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ABSTRACT

Spliceosomal introns can occupy nearby rather than
identical positions in orthologous genes (intron slid-
ing or shifting). Stwintrons are complex intervening
sequences, where an ‘internal’ intron interrupts one
of the sequences essential for splicing, generating
after its excision, a newly formed canonical intron
defined as ‘external’. In one experimentally demon-
strated configuration, two alternatively excised inter-
nal introns, overlapping by one G, disrupt respec-
tively the donor and the acceptor sequence of an
external intron, leading to mRNAs encoding identi-
cal proteins. In a gene encoding a DHA1 antiporter
in Pezizomycotina, we find a variety of predicted in-
tron configurations interrupting the DNA stretch en-
coding a conserved peptidic sequence. Some sport
a stwintron where the internal intron interrupts the
donor of the external intron (experimentally con-
firmed for Aspergillus nidulans). In others, we found
and demonstrate (for Trichoderma reesei) alternative,
overlapping internal introns. Discordant canonical
introns, one nt apart, are present in yet other species,
exactly as predicted by the alternative loss of either
of the internal introns at the DNA level from an alter-
natively spliced stwintron. An evolutionary pathway
of 1 nt intron shift, involving an alternatively spliced
stwintron intermediate is proposed on the basis of
the experimental and genomic data presented.

INTRODUCTION

Introns are sequences that interrupt open reading frames
(ORFs) in RNA. Spliceosomal introns are exclusive of
eukaryotic nuclear gene transcripts and they necessitate
a complex excision apparatus composed of small nuclear
RNAs (snRNAs) and proteins (for a review, see 1). The snR-
NAs of the major (U2-type) spliceosome interact with three
short, conserved sequences within a U2 intron, the 5 donor
site (starting with 5-GU or occasionally, 5'-GC), the lariat

branch point sequence (containing the branch point adeno-
sine, usually near the 3’ end of the intron) and the 3" accep-
tor site (ending with 5'-AG) to proceed with the excision
reactions (for a recent review, 2). Intron—exon structure is
dynamic (3). There are quite a few instances where intron
positions within a primary transcript are very close in dif-
ferent organisms, but not identical. The phenomenon giving
rise to such discordant introns has been called ‘intron slid-
ing’, ‘intron drift’ or ‘intron shift’. We have chosen to use the
term ‘intron shift’ throughout this article, which best indi-
cates a process leading to different, adjacent or near adja-
cent positioning of introns in orthologous genes. This nam-
ing implies an ancestral identity for these introns, followed
by a subsequent shift of position in the transcript. [There
is a degree of arbitrariness here, as ‘intron sliding’ has been
used to indicate differences in position of one nucleotide to
as many as 15 nt in the precursor RNA; (4)]. Intron identity
by sequence conservation can only be expected in ortholo-
gous genes in very closely related organisms, which rarely
feature discordant intron positions (5). Thus it is difficult
to determine whether a genuine intron shift has occurred
rather than a process of intron loss followed by the inser-
tion of a new intron at a nearby position (6). The existence
of discordant introns has been reported for individual genes
and in families of paralog genes (for recent work see, e.g.
7,8). The fact that significant sequence identity can be found
among certain discordant introns (e.g. 9), means that intron
shift can occur. Statistical studies indicate that intron shift
by I nt is a genuine process (4).

The term ‘twin intron’ (abbreviated ‘twintron’) has origi-
nally been applied to 15 complex group I1/III introns in the
chloroplast genome of Euglena gracilis (10,11). Excision of
an ‘internal’ intron is required for the subsequent excision
of an ‘external’ intron as the former interrupts a sequence
essential for the removal of the latter. This site of integra-
tion of the internal intron leads to evolutionary stability
of the twintron arrangement—the internal intron must re-
main functional to permit the excision of the external in-
tron. Other instances of complex intervening sequences, in-
cluding group I introns carrying two ribozymes (12) and a
rare form of alternative splicing of an intron in the prospero
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transcript of Drosophila melanogaster (13), have also been
called ‘twintrons’. We have discussed in a previous publi-
cation the differences between these processes and genuine
twintrons (14), and they are also conveniently reviewed and
categorized by Hafez and Hausner (15).

