternative acceptors (‘‘Alt A’’ and A,
respectively) are given below the scheme in white lettering on a black background.

M. Flipphi et al. / Fungal Genetics and Biology 57 (2013) 48–57 53



54 M. Flipphi et al. / Fungal Genetics and Biology 57 (2013) 48–57
3.2. Internal intron splitting the second from the third base of the
external intron donor site

The bioDA gene (nomenclature from A. nidulans) encodes a
bifunctional enzyme catalysing respectively the third (dethiobiotin
synthase) and second (7,8-diamino pelargonic acid aminotransfer-
ase) steps of biotin biosynthesis (Magliano et al., 2011). This fused
gene is present in a number of diverse phylogenetic groups includ-
ing the Pezizomycotina. Most of the Sordariomycete genomes in-
clude bioDA, with some exceptions where the fused gene is
missing (well documented for Neurospora, Sordaria and Magnapor-
the species). The bioDA gene of the Sordariomycetes typically com-
prises three introns in conserved positions, two within the 50 bioD
homologous sequences separated by a 97-nt long exon and a third
within the 30 bioA homologous sequences. The first two intron
positions are conserved in the Eurotiomycete and Dothideomycete
lineages (not shown).

Perusing the most 50 intron in the bioDA gene of the Sordario-
mycetes (except Nectria haematococca, see below) revealed a para-
dox similar to the one described above (see Fig. 3 for Trichoderma
reesei; the sequences of the first bioDA intron of all sequenced
Sordariomycetes are given in Supplementary Fig. S3). Its 50 termi-
nus (donor site) contains two successive GU sequences. The second
GU and the four nucleotides following it constitute a canonical 50

donor site. However, if the second GU sequence were functional
as the donor in a single splicing reaction, an out-of-frame coding
sequence would be generated, while if the first GU was used, a cor-
rect open reading frame would result.

In all bioDA genes of the sequenced Sordariomycetes (with the
exception of N. haematococca, see below) we detected upstream
from the putative lariat branchpoint site, a second set of consensus
lariat branchpoint and acceptor sequences, situated roughly in the
middle of the 50 intron (see Supplementary Fig. S3, for sequences).
If we again assume that intron definition applies, we can postulate
that in Sordariomycetes, a second intron splits the 50 donor se-
quence of a host intron, the second GU doublet functioning as
the donor site for this ‘‘internal intron’’ and that the excision of
the internal intron generates a new canonical donor site leading
to a second splicing event which yields the bioDA coding sequence
(Fig. 3A). We shall refer to this structure as a [D2,3] stwintron.
cDNA sequences are available for the bioDA genes of Trichoderma
atroviridae (accession number GE276214), Fusarium verticillioides
(a.k.a. Gibberella moniliformis) (DR662398) and Myceliophthora
thermophila (a.k.a. Sporotrichum thermophilum) (GT935069) which
show that correct splicing occurs when the 50 GU sequence, rather
than the adjacent 30 GU, serves as a constituent of the final donor
and thus support the stwintron concept.

We demonstrated the existence of the predicted splicing inter-
mediate from the [D2,3] stwintron of the bioDA gene of T. reesei.
Fig. 3B shows the presence of a splicing intermediate of the pre-
dicted size; the sequences of two independent cDNA clones gener-
ated from this intermediate (Fig. 3C) show the excision of the
internal intron, exactly as predicted. An extended cDNA clone cov-
ering all introns was generated from the same template RNA (Gen-
Bank KC019315) and confirmed that excision of the internal intron
is followed by that of the reconstituted external intron.

