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Abstract

Background: Alternative splicing (AS) regulation is extensive and shapes the functional complexity of higher
organisms. However, the contribution of alternative splicing to fungal biology is not well studied.

Results: This study provides sequences of the transcriptomes of the plant wilt pathogen Verticillium dahliae, using
two different strains and multiple methods for cDNA library preparations. We identified alternatively spliced mRNA
isoforms in over a half of the multi-exonic fungal genes. Over one-thousand isoforms involve TopHat novel splice
junction; multiple types of combinatory alternative splicing patterns were identified. We showed that one
Verticillium gene could use four different 5’ splice sites and two different 3’ donor sites to produce up to five
mature mMRNAs, representing one of the most sophisticated alternative splicing model in eukaryotes other than
animals. Hundreds of novel intron types involving a pair of new splice sites were identified in the V. dahliae
genome. All the types of AS events were validated by using RT-PCR. Functional enrichment analysis showed that AS
genes are involved in most known biological functions and enriched in ATP biosynthesis, sexual/asexual
reproduction, morphogenesis, signal transduction etc,, predicting that the AS regulation modulates mRNA isoform
output and shapes the V. dahliae proteome plasticity of the pathogen in response to the environmental and

developmental changes.

Conclusions: These findings demonstrate the comprehensive alternative splicing mechanisms in a fungal plant
pathogen, which argues the importance of this fungus in developing complicate genome regulation strategies in

eukaryotes.
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Background

Next-generation sequencing technology has provided
pioneering opportunities for deciphering novel mecha-
nisms of gene/genome regulation through sequencing
and analysis of the cDNA libraries generated from the
whole transcriptome of specific populations of RNA in
experimental cells and tissues [1-5]. In addition to
transcriptional regulation, alternative splicing (AS) of the
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primary transcripts of protein-coding genes represents
one central post-transcriptional regulatory mechanism
in shaping the transcriptome diversity and proteome
complexity of higher eukaryotic genomes. High through-
put transcriptome sequencing revealed that almost 94% of
genes are alternatively spliced in humans [6]. In plants, al-
ternative splicing was estimated to be 60% in Arabidopsis,
52% in soybean, 40% in cotton, 40% in maize, and 33% in
rice intron-containing genes [7—12]. However, alternative
splicing was not extensively studied because of the under-
estimated introns in fungi [13]. In recent years, highly
developed high-throughput sequencing has revealed more
introns than previously anticipated [14, 15]. In contrast to
the predominant exon-skipping events in animals, plant
and fungi AS events were reported to be predominantly
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involved in intron retention, while the other AS forms are
rare [14—18].

AS controls almost all aspects of biological processes in
mammalian cells and is involved in many human diseases
[19-22], it is logical to expect it plays a role in biological
functions of fungi. PscRXLR1 was the first example of a
non-effector transformed to a functional effector protein
by alternative splicing in Pseudoperonospora cubensis [23].
UmRrm75 is probably involved in cell growth, mor-
phogenesis, and pathogenicity in Ustilago maydis, which
was reported to be regulated by AS [24]. In addition, genes
involved in virulence in fungal pathogens were reported to
be regulated by alternative splicing [25, 26]. However, the
influence from AS on the transcriptome output in the
lower eukaryotic genomes is still limited.

Verticillium species are among the most devastating
fungal pathogens that cause vascular wilt worldwide in a
broad range of plant hosts including economically
important crops such as cotton, soybean and tomato,
but no effective chemical pesticides are available due in
part to its soil-borne nature [27]. The recent release of
the draft V. dahliae genome sequence [28] enables a
genome-wide investigation of genes and molecular
mechanisms underlying the pathogenicity of V. dahliae.

Here we used deep sequencing technology to profile
the transcriptomes of two V. dahliae strains. Two different
methods were applied to generate cDNA libraries for Illu-
mina sequencing platform, showing the expression of over
95% of the annotated genes under the in vitro vegetative
growth condition. Using computational algorithms devel-
oped in this study, we showed that about 50% of the
intron-containing genes of V. dahliae were potentially
under alternative splicing regulation. In addition to the
large amount of intron retention AS events expected, we
revealed over a thousand of AS events covering most non-
intron-retention AS types. Combined with the functional
clustering results of the AS genes, our results strongly sug-
gest that this plant fungal pathogen has acquired sophisti-
cated AS mechanisms to maximize its protein encoding
potential and to control essential biological functions such
as mycelium development, sporulation, signal response
etc., and thus very likely AS contributes to the pathogen-
icity after the fungus encounters its hosts.