Previously, we identified and characterized in fungal nu-
clear transcripts, four instances of twintrons conceptually
analogous to the euglenoid group II/III twintrons that
we therefore named spliceosomal twin introns (stwintrons)
(14,16). We differentiated stwintron types accordingly to
where the insertion of the internal intron occurred—D’,
indicating insertions in the donor sequence, and ‘A’, in the
acceptor—followed by the numbers of the nt in the consen-
sus sequence between which the internal intron is present.
‘We have hitherto identified [D1,2] and [D2,3] stwintrons (i.e.
internal intron situated between the first and the second nt
and the second and the third nt of the donor of the external
intron, respectively) and an [A2,3] stwintron (i.e. internal in-
tron separating the acceptor of the external intron between
its second and third nt) (see Figure 1A for the stwintron
types relevant to this work). Each of the above stwintrons
can only be accurately excised with two consecutive U2 re-
actions requiring 5'- and 3'-splice sites to pair via the intron
definition mechanism twice. In fact, the existence of stwin-
trons provided the evidence that intron definition (cf. 17)
applies in filamentous ascomycota (Pezizomycotina). The
stwintron arrangement fits the strict definition of a twin-
tron which differentiates it from other known complex in-
tervening sequences of the U2 type, like recursive splicing,
the nested intron arrangement or intrasplicing, where no 5'-
or 3 splice site element of one constituent intron is inter-
rupted by another (15).

For one particular [D1,2] stwintron in Helminthosporium
solani, we demonstrated a complex intronic structure that
could undergo two alternative pathways of sequential splic-
ing as it overlaps almost completely with an [A2,3] stwin-
tron (16) (Figure 1A). These two alternative paths will au-
tomatically result in two different positions of the resulting
canonical ‘external’ introns, which are shifted by 1 nt with
respect to one another but which do not lead to a change in
the mature mRNA’s ORF. The existence of this particular
type of stwintron, the alternative [D1,2]/[A2,3] stwintron,
immediately suggests a mechanism for a 1-nt intron shift.
Alternative deletion of one of the two internal introns at
the DNA level, mimicking each of the two possible splicing
paths, would result in two different canonical U2 introns at
positions apparently shifted by one nt (Figure 1B). In this
paper we show that this is exactly what has happened to an
intervening sequence in a gene encoding a transmembrane
protein of the DHA1 family in several fungi.

MATERIALS AND METHODS
Fungal strains

Aspergillus nidulans R21 (ATCC 48756) and Trichoderma
reesei QM9414 (ATCC 26921) were used in this study. Their
mantainence and standardized growth medium composi-
tions are described elsewhere (18,19).
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Figure 1. A mechanism for a 1-nt intron shift involving the ancestral exis-
tence of an alternatively spliced [D1,2]/[A2,3] stwintron intermediate. (A)
Structure and nomenclature of stwintrons relevant to this study. Intronic nt
are in lower case letter: nt of the internal intron (light gray) in red, and nt of
the external intron (dark gray) in blue lettering. The conserved terminal se-
quences essential for spliceosomal intron excision are indicated: D, donor
sequence (gt-) at the 5’ splice site, and A, acceptor sequence (-ag) at the 3’
splice site. In a [D1,2] stwintron, an internal U2 intron interrupts the donor
element of an external U2 intron between the first and the second nt. In a
[A2,3] stwintron, the internal intron is nested in the (3-nt) acceptor element
of the external intron between the second and the third nt. The G upstream
the most 5’ donor is a characteristic feature of the [D1,2] stwintron but is
exonic for the [A2,3] stwintron; The G downstream the most 3" acceptor is
a characteristic feature of the [A2,3] stwintron but is exonic for the [D1,2]
stwintron. (B) A mechanism for the evolution of neighboring discordant
intron positions. An alternatively spliced [D1,2]/[A2,3] stwintron occurs.
When subsequently its [A2,3] internal intron is lost, the remaining canoni-
cal intron is localized at the 3’ of neighboring, alternative exon fusion sites
utilized by the ancestor [D1,2]/[A2,3] stwintron. However, if its [D1,2] in-
ternal intron is lost, the de novo canonical intron is localized at the 5 of
those exon fusion sites. The two U2 introns resulting from mutually exclu-
sive internal intron loss events at the DNA level are shown respectively at
the top and the bottom, the two intron positions being called 5" and 3’.

