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Abstract

Single molecule real-time (SMRT) sequencing has

recently been used to obtain full-length cDNA sequen-

ces that improve genome annotation and reveal RNA

isoforms. Here, we used one such method called iso-

form sequencing from Pacific Biosciences (PacBio) to

sequence a cDNA library from the Asian malaria mos-

quito Anopheles stephensi. More than 600 000 full-

length cDNAs, referred to as reads of insert, were identi-

fied. Owing to the inherently high error rate of PacBio

sequencing, we tested different approaches for error

correction. We found that error correction using Illu-

mina RNA sequencing (RNA-seq) generated more data

than using the default SMRT pipeline. The full-length

error-corrected PacBio reads greatly improved the gene

annotation of Anopheles stephensi: 4867 gene models

were updated and 1785 alternatively spliced isoforms

were added to the annotation. In addition, six trans-

splicing events, where exons from different primary

transcripts were joined together, were identified in

An. stephensi. All six trans-splicing events appear to be

conserved in Culicidae, as they are also found in

Anopheles gambiae and Aedes aegypti. The proteins

encoded by trans-splicing events are also highly con-

served and the orthologues of these proteins are cis-

spliced in outgroup species, indicating that trans-splic-

ing may arise as a mechanism to rescue genes that

broke up during evolution.

Keywords: SMRT sequencing, Iso-Seq, malaria,

mosquito.

Introduction

Single molecule real-time (SMRT) sequencing developed

by Pacific Biosciences (PacBio) is a third-generation

sequencing method that provides long reads that go well

beyond kilobases. It has been used to facilitate assem-

blies and analyses of genomes of various species

including a few insects (Jiang et al., 2014; Berlin et al.,

2015; Hall et al., 2016). The long reads offered by

SMRT sequencing has also been used, in the form of

isoform sequencing (Iso-Seq), to obtain full-length cDNA

sequences that could improve genome annotation and

reveal RNA isoforms (Sharon et al., 2013; Abdel-Ghany

et al., 2016). It is for this purpose that we used Iso-Seq

to sequence a cDNA library from the adult males of the

Asian malaria mosquito, Anopheles stephensi.

In addition to significantly improving the annotation of

the recently published An. stephensi genome (Jiang et al.,

2014), full-length or long-read cDNA sequencing revealed

a very interesting evolutionary phenomenon, namely trans-

splicing. RNA splicing is the process that forms a mature

messenger RNA (mRNA) by joining exons and removing

introns from the precursor mRNA (pre-mRNA). For major-

ity of eukaryotic genes, splicing is mediated in cis by the

spliceosome. The spliceosome brings the exons on both

sides of an intron into close proximity and then cleaves

the 50 splice site and ligates the 50 splice site to the

branch point in the intron. This produces a lariat-

structured RNA. The spliceosome then cleaves the 30

splice site, ligates exons and releases the lariat. Intrigu-

ingly, splicing can also occur in trans, where exons from

more than one separate pre-mRNA are joined. Trans-

splicing is well studied in trypanosomes and nematodes,

where a spliced leader RNA is spliced to the 50 ends of

the first exon on many pre-mRNAs (Douris et al., 2010).

In higher eukaryotes, trans-splicing does not involve

spliced leaders. Trans-splicing has been observed in fruit
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flies, rodents, humans and many other organisms (Cau-

devilla et al., 1998; Dorn et al., 2001; Horiuchi et al.,

2003; Herai & Yamagishi, 2010; Lasda & Blumenthal,

2011; Shao et al., 2012). Based on the relationship of

the two pre-mRNAs joined in trans-splicing, trans-splic-

ing can be grouped into three categories: interallelic,

intragenic and intergenic. A well-known example of inter-

allelic trans-splicing is the longitudinals lacking (lola)