In the cognate intron of the bioDA gene of Nectria haematococ-
ca (Fusarium solani f. sp. pisi), a perfect donor consensus compris-
ing only one GU doublet can be seen at the 50 splicing site. This
intron is considerably shorter (42 nucleotides) than that of the
other Sordariomycetes (Supplementary Fig. S3). A maximum like-
lihood phylogeny (Supplementary Fig. S4) of all deduced Sorda-
riomycetes BioDA proteins is consistent with the stwintron
organisation being basal to the class and the cognate intron in
N. haematococca, being the result of a secondary (recent) loss of
the internal intron.
Surprisingly, a putative stwintron in an identical position as
that described above is found in the bioDA gene of the two se-
quenced members of the Botryosphaeriales, Botryosphaeria dothidea
and Macrophomina phaseolina, but not in any other species of the
Dothideomycetes class. The BioDA proteins of these two species
cluster at the base of the Sordariomycetes clade and not with
the other Dothideomycetes (Supplementary Fig. S4), strongly
suggesting an episode of lateral transmission of the bioDA gene.
This could have occurred either from an early member of the
Sordariomycetes to an ancestor of modern day Botryosphaeriales
or alternatively, from an ancient member of the Botryosphaeriales
to a common ancestor of all present day Sordariomycetes.

3.3. A deceptive putative [D4,5] stwintron

The ancestral paralogue of the Fusarium gene discussed above
(PIH1 in Fig. 4, for putative imidine hydrolase paralogue 1) com-
prises an intron, whose position is conserved in four classes of Pez-
izomycotina. Uniquely in Botrytis cinerea and Sclerotinia
sclerotiorum, this intron features characteristics of a stwintron. In
four other sequenced Leotiomycetes, including Sclerotinia homoeo-
carpa, the intron at this position is considerably smaller (see Sup-
plementary Fig. S5 for complete sequences of the cognate intron
in the sequenced Helotiales). Here, as above, the 50 donor of a com-
plex intron could be intron-interrupted. An extant S. sclerotiorum
EST (Broad G2118P59RE12/FE12) shows that sequential splicing
could occur if the 50 GU of the sequence GUUCGU is used as the
ultimate donor, which we may interpret as resulting from the
formation of a GUUC|CU donor after excision of an internal intron
(50-GUCAUU–UCUAAU–AAG); a putative [D4,5] stwintron. cDNAs
generated in the reaction described below (GenBank KC019312–
KC019313) confirmed the corresponding B. cinerea PIH1 intron as
predicted, and its sequence suggested an essentially identical
stwintron organisation in that species. The two cloned cDNAs are
not identical. In one, two downstream introns are excised while
the 50 intron is not. In the second all three introns are excised. This
suggests that the 50 intron is only removed after the excision of the
downstream introns and thus that the 50 intron in B. cinerea PIH1 –
the putative [D4,5] stwintron – is not efficiently spliced out. This
inefficient splicing may explain the relative abundance of the
amplification product corresponding to the unspliced transcript
with both pairs of PCR primers (Fig. 4B). The predicted stwintron
is schematically shown in Fig. 4A.

Attempts to detect the predicted splicing intermediate in B.
cinerea gave surprising results. Fig. 4B shows the presence of a
product of intermediate size. However, the sequence of three inde-
pendent cDNA clones generated from this product (Fig. 4C) is not
that predicted by the stwintron hypothesis. The splicing product
is generated by using the donor sequence (GUCUGU) present in
the primary transcript, and an acceptor sequence (UAG) 37 nt up-
stream of the acceptor of the proposed internal intron. Thus, rather
than specifying a stwintron, the B. cinerea PIH1 transcript under-
goes alternative splicing dependent on two, widely separated
acceptors, the excision of the ‘‘shorter intron’’ leading to a C-termi-
nally truncated protein. Fig. 4D shows schematically the two splic-
ing alternatives, the one leading to the predicted message encoding
the full-length protein and the second, the alternative event lead-
ing to a message encoding a truncated protein. In clear defiance to
intron definition theory, the excision of the ‘‘longer intron’’, using
the same donor as the alternative ‘‘shorter intron’’, appears to be
the only way to produce a full-length gene product.