Nucleic acid isolation

Aspergillus nidulans and T reesei were grown in 500-ml Er-
lenmeyer flasks with 100 ml of medium containing 3.0%
malt extract (LAB M Limited, UK) seeded with vegetative
spore inoculums, in a rotary shaker (Infors HT Multitron)
at 200 rotations per min for 24 h. Mycelia were harvested by
filtration over sterile cheese cloth. The biomass was washed
with distilled water, frozen and ground to powder under lig-
uid nitrogen. For the extraction of genomic DNA and total
RNA, Macherey-Nagel NucleoSpin kits (NucleoSpin Plant
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IT and NucleoSpin RNA Plant, respectively) were used ac-
cording to the manufacturer’s instructions.

Reverse transcription PCR (RT-PCR)

Reverse transcription was primed off 1 g of total RNA
with Oligo(dT) as a primer using the Transcriptor High Fi-
delity cDNA Synthesis Kit (Roche). Polymerase chain re-
action (PCR) reactions were performed in a 25 pl volume
containing 4 pl of single strand cDNA, using gene-specific
oligonucleotides (Supplementary 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 1
min, followed by one post-cyclic elongation at 72°C for 5
min. Amplified fragments were resolved in native agarose
gels.

To confirm the existence of the predicted stwintron splic-
ing intermediates, we used the same RT-PCR approach as
previously (16) with primer pairs that do not amplify DNA
off mature mRNA template. This strategy usually yields two
fragments of defined sizes of which the smaller one corre-
sponds to the splicing intermediate and the bigger one, to
primary transcript. We processed and sequenced both frag-
ments amplified by RT-PCR. All experiments were done in
duplicate, starting with biomass from two independent lig-
uid cultures. Furthermore, we verified the alternative splic-
ing pathways of the 7. reesei [D1,2]/[A2,3] stwintron in a
single RT-PCR reaction using a reverse primer hybridizing
to sequences within the cDNA confirmed, canonical U2 in-
tron, 329 nt downstream of the stwintron (see Supplemen-
tary Tables S1 and S2).

c¢DNA sequencing

Double strand cDNA was gel-purified (NucleoSpin Gel &
PCR Clean-up) and subsequently cloned (pGEM-T Easy
Vector System I, Promega). Plasmid DNA was isolated
using the NucleoSpin Plasmid EasyPure kit (Macherey-
Nagel). Three independent clones were sequenced over both
strands using universal primers hybridizing to the vec-
tor (MWG-Biotech AG, Ebersberg, Germany). cDNA se-
quences were deposited at GenBank under accession num-
bers KY315812-KY315816.

Tool to search putative stwintrons in whole genome sequences

We defined five degenerated sequence motifs for the donor-,
acceptor- and lariat branch point sequence elements within
a stwintron, including the two hybrid motifs characteris-
tic for the stwintron type, consistent of nt of the external-
as well as of the internal intron. These motifs are based
on a statistical consensus for the three conserved elements
in A. nidulans (20) although we used a more relaxed con-
sensus at the first position of the 6-nt element around the
lariat branch point A (D instead of R) and the first posi-
tion of the 3-nt acceptor (H instead of Y). Furthermore,
we defined distance ranges separating these five motifs con-
forming three principles rooted in our experience in calling
intron—exon structure: (i) the minimum length of an A. nidu-
lans intron is 42 nt; (i) The minimum distance between the
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6-nt lariat branch point element and the 3-nt acceptor ele-
ment is 4 nt; and (iii), the distance between the 6-nt donor
element at 5 and the lariat branch point element is always
bigger than the distance between the latter and the accep-
tor at 3, although usually, the latter distance is considerably
smaller than the former. We set the distance range between
the donor- and lariat branch point elements from 25 to 120
nt. The mean intron length is reported to be 73 nt in A. nidu-
lans (20). For a screen for putative [D1,2] stwintrons, these
criteria led to a sequence pattern
GGTRWGYN(25,1200DYTRAYN(4,24)HAGTRWG