gene, which is essential for development of the nervous

system in Drosophila (Horiuchi et al., 2003). Trans-splic-

ing of lola was inferred from interallelic complementation

tests on lethal mutations in lola exons and verified by

allelic Single nucleotide polymorphism makers in Dro-

sophila hybrids. Later, a study utilizing RNA sequencing

data from Drosophila hybrids identified more trans-splic-

ing between homologous alleles, suggesting interallelic

trans-splicing occurs commonly. Intragenic trans-splicing

is the scenario where splicing occurs between two pre-

mRNAs from the same genetic loci. The two pre-mRNAs

can come from the same strand, and an example is the

Carnitine O-octanoyltransferase gene in the rat liver

where the exons are duplicated in the mRNA (Caudevilla

et al., 1998). They can also come from the opposite

strand, like the fruit fly modifier of mdg4 (mod(mdg4))

genes (Dorn et al., 2001). Intergenic trans-splicing

occurs when the pre-mRNAs come from different genes.

These genes can be located at distant genomic loci on

different chromosomes. For example, the bursicon gene

in Anopheles gambiae is trans-spliced from three exons

on chromosome arm 2L and one exon on chromosome

arm 2R (Robertson et al., 2007).

The understanding of trans-splicing has been signifi-

cantly improved by the advent of next generation

sequencing technology. Trans-splicing events are gener-

ally identified by finding non-colinear transcripts, which

are RNA-seq reads that fail to align to the corresponding

DNA sequences in the reference genome in a linear pat-

tern. Although this approach cannot detect interallelic and

other trans-splicing events that generate colinear tran-

scripts, a significant number of trans-splicing events have

been detected (Davidson et al., 2015; Liu et al., 2015).

For example, a recent study of eight insect species

across five orders detected 1627 trans-splicing events

(Kong et al., 2015). Some of the trans-splicing events are

conserved across species, indicating that trans-splicing is

not transcriptional noise and is likely to be functionally

important (Kong et al., 2015). Moreover, the previous

notion that fusion transcripts are the markers of tumour

cells has been called into question, as several studies

and the Encyclopedia of DNA Elements (ENCODE) pro-

ject demonstrated that chimeric RNAs are common in

normal tissues and cell lines (Gingeras, 2009).

The SMRT Iso-Seq technology from Pacific Biosciences

has been applied to discover trans-splicing or fusion

genes (Weirather et al., 2015). Iso-Seq can generate full-

length transcript sequences from the polyA-tail to the 50

end, providing isoform-level resolution of transcriptome

data. Full-length or long-read cDNA sequences obtained

by Iso-Seq provide significant advantages in the identifica-

tion and characterization of trans-splicing events com-

pared with short RNA-seq data obtained from Illumina

sequencing, which can only provide information on the

small segment around the trans-spliced site. Furthermore,

the structure of full trans-spliced mRNA is hard to infer

from short RNA-seq data, owing to the fact that the major-

ity of reads generated from the trans-spliced mRNAs can-

not be differentiated from the ones from the cis-spliced

mRNA. This is not an issue for Iso-Seq data, which pro-

vide reads representing full-length transcripts.

In this research, we used both SMRT Iso-Seq data and

Illumina RNA-seq data to detect trans-splicing events in

the Asian malaria mosquito, An. stephensi. To eliminate

false positive discoveries owing to PCR chimeras and

transcriptional noise, only trans-splicing events supported

by both data sets were used. In total, we identified six

trans-splicing events in An. stephensi, all of which are

also found and conserved in Aedes aegypti. The proteins

encoded by the trans-spliced mRNAs are also highly con-

served and their orthologues are colinearly transcribed in

Culicidae outgroups. This finding indicates that the need

to preserve the mRNA completeness and protein function

of genes broken up during the course of evolution may be

the driving force behind trans-splicing. As indicated ear-

lier, we also used the Iso-Seq data to improve the

An. stephensi genome annotation.