Results

Transcriptome landscape of V. dahliae and the likely
enrichment of secondary structures in 5’ untranslated
regions

To explore the AS in V. dahliae, two closely-related V.
dahliae (V991w and V991b) isolates were subjected to
next-generation sequencing. The cDNA was prepared from
the polyadenylated RNA and subjected to the high-
throughput sequencing using Illumina GAIIx platform. We
obtained a total of 1.37 and 1.43 millions of cDNA reads
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from the two strains, respectively, which unambiguously
mapped onto the sequenced regions of the annotated genes
(10,535) [28]. Both strains showed a major distribution of
the reads in the protein-coding regions (~70%), and the
remaining reads matched the non-coding regions including
5" UTR, 3" UTR and intron (Additional file 1: Figure S1IA
and Additional file 2: Table S1A).

Among the 10,535 annotated V. dahliae genes, 9657
genes (91.7%) obtained expression evidence, with 9073
and 9335 genes being detected in V991w and V991b,
respectively (Additional file 1: Figure S1B). The average
sequence depth per base of all gene regions reached
12.67, and the sequence coverage reached 50% for about
two third of genes. The quantitative expression level of
each gene was represented by the number of Reads Per
Kilo base of exonic region per Million (RPKM) mapped
reads in all genes, showing that the majority of the V.
dahliae genes was expressed relatively low-abundantly
(Additional file 1: Figure S1C). We noticed the sequence
depth at the 5" and 3" UTR regions were significantly
higher than that of the CDS regions, which seems to be
a global phenomenon (Additional file 2: Table S1C,
Additional file 1: Figure S2A-C). The sequence depth in
the intronic regions was higher than expected too. This
result could be caused by the enriched local RNA
secondary structure in non-coding regions, which were
more susceptible to RNase III digestion and selectively
enriched in the cDNA libraries [29-31].

In order to validate the results obtained using the
RNase III fragmentation of polyA-mRNA, we constructed
another set of cDNA libraries from the same V. dahliae
strains using the ion fragmentation method instead
(Fig. 1a). The total RNA was prepared from a different
batch of microbe cultures to represent an independent
biological repeat. A total of 15.7 and 13.9 millions of se-
quence reads were obtained for the V991b and V991w
strains, with an overall mapping efficiency of 79.6 and
75.2%, respectively. In both cases, the unique mapped
reads were about 98% of the total mapped, and about a
quarter of which were mapped to the intergenic region
(Fig. 1b). The intergenic transcripts were not from the spe-
cific genomic regions but rather genome-wide (Fig. le).
The total reads mapped to the genic regions were 16.7
million for these two strains, which were 6-fold of the first
set of data. Only 507 more genes (4.81%) were detected in
the second one (Fig. 1c, Additional file 1: Figure S1B),
suggesting an adequate sequence depth of the first one.
The increased sequence depth substantially increased the
gene coverage (Fig. 1c), while the RPKM values were sub-
stantially the same in both sets of data as expected (Fig. 1d,
Additional file 1: Figure S1C), which further supported the
confidence and quality of both datasets.

Interestingly, the second dataset showed a drastic increase
in the sequence depth in the CDS region, and a sharp
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decrease in the 5" UTR region. A less extent of decrease in
the intronic and 3" UTR regions was observed (Additional
file 2: Table S1, Additional file 1: Figure S2D). These results
supported a hypothesis that the 5° UTR of this fungal
pathogen are more enriched in local secondary structures.

The prevalence of intron retention in the V. dahliae
transcriptome

Survey of the V. dahliae genome reveals that 79.3% of the
protein-coding genes (8359) contain at least one intron,
predicting an important layer of genome regulation con-
ducted by AS. The 19,150 introns cover 5.7% of the genome
sequence. The average intron length was 100 bp and the
intron-containing genes harbor an average of 2.3 introns.
The annotated exons (29,685) have an overall average
length of 530.7 bp, and intron-split exon of 4764 bp
(Fig. 2a). These features are quite different from the well-
characterized human pathogen Cryptococcus neoformans,

which has an average of 6.3 exons of 255 bp and 5.3 introns
of 67 bp [17].