YN(25,1200DYTRAYN(4,24)HAG which was searched
for in whole genome sequences using the Fuzznuc appli-
cation (21). A screen of the A. nidulans FGSC A4 genome
(accession: AACDO01000000) yielded dozens of candidate
[D1,2] stwintrons. These candidates were each manually
curated before being subjected to expirimental verification,
taking into account several criteria, like: (i) whether the
sequence separates (known or putative) coding sequences
in A. nidulans; (1) Whether there are expression data avail-
able confirming (or dismissing) its existence—principally,
by using the A. nidulans RNASeq data accessible at the
Aspergillus Genome Database (AspGD) (22); [3] Whether
the stwintron is present or not in any ortholog gene
in other species of Aspergillus, primarily, those whose
genome sequences are accessible at AspGD. We note that
autoannotation is, in the case of [D1,2] stwintrons, always
incorrect as the software is not trained to recognize 5'-GGT
at the 5 splice site of a complex intervening sequence. Note
that this tool was not designed to discover stwintrons
implicated in the new mechanism of intron shift.

Genome mining and phylogenetic analysis

Ascomycete genome sequences accessible at the National
Centre of Biotechnology Information (NCBI) and the US
Department of Energy Joint Genome Institute (JGI) web-
sites were screened with TBLASTN (23) for genes encod-
ing proteins that are >45% identical to the DHA1 protein
specified by the A. nidulans stwintron-containing gene at lo-
cus AN3270. The correct query sequence had been deduced
from full-length cDNA (GenBank Accession KY315812).
For each of the more than 500 genes found, the intron—exon
structure was manually determined and full-length proteins
were subsequently deduced.

For phylogenetic analysis, 256 Pezizomycotina DHAT1
proteins were aligned with MAFFT (version 7), using the
E-INS-i algorithm and a BLOSUM 45 similarity matrix
(24). The alignment was first curated to 459 informative
residues with BMGE version 1.12 using BLOSUM 35 and
a block size of 3 (25). A Maximum Likelihood tree was
then calculated by PhyML 3.0 using the WAG substitu-
tion model (26). Approximate Likelihood Ratio Tests pro-
vide statistical branch support (27) and were integrally cal-
culated by PhyML with the Chi2-based parametric pro-
vided. The tree was visualized with the FigTree drawing
program (http://tree.bio.ed.ac.uk/software/figtree) and an-
notated with Adobe Illustrator. Figure 2 shows the unam-
biguous clade of the 89 structurally most related proteins
taken from the original tree with 256 proteins.
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Figure 2. Phylogenetic relations amongst the 89 Pezizomycotina DHA proteins most closely related to Aspergillus nidulans DhaoS. The figure shows
a well-defined clade extracted from much larger Maximum Likelihood tree of Pezizomycotina DHA1 proteins that are at least 45% identical to DhaoS
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RESULTS
A stwintron-containing gene in Aspergillus nidulans

We devised an informatics tool (described in ‘Materials
and Methods’ section) that enabled us to identify bona
fide stwintrons in the model organism A. nidulans (e.g. 28).
We detected a putative [D1,2] stwintron at genome locus
AN3270 (AspGD annotation). The gene encodes a mem-
brane protein that belongs to the drug:H+ antiporter fam-
ily 1 (DHA1) (29). We named it dhaoS (drug:H+ antiporter
family one gene with stwintron).

We predicted that the primary transcript comprises one
complex intervening sequence of 113 nt and confirmed its
excision upon sequencing of full-length cDNA specifying
a reading frame of 1611 nt (GenBank Accession number
KY315812). The predicted protein product is 536 residues
long and the stwintron splits the Leul08 UUA codon af-
ter the second U. The sequence motif WGPLSELY (amino
acids 105-112) is conserved in many fungal DHA1 proteins,
often encoded by intronless genes. The exon fusion site con-
firmed by KY315812 preserves this sequence, at variance
with the spurious intron proposed by automated annota-
tion. The predicted dhaoS [D1,2] stwintron consists of a
56-nt-long external U2 intron with its 5 donor sequence
split between the first and the second nt by a 57-nt-long
internal U2 intron (Supplementary Figure S1), similar to
those characterized previously (14,16). An RT-PCR using
a forward oligonucleotide primer whose sequence is fully
exonic and a reverse primer that terminally overlaps the 3’
distal junction with the predicted external intron (see ‘Ma-
terials and Methods’ section for details), allowed to am-
plify the splicing intermediate. The shorter amplified frag-
ment was shown to lack the predicted internal intron with
the 5’-donor of the external intron reconstructed (GenBank
KY315814) whereas the larger amplified fragment was iden-
tical to the primary transcript (not shown).