Results

Error correction with Illumina RNA-seq outperforms

SMRT pipeline in both data accuracy and data quantity

Three Iso-Seq libraries with insert sizes of 1 2 2, 2 2 3

and 3 2 6 kb were sequenced with four PacBio SMRT

cells each (Sequence Read Archive (SRA) accession:

SRP081051). Each SMRT cell produced around 50 000

to 60 000 reads of insert. Full-length transcripts were

defined by the presence of a 50 primer, 30 primer and a

polyA tail in the reads of insert. Approximately 38, 31

and 9% of the reads of insert were identified as full-

length, nonchimeric reads for the 1 2 2, 2 2 3 and

3 2 6 kb insert size libraries, respectively (Table 1). Dur-

ing the clustering process of the SMRT pipeline, on

average two to three full-length, nonchimeric reads could

be clustered as one consensus isoform for the 1 2 2 and

2 2 3 kb libraries. For the 3 2 6 kb size library, most con-

sensus isoforms were only represented by a single full-

length, nonchimeric read. Therefore, in order to obtain a

sufficient number of long reads for analysis, larger insert

sizes require a deeper sequencing depth. Less than 17%

SMRT sequencing uncovers trans-splicing 299
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of the total consensus isoforms were polished as high-

quality isoforms by Quiver. This indicates that in order to

obtain enough high accuracy data through the SMRT

pipeline alone, the number of cells sequenced for each

library should be higher than the Iso-Seq data used in

this paper to provide enough coverage, particularly for

long-insert libraries. All polished isoforms were used for

the further analysis to avoid discarding useful information.

As an alternative, we used RNA-seq data to error cor-

rect the Iso-Seq data. Of 1321 million base pairs of

reads of insert, 668 000 000 base pairs were corrected

by Proovread (Hackl et al., 2014) with a high level of

accuracy (Table 2). The mean of the average quality

scores of each read of insert improved from 14.73 to 36.

4 after correction, indicating a significant improvement in

accuracy. Compared with polished high-quality isoforms

from the SMRT pipeline, 30 times more base pairs were

corrected, although the mean value of the median qual-

ity scores of high accuracy corrected reads was slightly

lower. In addition, the mean value of median quality

scores of high accuracy corrected reads was 37.85,

equivalent to an accuracy above 99.98%. This result

demonstrates that it is favourable to use high-quality

short reads for correction of Iso-Seq reads. This is also

more economical as the RNA-seq data needed for the

analysis is significantly cheaper than sequencing addi-

tional Iso-Seq SMRT cells.

Proteins encoded by trans-splicing are conserved

490 trans-splicing events were detected based on RNA-

seq processed by MAPSPLICE (Wang et al., 2010). 3359

trans-splicing events were found by the PacBio

pbtranscript-tofu package. In both RNA-seq and Iso-Seq

technology, PCR chimeras can cause a large number of

false positive results. Therefore, we set a criterion that

splice junctions must be supported by both data sets to

be considered as valid. In the end, six pairs of splice

junctions were identified. All these six trans-splicing

events are interchromosomal (Table 3).

Trans-spliced mRNA 1 (Tm1) is one mRNA created

from two trans-splicing events (Fig. 1A). The pre-

mRNAs of Tm1 are located in chromosome elements 1,

2 and 3. This mRNA has five exons: two shared with

gene ASTEI07024, one shared with gene ASTEI02601

and one shared with the intron of gene ASTEI04882.

The mRNA encodes a 475 amino acid (aa) peptide with

two domains. The first domain is similar to microphthal-

mia/transcription factor E (MiT/TFE, IPR031867), which

is shared with gene ASTEI07024. The second domain is

similar to the basic helix-loop-helix domain (IPR011598),

shared with gene ASTEI02601. ASTEI07024 is a

mosquito-specific gene. Alignment of peptide sequences

of ASTEI02601 to its Drosophila orthologue

FBgn0041164 revealed that the exon utilized by the Tm1

trans-splicing event contributes to amino acid sequences

that do not exist in their Drosophila orthologues. This is

Table 1. Pacific Biosciences single molecule real-time pipeline output

metrics

Data type 1–2 kb 2–3 kb 3–6 kb

Number of reads of insert 248 903 210 594 202 440

Number of five prime reads 136 440 100 147 54 463

Number of three prime reads 146 668 109 776 65 571

Number of poly-A reads 142 375 106 746 61 281

Number of filtered short reads 13 209 8876 7165

Number of non-full-length reads 138 909 135 425 175 629

Number of full-length reads 96 785 66 293 19 646

Number of full-length nonchimeric

reads (bp)