In order to globally assess the intron splicing feature of
V. dahliae genome, we used the TopHat algorithm to iden-
tify all splice junctions (SJs) generated by splicing of pri-
mary transcripts when the pathogen was grown to the late
log phase in vitro. In the first dataset, TopHat mapping of
the combined sequence reads from both V. dahliae strains
detected 81.84% of the annotated exons and 9343 (50.71%)
of the known intron-associated SJ. The detection power
was increased to 90.44% of the exons and to 58.30%
(10,738) of the known SJs in the second dataset. Although
the SJ detection efficiency depends on the sequence depth,
the 6-fold increase in the sequence depth but slight increase
in the detection of known SJ indicated that the sequence
depth has reached a good saturation in this study.
Therefore, the inability of detecting over 40% known SJs
indicates that a large population of introns may not be
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spliced under the vegetative growth condition, which pre-
dicts a large number of intron retention events.

Our preliminary results showed that current available
softwares were not suitable for detecting the fungal
alternative splicing events (Data not shown). We developed
an algorithm iRAS (intron Rentention associated AS event)
to identify intron retention alternative splicing events. The
algorithm had been improved through iterate matching of
the iRAS results and the layout of mapped cDNA reads on
each gene (Fig. 2b, left), with the final parameters being
stated in Methods. The iRAS counts on the presence of
intron-exon border read and the mean base depth of the
retained intron being at least 20% of the flanking exon. A
total of 2015 and 3575 of IR events were detected from the
first and second V. dahliae transcriptome datasets; 1558 of
them were overlapped indicative of their reliability (Table 1,
Additional files 3 and 4).

We validated over a dozen of intron retention events
using RT-PCR analysis (Fig. 2b-e). These events represent
four different classes of IR events. The first class includes
those detected in both datasets, which are the 1558
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overlapped IR events shown in Table 1 (Fig. 2b). The sec-
ond represents those detected only in the 2nd dataset, but
not the 1st, and the third represents those only in the 1st
(Fig. 2c and d). The fourth class represents those identified
by less stringent criteria in the previous version of iRAS,
but not the final version presented here (Fig. 2e). We dem-
onstrated that all these classes were positive for RT-PCR
validation. These results suggest that intron retention could
be much more prevalent than shown in Table 1. It is also
noteworthy that some of these IR events differed in their
intron inclusion frequency, which suggested AS would con-
tributed to the different characterize of the two strains.
Intron retention could be resulted from polyadenyla-
tion of the primary transcripts without splicing of the
existing intron(s), or specific retention of some intron(s)
but not the other in a gene. Statistical analysis showed
that for the genes containing two or more introns, most
IR events were intron-specific (Table 2). Intron retention
could alter the protein coding potential of a gene by
breaking the coding sequence, and may also interfering
the mRNA stability by introducing premature termination

Table 1 Statistics of alternative splicing (AS) events and genes in V. dahliae transcriptomes

AS type V991w V991b All Total oL Frequency Genes oL
AS events involving one alternative splice site
- A3SS 221/372 230/378 308/466 582 256 11.63% 515 243
T — A3SS&ES 3/5 2/9 3/5 12 3 0.14% 11 3
L O A5SS 150/221 139/232 211/294 379 163 7.40% 357 161
N . . AS5SS&ES 6/11 4/9 9/12 15 7 0.32% 13 7
gy @$= ! S5pMXE 15/18 11/16 17/20 23 14 0.64% 23 14
T — 3pMXE 1/2 0/2 1/2 2 1 0.05% 2 1
- . MXE 2/1 1/0 3/1 3 1 0.05% 3 1
I N e ES 9/12 5/13 10/15 18 9 0.42% 18 9
L — Cassette Exon 35/61 47/62 62/89 104 49 2.23% 98 50

1138 503 22.85% 1040 489

Intron retention
- O .. IntronR 1305/2560 1247/2568 1935/3236 4033 1558 70.79% 2955 1339
AS events involving a pair of novel splice sites
E Eaam o Cassette Intron 64/207 62/223 106/299 325 100 4.54% 318 100
- - Intronic intron 32/73 39/73 58/108 138 40 1.82% 127 40
- 35
Il Constitutive exon or region Total 1843/3543 1787/3577 2723/4547 5634 2201 100.00% 4440 1968

[ asternative exon or extension

The results of both datasets were shown in pair, in the 1st/2nd format. The number of the events or genes overlapped (OL) between the datasets is indicated

Three major types of non-IR as events were bolded
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Table 2 Intron retention (IR) and premature termination codons
(PTCs) in V. dahliae genome

Intron per Intron-containing genes PTCs
gene All Non-specific IR Specific IR No IR

1 3228 732 (22.68%) 2496 (77.32%)

2 2396 216 (9.02%) 665 (27.75%) 1515 (63.23%) 201
3+ 2800 60 (2.14%) 1282 (45.79%) 1458 (52.07%) 273

codons (PTCs). Statistical analysis shows that 474 of
the non-last-intron IR events could result in PTCs
(Table 2, Additional file 5); the point will be discussed
below.