Identification of the orthologs of the stwintron-containing
gene

We identified by TBLASTN fungal genes that encode
DHALI proteins at least 45% identical to A. nidulans DhaoS
(results not shown). We found hundreds of such genes as
most Pezizomycotina genomes encode multiple DHATs.
A maximum likelihood tree of DHA1 homologous pro-
teins (of >45% identity) featured one clearly defined clade
comprising A. nidulans DhaoS and 72 proteins from other
species of Pezizomycotina. The 73 clustered proteins are
>64% identical at the amino acid level. 16 proteins, which
show 56-62% identity with A. nidulans DhaoS appear as
an outgroup of the putative orthologous clade. Figure 2
shows the evolutionary relationships between these 89 pro-
teins (see Supplementary Table S2 for the cognate genes).

Nucleic Acids Research, 2017, Vol. 45, No. 15 9089

The genes encoding the 73 orthologous proteins all carry
intervening sequences at or immediately 3’ to the position
of the stwintron in the A. nidulans dhaoS gene (coordinates
listed in Supplementary Table S2). 21 of these genes com-
prise a second intron, 329 bp downstream of the first in-
tron position. With one exception amongst the hunderds
of other DHA1 genes collected, the 5 intron position ap-
pears specific to the 73 clustered dhaosS orthologs. The genes
encoding the 16 proteins in the (56-62% identity) paralog
branch are all intronless.

In a [D1,2] stwintron, the acceptor sequence of the inter-
nal intron, necessarily overlaps with the donor of the exter-
nal intron. If both flanking exonic positions on each side of
the two terminally overlapping U2 introns in the primary
transcript are occupied by Gs, a [D1,2] stwintron is also a
[A2,3] stwintron (Figure 1A). Amongst the 73 orthologous
DHATI genes, we identified 36 where the stwintron is strictly
[D1,2], while 28 others carry a stwintron that can be alter-
natively spliced (Figure 2 and Supplementary Table S2). In
all cases, this coincides with a single A-G transition in the
first nt of the exon downstream the [D1,2] stwintron, con-
sistent with a close evolutionary relation between these two
(stw)intron organization modes.

The [D1,2]/]A2,3] stwintron in the 7richoderma reesei or-
tholog DHA1 gene

The Trichoderma reesei ortholog dhaoS gene (misannotated
locus TRIREDRAFT_43701) is one of those that feature
an alternatively spliced [D1,2]/[A2,3] stwintron, similar to
that we characterized in the H. solani gene for alternative
oxidase (16).

We cloned the cognate cDNA (GenBank KY315813) to
confirm a 1548-bp long ORF encoding a protein of 515
residues and confirming the presence of two intervening se-
quences in the gene. The 5’ of those is the putative [D1,2]/
[A2,3] stwintron that splits the Leul25 CUG codon af-
ter the second nt (when removed as a [D1,2]). This 154-
nt long sequence comprises two alternative internal introns
which overlap by one G. The 5 U2 intron is 66 nt long
and is preceded by an exonic G—as expected for a [D1,2]
stwintron—while that at 3’ is 88 nt long and followed by
an exonic G—consistent with an [A2,3] stwintron (Sup-
plementary Figure S2). We specifically amplified and se-
quenced cDNAs corresponding to the two splicing interme-
diates, confirming that the 7. reesei ortholog primary tran-
script harbors an alternatively spliced [D1,2]/[A2,3] stwin-
tron (see GenBank accessions KY315815 for the [D1,2]
splicing intermediate and KY315816 for the [A2,3] splicing
intermediate).

There are more than a hundred expressed sequence
tags (ESTs) corresponding to this 7. reesei gene de-
posited at NCBI's EST database. Most confirm the

(see ‘Results’ section). Approximate Likelihood Ratio Test values are given at each node. Proteins encoded by 36 orthologous genes that contain a strict
[D1,2] stwintron are tagged -D and shown in black lettering. Proteins encoded by 28 orthologous genes that harbor an alternatively spliced, [D1,2]/[A2,3]
stwintron at the same position are tagged _A and shown in blue lettering. The proteins encoded by nine genes that harbor a canonical phase-2 intron are
tagged _CS5 and printed in red lettering while those encoded by the two orthologous genes that carry a phase-0 intron are tagged _C3 and printed in green
lettering. The 16 DHA1 proteins in the outgroup (labeled _P and shown in gray lettering) are encoded by intron-less ‘nearest paralog’ genes; in Oidiodendron
maius, this gene is duplicated (_Pa and _Pb, respectively). The 21 proteins in bold lettering are encoded by orthologous genes that comprise an additional