4. Discussion

Our results constitute the first demonstration of the hitherto
undetected existence of spliceosome twin introns sensu strictu
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(stwintrons), i.e., instances where an internal intron needs to be re-
moved to generate a functional splicing sequence necessary for the
subsequent excision of an external intron to yield properly ma-
tured mRNA. Sequential splicing of the donor-disrupted introns de-
scribed above implies a specific mechanism of intron definition,
including a re-scanning of the transcript after the first excision
event and adjunction of splice sites. The cases we have described
affect the 50 donor sequence, but there seem to be no a priori rea-
sons internal introns interrupting the lariat branchpoint or accep-
tor sequences of the host intron could not be extant. In [D1,2]
stwintrons, splicing of the external intron from the primary tran-
script could, in principle, occur using the acceptor G of the internal
intron (see Fig. 2A or Supplementary Fig. S1 and S2) as its 50 donor
G, with the result that the stwintron could then not be removed
properly (unless the first nucleotide behind the [D1,2] stwintron,
would also be a G – which is not the case for the PIH2 and AMFS
stwintrons described above). The prior excision of the internal in-
tron precludes such futile event, which would lead to an improp-
erly translated mRNA.

A number of instances have been described in large (>100 knt)
metazoan spliceosomal introns where the removal of an intron
within an intron occurs. We shall discuss the similarities and dif-
ferences these processes have with the one described in this arti-
cle. Recursive splicing has been described for a few genes in D.
melanogaster (Burnette et al., 2005) but so far not in other organ-
isms. The similarities with stwintrons are only apparent and in-
deed superficial, as in recursive splicing, no new functional
splicing sequences (i.e., donor, lariat branchpoint consensus or
acceptor sites) are generated. Rather, introns that have abutting
acceptor and donor sequences are excised sequentially. In nested
splicing, ‘‘inside-out’’, sequential removal of internal introns,
brings nearer the final donor and acceptor sites of the external in-
tron resulting in the accurate excision of large introns as shown for
the human dystrophin transcript (Suzuki et al., 2013). However,
without exception, the internal introns do not disrupt the principal
sequence elements necessary for the splicing of the intron in which
it is nested. Small nested introns may also be extant in fungal gen-
omes, e.g., the most 30 intron of the Neosartorya fischeri mccA gene
encoding the biotin-binding subunit of 3-methylcrotonyl-CoA car-
boxylase or the second intron of the Verticillium dahliae acl2 gene
encoding the small subunit of ATP citrate lyase (not shown).

The process that is formally most similar to stwintron splicing is
‘‘intrasplicing’’ where the excision of a first intron is necessary for
proper removal of a second one. In the vertebrate 4.1R- and 4.1B
paralogues, alternative splicing of an intron in the 50 untranslated
region (50-UTR) is coordinated with the utilisation of alternative
promoters, leading to cytoskeletal 4.1 proteins that differ at their
N-termini (Parra et al., 2008, 2012). One of the splicing possibilities
involves a ‘‘weak’’ acceptor site shortly downstream of a ‘‘strong’’
acceptor. The ‘‘weak’’ site can only be used when the excision of
a (constitutive) intron results in both the elimination of the
‘‘strong’’ acceptor and the generation of a structural element join-
ing a poly-pyrimidine tract and a lariat branchpoint site present in
the upstream sequence of that intron and the ‘‘weak’’ AG acceptor
site downstream of it. This allows the subsequent excision of a sec-
ond (alternative) intron and the production of the shorter form of
the 4.1 proteins uniquely from transcripts controlled from the dis-
tal promoter. In the 4.1R gene, the �200 nt region carrying the
poly-pyrimidine tract and the lariat branchpoint site preceding
the donor of the ‘‘internal’’ intron has been called an ‘‘intraexon’’
to underline that it behaves as part of an exon in the first splicing
reaction and as an integral part of the second intron in the final
splicing reaction (Parra et al., 2008).

It seems clear that the stwintrons uncovered by us, are late
appearances in evolution and, moreover, that internal intron gen-
eration (leading to a stwintron) and -loss can occur readily. The
bioDA bifunctional gene is conserved in fungi, plants and öomyce-
tes. The intron position where the stwintron occurs is conserved in
a number of Dikarya subphyla, but also in all sequenced Mucoro-
mycotina and in the chytrid Spizellomyces punctatus (ESTs: acces-
sions EB744794 and EB747034). However, the bioDA stwintron is
restricted to the Sordariomycetes and Botryosphaeriales, suggest-
ing that its appearance is more recent than that of the original host
intron. The secondary loss of the internal intron in the bioDA gene
of N. haematoccoca has been discussed above. The presence of the
putative [D1,2] stwintron in M. poae and G. graminis AMFS but
not in the Magnaporthe oryzae orthologue gene, illustrates the
same concept. However, the phylogenetic position of the BioDA
proteins of the two Botryosphaeriales that also feature a putative
[D2,3] stwintron in their bioDA gene, argues in this case against
an independent stwintron generation in this order of Dothideomy-
cetes (see Results Section 3.3 and Supplementary Fig. S4).