Hundreds of novel intron types involving a pair of new
splice sites: cassette intron and intronic intron in the
V. dahliae transcriptome
The long-exon feature of the current V. dahliae genome
could be specific for V. dahliae or resulted from an in-
sufficient annotation of introns. Searching for the novel
introns residing in the annotated exons, over three
hundreds of new spliced introns were identified from
the two datasets, which did not appreciably alter the long-
exon feature (Table 1, Additional file 6). The length
distribution of these new introns were similar to the known
(Fig. 3a, top), and many spliced completely (Fig. 3a,
bottom). Meanwhile, nearly two thirds (179) of the exonic
introns were also identified as IR events, demonstrating
that splicing of these introns are alternative. When we set
the reading frame of this exonic intron containing gene
from the annotated start codon and through all upstream
exons followed by the new intron, stop codons were only
present in two of these introns, which thus excluded the
possibility that these introns resulted from mis-annotation
of the V. dahliae genes. Therefore, we conclude that these
exonic introns are intrinsically part of the coding
sequence, and could alternatively act as non-coding introns
which we named as “Cassette Intron”, a counterpart of
“Cassette Exon” standing for the intronic coding sequence.
Apparently, splicing of cassette intron results in mRNA
coding for a shorter protein than that of the unspliced. In
addition, it is noteworthy that the nucleotide length of
about 45% of these introns is not multiple of three, pre-
dicting that the downstream coding frame will be altered
when the intron is spliced. Therefore, cassette intron
represents a new type of alternative splicing event that
profoundly alter the mRNA output from fungal genes.
When we investigated the cDNA reads layout on the
genome, we found that there were also cases of exonic
intron with most of the intron residing in the known exon,
and a small fraction extending into the 5° UTR
region (Fig. 3b). This type of splicing resulted in 5’
UTR-containing mRNA isoforms having truncated 5’
coding sequences. We validated two of these special
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exonic intron in genes encoding zinc finger-type RNA
polymerase II transcription factor and aminopeptidase
Y, and found in both cases, alternative mRNA
isoforms were generated, one containing the intron
and one lacking (Fig. 3b). These results suggest that
exonic intron may play an important role in regulating
the 5’ coding sequences of fungal genes.
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In addition, 141 intronic introns were detected from
the transcriptome as well (Table 1 and Fig. 3c). From the
structure view, the intronic introns are nested introns.
From the view of splicing consequence, the coding
potential of the new mRNA isoform resulted from the
usage of intronic intron splice site is altered.

Over one thousand of V. dahliae alternative splicing
events involve in at least one known splice site and an
alternative splice junction

We then analyzed the more common AS events involving
alternative splice junction, using the annotated known
splice junctions as the reference. TopHat novel SJs
includes all potential SJs other than the annotated SJs,
which could be produced from the alternative splicing
of a pre-mRNA involving one or two novel splice sites,
or splicing of the known splice sites in an alternative
way. Our first and second datasets detected 5315 and
14,575 novel SJs, respectively. The confidence of these
SJs was validated by plotting the number of reads support-
ing each of the identified SJs in the two V. dahliae strain.
A large fraction of the novel SJs was supported by 2 or
more reads (Additional file 1: Figure S3A and B).

Improved annotation of the 5’ and 3' UTR of the V. dahliae
genome

We noticed that many novel SJs were located in the
intergenic regions (Additional file 1: Figure S3C). It
could be possible that some intergenic SJs were derived
from the unannoted UTR regions. We therefore re-
annotated the UTR regions according to the expression
information of the second transcriptome data containing
RNA direction information. The new annotation resulted
in 1591 and 2430 of new 5’ and 3" UTRs, respectively;
it also extended 146 and 78 of the existed 5" UTRs and
3" UTRs, respectively. This information was added to
the previously published GFF (Generic Feature Format)
file and created an improved GFF used for further
study (Additional file 7). V. dahliae genes with UTR
annotations were increased from 2422 to 5803. Inter-
estingly, although the previously annotated 3° UTRs
are generally longer than 5° UTRs, most expressed
UTRs are within 100-nt, which is similar to the intron
length (Fig. 4a).