standard intron, 329 nt downstream of the [D1,2] stwintron position.
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As.s. TGGGGCCCCCT-gtaagtatctatatcgccatgggtaccattggtagctcctacgttcccte-——-==—-==--=—-——-——mmmmmmm o gctaattggcttggctcctataag CCGAACTATAC
As.z. TGGGGTCCCTT-gtaagaactatgcctctgccttccgtgcttatcaatgcattatgatctactatacctttttctatctttt-———----------- tctaatctt------------ CagATCCGAACTATAT
Pe.e. TGGGGCCCTCT-gtaggtacttccattgctattgggccattggtacgttgcttgtcttatt-------------------------------~-~-——- actaattggctctct —————— aagATCCGAGTTATAT
Pe.j. TGGGGTCCTCT-gtaagtattcatctcacaaaggctacctattagcgccaccctegtgttetcte-—---===-=-----mmmmmmmmm oo actaattgccatggctcc---aag CCGAACTATAC
Pe.r. TGGGGCCCTCT-gtgagtacaaccagctctcgacaaaaaactcaccagetctgtett-—-------—---——-———---- oo~ gEeEddEctttttc-——----- CTGAACTTTAC
Pe.c. TGGGGTCCTCT-gtgagtatccatatttcatgcgtttctatagattctcctgtgtcttcgecatattcacge---------------=--—=--————- gctaatatgtattgactccaaaag CCGAACTATAT
Ra.q. TGGGGTCCTCT-gttcgtctccctttcacctattctcattettC-----------—=--————-- - oo tctaacaat------------ CTGAACTCTAT
Ch. 1. TGGGCTCCTCT@gtgagcacccccctctctaccaaaatcctcgecacgggtacatat--——--——--——-———-———--———————————————————— gctaacaaattc--------- cag -TCCGAGTTCTAC
Co.l. TGGGGTCCTATGgtaagtgcattgtcattcttgagcctggcttttcttttctcttattcacccggcccagcagaaacaactcttcctacgtgcacaagctaactgtctac-------- tag-TCTGAGCTCTAT

Figure 3. Relevant sequences of the DHA1 genes orthologous to Aspergillus nidulans dhaoS that harbor discordant canonical introns rather than a stwin-
tron. The discordant introns interrupt the DNA encoding the conserved amino acid sequence WGPLSELY. Coding nt are in capitals. Species abbreviations:
As.s, Aspergillus sclerotiorum; As.z, Aspergillus zonatus; Pe.e, Penicillium expansum; Pe.j, Penicillium janthinellum; Pe.r, Penicillium raistrickii; Pe.c, Penicil-
lium citrinum; Ra.q, Raffaelea quercivora; Ch.l, Chalara longipes; Co.l, Coniochaeta ligniaria. The corresponding sequence in Penicillium aurantiogriseum
NRRL 62431 (accession ALJY00000000) is identical to that in P. expansum T0O1 (AYHP00000000). The corresponding sequence in Hymenoscyphus vari-
cosporoides CBS 651.66 (LLCF00000000) is identical to that in P. citrinum DSM 1997 (LK UP00000000). The 1-nt intron shift is indicated by highlighting
in green the third nt of the codon for the first Leu in WGPLSELY. The conserved sequence element around the putative lariat branch point A (6 nt) is

highlighted in yellow.

sequence of the mature mRNA as predicted by us.
However, two ESTs—accession numbers CB901225 and
CF871013—feature the predicted sequence of the [A2,3]
splicing intermediate. This could suggest that the 7. ree-
sei spliceosome would excise the alternative stwintron with
a preference for the [A2,3] path. We confirmed the exis-
tence of both splicing intermediates by one RT-PCR, us-
ing a reverse primer that hybridizes to sequences within
the other intron, 329 nt downstream of the stwintron. Us-
ing the same template RNA as in our ‘pathway-specific’
experiments, the majority of the cloned and sequenced
RT-PCR products corresponded to the splicing intermedi-
ate of the [D1,2] stwintron, but the three other expected
amplifications—corresponding to the primary transcript,
the [A2,3] splicing intermediate or the RNA from which
the complete stwintron was absent—were also found. This
implies that under our experimental growth conditions at
the timepoint of biomass collection, the [D1,2] path is pre-
ferred. It would thus appear that alternative splicing of the
[D1, 2]/[A2 3] stwintron from the 7 reesei DHA1 ortholog
transcript is a dynamic process.