While stwintrons are formally analogous to the chloroplast
twintrons of the euglenoids, there are necessarily fundamental
mechanistic differences. Group II and presumably group III introns,
depend for their excision on a complex secondary structure and
have been show in several instances, to be self splicing in eukary-
ote plastids (Sheveleva and Hallick, 2004; Odom et al., 2004), while
two successive reactions involving the whole spliceosome – possi-
bly including spliceosome disassembly and subsequent re-assem-
bly after the initial splice site adjunction and ligation – are
essential to excise a stwintron.

While the generation of the euglenoid chloroplast twintrons
may involve intron mobility and proliferation (Hallick et al.,
1993; Copertino et al., 1994; Zhang et al., 1995), including recent
horizontal transmission of cyanobacterial mobile elements (Shev-
eleva and Hallick, 2004), no similar mechanism could be postu-
lated for stwintrons, where an endogenous origin seem to be the
only reasonable alternative (see Catania et al., 2009; Roy and Iri-
mia, 2009; Ragg, 2011; for recent discussions on spliceosomal in-
tron generation). While our present data does not allow to
propose a specific mechanism, the internal component of a stwin-
tron could be originated by a mechanism analogous to what has
been called ‘‘intronisation’’, the formation of new introns from exo-
nic sequences as it has been proposed for nematode genes (Irimia
et al., 2008) where point mutations in exons could result in cryptic
splice sites and eventually, the appearance of new introns.
Stretches of coding sequences in the bioDA gene of the chytrid
Batrachochytrium dendrobatidis align with two intronic sequences
(introns 4 and 5) in S. punctatus (Supplementary Fig. S6), which
suggests that intronisation can indeed take place in fungi. A similar
process, that could be called ‘‘stwintronisation’’, could result in the
appearance of an intron within an intron. The alternatively spliced
prospero ‘‘twintron’’ (see Section 1), where the internal U2 splice
sites are unique to Diptera (Mount et al., 2007), may have a similar
origin. It may be relevant that all cases of stwintrons sensu stricto
we have described above, involved an apparent duplication of
one or two subsequent base pairs at the 50 splice site. This may
be the consequence of errors in DNA repair (Ragg, 2011).

We have uncovered two experimentally confirmed instances of
stwintrons while pursuing unrelated work, suggesting that our
findings are just the tip of iceberg. A systematic search of available
fungal genomes will be a matter for future work. It remains to be
established if stwintrons are a peculiarity of fungi or whether they
also occur in species from other kingdoms, especially in those
where small intron/large exon gene architecture is extant and
splicing is determined by intron- rather than by exon definition
(e.g., Berget, 1995; Lorković et al., 2000; Weir and Rice, 2004).
For instance, in Bigelowiella natans (Rhizaria, Cercozoa) – an unicel-
lular organism featuring short introns which shows surprisingly
frequent instances of alternative splicing (Curtis et al., 2012) – a
gene encoding malate dehydrogenase contains a putative
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stwintron where an internal intron could interrupt the donor se-
quence of the external intron between nucleotides 3 and 4
([D3,4]) (Supplementary Fig. S7). Two extant cDNA clones (acces-
sions DR039025 and DR040532) demonstrate that ultimate splic-
ing is carried out at the 50 GU of the sequence 50-GUAGUGAGU,
where GUGAGU may serve as the canonical donor of an internal in-
tron (with internal lariat branchpoint-acceptor couple: 50-AUUCAU
– 10 nt – CAG) disrupting the canonical donor GUA|AGA of a puta-
tive external intron, thus supporting a [D3,4] stwintron concept.

Stwintrons may have appeared fortuitously as a result of ran-
dom mutations within pre-existing introns. Future research may
uncover whether they have also been recruited to serve specific
functions in alternative splicing or in regulation of gene expression.
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