The new annotation information allowed us to obtain
591 and 1083 genic novel SJs shared by both V. dahliae
strains from the 1st and 2nd transcriptome dataset,
respectively. A total of 415 novel SJs were detected in all
four V. dahliae transcriptomes (Fig. 4b). These results
suggested that fungus cells may actively utilize alterna-
tive splicing events involving alternative splice sites to
exert its genome regulation task.
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aJAS algorithm identified over one thousand alternative
splicing events

We developed an algorithms aJAS (alternative-splice-Junc-
tion associated AS events) (Additional file 1: Methods) to
identify the qualified alternative splicing events from the
genic TopHat novel SJs. The aJAS events were classed into
seven canonical types including alternative 5’ splice site
(A5SS), alternative 3" splice site (A3SS), cassette-exon
(CE), exon skipping (ES), mutually exclusive exons (MXE),
mutually exclusive 5" UTRs (5pMXE) and mutually exclu-
sive 3" UTRs (3pMXE); and into two combinatory types
including the combination of alternative 3" splice site and
exon skipping (A3SS&ES), and the combination of alter-
native 5’ splice site and exon skipping (A5SS&ES)
(Table 1). A total of 657 and 984 of aJAS events were
detected from the 1st and 2nd transcriptome datasets,
respectively. Strikingly, 503 of them were identified from
both datasets, supporting the confidence of aJAS events
(Table 1, Additional files 8 and 9). The two largest
types of aJAS events were alternative 3" and 5" splice
site, representing ~50 and ~35% of the total aJAS
events, respectively. About 10% of the aJAS are cassette
exon, i.e. alternative exons residing in annotated in-
trons. As detailed below, these aJAS events were highly
validatable by RT-PCR.

It is noteworthy that 227 of the aJAS events were de-
tected in all four transcriptome datasets (Additional
file 1: Figure S4B). Compared to the total number of
genic TopHat SJs, over a half of them were identified
as true alternative splicing events, which indicate that
TopHat novel SJs are reliable sources for identification
of alternative splicing events in fungal transcriptome.

Most alternative spliced isoforms were validated by RT-PCR
We picked up 38 aJAS events for RT-PCR validation, 30
of them were validated by RT-PCR, which includes the
most abundant A3SS, A5SS and Cassette Exon (Fig. 4c-e),
as well as the less frequent 5pMXE, and 3pMXE, as well
as exon skipping (ES) (Additional file 1: Figure S5). There
were two major reasons for the failure of detecting the
expected bands corresponding to aJAS events, as well as
those to the iRAS events described above. First, the
expression level of the related mRNA isoform was too low
to be detected by RT-PCR analysis, as reflected by the low
number of supporting cDNA reads. In addition, the po-
tential sequence variation between the reference genome
and the genome of the experimental strains at the primer
regions might result in no PCR product.

Among the validated alternative splicing events, there
were quite a number of them detected in the 2nd dataset
but not the 1st due to the lower sequence depth. These
included the two A5SS events shown in Fig. 4f, 3pMXE
(VDAG_07278) and ES (VDAG_05517) (Additional file 1:
Figure S5). Moreover, the 5pMXE (VDAG_01709)
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validated by RT-PCR was detected by a previous ver-
sion of aJAS, but not by the current one (Additional
file 1: Figure S5A). These results together demon-
strate the reliability of aJAS alternative splicing events
shown in this study and the large impact of aJAS
events in regulating the mRNA output of the fungal
pathogen.

The combinatory alternative splicing contributes to the
mRNA complexity in V. dahliae

Interestingly, during the course of developing the aJAS
algorithm, we found the presence of more complex
alternative splicing events involving the combination of
ES with A5SS (Fig. 4f), or with A3SS (Additional file 1:
Figure S6A). We therefore included the AS patterns in the
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current aJAS algorithm, and identified a total of 27 of
these AS events. These combinatory events were highly
validatable. It is surprising to find that one Verticillium
gene (VDAG_01312) applied four different 5 splice sites
and two different 3" donor sites to produce up to five
mature mRNAs (Fig. 4f), which probably represent one
of the most efficient alternative splicing case reported
so far. This gene encodes a hypothetical protein, and
such a splicing pattern is conserved in both V. dahliae
strain, indicating a house keeping function of this
splicing pattern.

During the validation process, we also found some
other combinatory alternative splicing events, including
the combination of Cassette Exon with A5SS and with
IR (Additional file 1: Figure S6B and C).