Alternative loss of either internal intron of the [D1,2]/[A2,3]
stwintron leads to discordant canonical introns in orthologous
genes

From the identified orthologous DHA1 genes, 11 harbor a
canonical intron rather than a stwintron at the correspond-
ing position(s). Our phylogeny of the 73 DhaoS ortholog
proteins (Figure 2) strongly suggested that the encoding
genes featuring canonical introns, have actually lost an in-
ternal intron from a pre-extant stwintron. The sequences
of these U2 introns and their immediate exonic context are
shown in Figure 3. In two species, Chalara longipes and Co-
niochaeta ligniaria, a standard intron separates the codons
for Leu or Met, respectively, from Ser in the downstream
exon. Their phase-0 intron is consistent with the loss of
the [A2,3] internal intron from an alternative [D1,2]/[A2,3]
stwintron. In the other genomes, the retained intron splits
the Leu codon between the second and third nt. This phase-
2 intron is consistent with the loss of the [D1,2] internal in-
tron. Accurate intron loss must have occurred at the genome
level, most likely via a reverse transcriptase-mediated mech-
anism (cf. 30,31), as these mutually exclusive events strictly
mimick the excision from one of the constituent internal in-
trons of an alternatively spliced [D1,2]/[A2,3] stwintron in
the primary transcript (Figure 1).

DISCUSSION

The apparent shift of an intron position along
an  ORF—without losing or gaining  exonic
information—cannot be explained with one modifi-
cation or mutation in the genome but likely involves
temporary spaced, compensatory events at either side of
the intron (6,32). A mechanism involving the movement of
one intron—exon junction before the other seems unlikely to
mediate shifts over distances other than codon equivalents.
There are instances recorded in which one intron—exon
junction has slid—usually due to the utilization of another
splice site—changing the length of both intron and exon
(see, e.g. 33,34). A mechanism of compensatory indel muta-
tions near either end of the intron (8) would yield a similar
intermediate but it has been observed in comparative
studies, that alignment gaps near intron-exon junctions
are often spurious, largely down to mis-annotation (35).
Nevertheless, by including the flexibility provided by
alternative splicing into the model, the contribution of
intron shift to the proliferation of intron positions may
be more substantial than previously thought (36-38).
Concrete intermediates have never been identified for shift
facilitated by alternative splicing of the primordial intron,
due to the low abundance of spliced transcripts detrimental
to gene function. An alternative mechanism featuring
intron excision, reverse splicing, reverse transcription and
homologous recombination (first proposed by Martinez et
al. 39) is even more complex as it involves four events that
necessarily occur in a very short time frame, as the very
intron excised has to be ‘reverse spliced’ into the same RNA
before reverse transcription, albeit at a nearby position.

In the current study, we elucidated a novel mechanism
of 1-nt intron shift in eukaryotic nuclear transcripts with
the alternatively spliced, [D1,2]/[A2,3] stwintron as the key
intermediate (Figure 1B). This work demonstrates the rel-
evance of stwintrons for intron evolution. To the best of
our knowledge, this is the first instance at which an inter-
mediary stage of an intron shift process has been charac-
terized. This is facilitated by the evolutionary stability of
the [D1,2] and [A2,3] stwintron structures (cf. 14) and their
smooth interconversion. In contrast to sequential compen-
satory movement of intron—exon junctions, the stwintron-
mediated mechanism allows for a 1-nt intron shift to oc-
cur in a temporary phased manner without changing the
messenger encoding the gene’s product at any intermediary
stage. It allows for a stable intermediate phase before in-
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tron loss at the DNA level while the key steps of the reverse
splicing and transcription mechanism (39) have to proceed
immediately as the intron shift effectively takes place at
the transcript level before reverse transcription. However,
it should be emphasized that the new mechanism via the al-
ternatively spliced stwintron only mediates shifts to neigh-
boring positions and cannot result in movement over larger
distances, like e.g. the codon-step sized shifts apparent in
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