Alternative splicing does not appreciably contribute to
the fungal mRNA levels

The alternative spliced mRNAs containing premature
termination codons (PTC) within an appropriate
distance to the last exon-exon junction tend to be linked
to the nonsense mediated decay (NMD) machinery in
mammals [32]. It has been estimated that one third of
the naturally occurring, alternatively spliced mRNAs are
targets of NMD [33, 34]. The link between alternative
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splicing and NMD is emerging recently in plants [35].
Most of the AS genes harbor only one alternative splicing
event in V. dahliae, generating a simple mRNA isoform
profile. Among 2955 genes containing intron-retention AS
events, we found 474 containing PTCs that are potential
targets of NMD (Table 2). A total of 146 of these genes
were among the 2789 differentially expressed genes (DEG)
in the 1st and/or the 2nd datasets, which shows no
statistical significance over the non-PTC containing genes
(data not shown).

To address the question, we asked the association of
AS event detection in the differentially expressed genes
between the two V. dahliae strains. As clearly demon-
strated in Fig. 5, when an AS event was overlapped with
DEG, they were predominately detected in the V.
dahliae strain showing higher expression level of the
gene, indicating that the association is strongly depended
on the transcription discrepancy. The AS genes showing
the reverse expression pattern indicated PTC-associated
genes were not significantly influenced by NMD path-
way. Overall, we concluded that the steady-state level of
polyadenylated mRNA in fungal pathogen dominantly
reflects the transcriptional regulation, while AS regula-
tion could exert its function primarily by regulating the
mRNA and protein isoforms.
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Alternative splicing is predicted to extensively regulate
fungal functions
As shown above, a total of 5634 AS events were detected
from the first and second transcriptome datasets of the
two V. dahliae strains. These events were well over-
lapped (Additional file 1: Figure S4A) and quite reliable.
They were located in over four thousand genes. The
majority of these genes contain one detected AS event.
The genes from the 1st dataset were mapped to 2467
biological function terms of GO, including 877 of bio-
logical process terms, 1132 of molecular function terms
and 457 of cellular components. The high node scores of
AS genes included many terms of biological processes,
cellular components and molecular function, suggesting
the AS mechanism regulates molecular activities and
biological functions in fungi.

Comparison of AS gene terms with high node scores
with their counterpart DEG gene terms revealed a sub-
stantial difference (Fig. 6a, Additional file 1: Figure S7
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and S8). Genes under alternative splicing regulation are
enriched in mycelium development, multicellular organ-
ism development and anatomical structure development.
Meanwhile, AS genes are more enriched in gene expres-
sion, protein and RNA metabolic processes than DEG
genes.

When the GO terms of the whole genome were used
as a background, AS genes were readily clustered into
several distinct biological pathways (Fig. 6b). These in-
clude the mitochondrial membrane-proton transport-ATP
synthesis pathway, anatomical structure morphogenesis,
sexual reproduction-sporulation-development pathway,
small GTPase mediated signal transduction pathway, pro-
tein transport-localization pathway and RNA metabolic
pathway. These data collectively support a concept that
alternative splicing regulation is wired into the fungal
genome expression and regulation network and potentially
controls most biological activity, process and function of V.
dahliae, with a strong preference to control the regulatory
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biological functions highly related to the life cycle of the
pathogen after it infects the plant host.

Discussion

Alternative splicing is a key mechanism for protein
diversity from a given gene and for proteome complexity
of a given genome under a specific condition. Analysis
of the 23,000 full transcripts of the human pathogen C.
neoformans resulted in the identification of 277 alterna-
tively spliced genes (4.2% of the transcriptome) [17],
whereas the similar approach has resulted in the discov-
ery of about one or two hundreds of alternative splicing
events in the plant pathogens U. maydis and Magna-
porthe grisea [16, 36]. Deep sequencing of the transcrip-
tome of the plant pathogens Aspergillus oryzae and
Fusarium graminearum revealed over a thousand and
two hundreds of such events, respectively [14, 18]. These
two deep sequencing studies both showed that about
90% of the alternative splicing events are resulted from
intron retention; the later study validated several AS
events, including three cases of intron retention and one
case of alternative 3’ splice site choice (A3SS) and a
couple of them under the developmental regulation.

The transcriptome profile of V. dahliae in different
growth conditions were investigated previously, and the
alternative splicing was studied by using SplicingViewer
[37]. The study showed that over 95% of AS events were
intron retention, only ~1% of AS events were exon skip-
ping, A3SS or A5SS events in V. dahliae, respectively.
Though three IR events were supported by RT-PCR,
other forms of AS events were not validated. Herein, our
study developed specific algorithms to accurately reveal
the alternative splicing events in the fungal pathogen V.
dahliae. Four different transcriptome data were gener-
ated by deep sequencing, being used to better annotate
the 5" and 3" UTRs of the protein coding genes and for
identification of the previously unannotated introns in
all genic regions. Alternative splicing by intron retention
and those associated with novel/alternative splice junc-
tions has been separately classified. And the accuracy of
the characterized alternative splicing events was manually
checked by comparing to the cDNA read layout figures
generated for each gene; the results were used to revise
and improve the algorithms. The high efficiency of RT-
PCR validation of the AS events further confirmed the
accuracy of the algorithms.

This study has shown that about 50% of the multi-
exonic genes of V. dahliae genes are under alternative
splicing regulation, including 4033 intron retention, 582
alternative 3" SS, 379 alternative 5° SS, and 104 cassette
exon and tens of other complex alternative splicing events.
Though IR is still the major AS events in V. dahliae, the
ratio of other types of AS events reaches up to ~30%,
which emphasized a more comprehensive and diversified
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mechanism of AS regulation involved in transcriptome di-
versity. Moreover, over three hundreds of exonic introns
have been identified, which were classified as an important
new type of alternative splicing. For the first time, we
reported the presence of combinatory alternative splicing
patterns in V. dahliae, further underling the phylogenetic
importance of fungus in developing alternative splicing
mechanism.

Conclusion

The study has shown the prevalent roles of alternative
splicing in shaping the transcriptome and proteome
complexity of the lower eukaryotes. Taken together the
identification of dozens of complicate alternative splicing
patterns involving the combination of two different
alternative splicing events in V. dahliae, we conclude
that the wilt pathogen V. dahliae has an important
phylogenetic role during the development of alternative
splicing mechanism. Consistently, the AS frequency and
distribution of different AS patterns in V. dahliae
transcriptome is strikingly similar to that of Arabidopsis
and rice detected by comprehensive EST analysis or
transcriptome sequencing, with the preferred patterns in
order of IR, A3SS (acceptor), A5SS (donor) and cassette
exon/exon skipping [9, 38]. Functional clustering of the
genes under alternative splicing regulation showed that
this layer of genome regulation play critical roles in fungal
development and reproduction, signal transduction, mito-
chondrial functions and many other biological functions
including both the transcriptional and post-transcriptional
processes.

Methods

V. dahliae strains

The V991w and V991b strains were kindly provided by
Prof. Xianlong Zhan (Huangzhong Agricultural University,
China), both were isolated from the cotton field [39].

cDNA preparation for high-throughput Illlumina
sequencing

The total RNA from the late-log phase culture of each
strain was extracted using RNAisoTM Plus (TaKaRa)
and then treated with RNase-free DNase I (TaKaRa) for
45 min according to the manufacturer’s protocols. Two
batches of fungal cultures were prepared for total RNA
preparations. The cDNA libraries for the first batch of
fungal cultures were prepared from polyadenylated
mRNA/ncRNA isolated using oligo-dT beads (NEB) and
fragmented by RNase III (NEB). PCR amplification was
used to enrich the adapter-attached ¢cDNA library using
primers complementary to the ends of the adapters for
single-end sequencing (Illumina). The library products
were sequenced at 80-nt length using the Illumina
Genome Analyzer IIx. For the dataset generated by
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RNase III fragmentation of mRNA, only the raw reads
with their resulted clean reads mapped onto the gene
regions of V. dahliae genome were analyzed in this
study and deposited. The cDNA libraries for the second
batch of fungal cultures were prepared from polyadeny-
lated mRNA/ncRNA isolated using oligo-dT beads
(Invitrogen) and ion fragmented at 95 °C followed by
end repair and 5° adaptor ligation. Then the reverse
transcription was performed with RT primer harboring
3" adaptor sequence and randomized hexamer. The
c¢DNA libraries were sequence the same as the first.

Reads mapping and primary analysis

The V. dahliae genome sequence and gene annotation
were downloaded from Broad Institute (http://
www.broadinstitute.org/). Sequence reads passed quality
filter (the reads containing less than 2 Ns) and removed
adapter sequence from ends were aligned to the genome
using TopHat tool allowing the maximum of two
mismatches [40]. The reads mapped onto the annotated
gene regions were subjected to the statistical analysis. The
expression level for each gene was normalized by the
number of reads per kilo base per million mapped reads
(RPKM).

Alternative splicing events in Verticillium transcriptome
In this study, the known/model splice junctions (S]s)
was defined by joining splice sites at the exon-intron
boundaries of all annotated introns in the recently
published genome [28], generating a total of 19,150 such
model/known SJs. All other SJs involving only one or
none of the known splice site were considered as novel
junction. SJs in the transcriptome of V. dahliae sup-
ported by cDNA reads were identified using TopHat tool
[40]. Junction reads were required to have at least 8-nt
mapped on each of the adjacent exons. The junctions
located inside of the coordinates of annotated genes
were regarded as genic SJs. All the genic SJs were classi-
fied into one of the nine types of AS events. Seven of
canonical AS events were skipped exons (ES), cassette
exon (CE), alternative 5’-splice sites (A5SS), alternative
3'-splice sites (A3SS), mutually exclusive exons (MXE),
alternative first exons (AFE or 5° MXE) and alternative
last exons (ALE or 3" MXE), according to the models de-
scribed previously [6]. Algorithm aJAS is based on a given
gene model and calculates sequence reads supporting each
distinct composite SJs associated with a specific novel SJ.
The novel SJs containing at least two support reads were
selected for analysis. To be a qualified candidate aJAS
event, the ratio of reads supporting the novel/alternative
SJs to the total was at least 15%.

Retained intron or intron retention (RI or IR) is caused
by reduced usage of the candidate splice sites, which
cannot be predicted effectively by considering splice
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junctions. This class of alternative splicing event was
identified according to the border reads spanning exon-
intron junction and the mean of local reads depth. Four
criteria have to be met to be considered as a RI event.
(1) The mean base depth in the candidate intron is at
least 20% of the flanking exon; (2) The sum of the intronic
depth is greater than 100; (3) border reads at either the 5’
or 3’ splice site of the candidate must be present; (4) no
other type of AS event could be identified.

Functional enrichment analysis

Gene ontology classification database with Blast2go
package was used to perform the functional cluster of the
differentially expressed or spliced genes. The method
perform Fisher exact test with robust false discovery rate
(FDR) correction to obtain an adjusted P-value between
certain tested gene groups and the whole annotation [41].

Validation of AS events

RT-PCR (Real-time Polymerase Chain Reaction) was used
to validate the alternative splicing events. Total RNA was
prepared from the first batch of V. dahliae cultures, which
represented a preparation different from that for tran-
scriptome sequencing. Primers used in this study were
listed in the Additional file 2: Table S1.

Data access

[lumina short read sequences (80 nt for the 1st and
73 nt for the 2nd datasets) generated in this study have
been deposited in NCBIs Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/) GEO under the
accession number GSE45936.

Additional files

Additional file 1: Figure S1. Expression profile of the annotated
protein-coding genes in the V. dahliae genome revealed by the 1st dataset.
Figure S2. The V. dahliae non-coding regions could be enriched in secondary
structures. Figure S3. Statistics of the TopHat junction reads. Figure S4.
Overlap of the all AS genes. Figure S5. Mutually exclusive exons.

Figure S6. Combinatory alternative splicing patterns for V. dahliae
pre-mRNA alternative splicing. Figure S7. Representative of biological
functions controlled by alternative splicing in the plant pathogen.
Figure S8. Representative of biological functions controlled by alternative
splicing in the plant pathogen. (DOCX 1433 kb)

Additional file 2: Table S1. The genic distribution of two sets of
transcriptome sequencing reads from the two V. dahliae strains.

Table S2. Statistics of the expressed exons, introns and splice junctions
(SJ)) in the vegetative grown V. dahliae (1st dataset). Table S3. PCR
Primers used in this study. (DOCX 32 kb)

Additional file 3: Table S4. IntronR-1st dataset. (XLSX 125 kb)
Additional file 4: Table S5. IntronR-2nd dataset. (XLSX 203 kb)
Additional file 5: Table S6. Potential IR-induced PTCs for non-sense
mediated decay. (XLSX 36 kb)

Additional file 6: Table S7. Exonic Intron-1st & 2nd datasets. (XLSX 43 kb)

Additional file 7: GFF annotation. V. dahliae genome annotation_additional
UTRs and Exonic intron_for AS analysis. (ZIP 1332 kb)
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