96 170 65 955 19 094

Average full-length nonchimeric

read length

1388 (bp) 1948 (bp) 4357 (bp)

Number of consensus isoforms 35 248 30 793 17 405

Average consensus isoform

read length (bp)

1465 (bp) 2044 (bp) 4376 (bp)

Number of polished high-quality isoforms 7414 6075 636

Number of polished low-quality isoforms 27 834 24 718 16 769

bp, base pairs.

Table 2. Comparisons of processed isoform-sequencing data

Polished

isoforms

Polished

high-quality

isoforms

Polished

low-quality

isoforms

High-accuracy

corrected reads

Complete

corrected

reads

Reads

of insert

Mean quality

score

Min. 0 0.01 0 16.01 0.11 0.98

Max. 17.36 40 12.74 39.81 37.36 27.31

Average 12.7 37.15 7.72 36.4 28.25 14.73

Median 13.67 39.84 8.34 37.85 30.87 15.45

Length (base

pairs)

Total (million) 190.6 23.8 166.8 668.6 1254.9 1321.4

Min. 330 567 330 70 249 11

Max. 25502 5673 25502 8098 31415 31532

Average 2284.59 1686.06 2406.55 1284.73 2005.91 1996.32

Median 1829 1630 1891 1145 1636 1641

N25 4325 2005 4404 1939 4074 4214

N50 2244 1742 2471 1444 2234 2342

N75 1720 1416 1780 1046 1565 1624

N90 1358 1193 1407 727 1181 1206

N95 1213 1113 1244 613 919 928

300 X. Jiang et al.
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also the case for the exon shared between Tm1 and

ASTEI04882 when we aligned the peptide sequence of

ASTEI04882 to that of the orthologue FBgn0034176. No

obvious Drosophila orthologue for the complete Tm1

protein has been observed. There is some similarity

between the protein of FBgn0263112 and the peptide

sequences coded by the first three exons, particularly

the third exon of Tm1 (28.87% identify). Interestingly,

A

B

C

D

E

Figure 1. Trans-splicing events in Anopheles stephensi. In each panel, the top section stands for the genomic regions to which the trans-spliced mRNA aligns. Related

gene annotation is also provided. The bottom section stands for the full-length mRNA sequence. The pink blocks in the middle represent matches between genomic

sequence and mRNA. Yellow bars represent coding region. Abbreviations: Tm1–5, trans-spliced mRNA 1–5. [Colour figure can be viewed at wileyonlinelibrary.com]
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the complete 474 aa peptide sequence coded by Tm1 is

highly homologous to some dipteran outgroups. The

examples include gene XP_011304746 in Fopius arisa-

nus (33.17% identity) and XP_012252483 in Athalia

rosae (31.53% identity). The mRNAs of these genes in

the outgroup species are colinear to the genome, and

thus likely to be cis-spliced.

The exons of Tm2 come from two cis-spliced genes

ASTEI01093 and ASTEI00334 (Fig. 1B). Neither of

these genes has orthologues outside of mosquitoes.

The protein encoded by the trans-spliced Tm2 consists

of 515 amino acids, which belongs to the

neurotransmitter-gated ion-channel (IPR006201) family.

This Tm2 protein is orthologous to the Drosophila gene

FBgn0037950 with high similarity (83.57% identity). This

trans-spliced protein is conserved in Insecta. All of its

nonmosquito orthologues appear to be cis-spliced.

The donor sites of the trans-splicing event of Tm3 and

Tm4 are identical (Fig. 1C, D). The genes on the

acceptor site of these two events are paralogous to

each other. The paralogues are in close proximity but of

different orientation, probably owing to a tandem duplica-

tion. The coding sequences of the two paralogues are

identical, and consequently Tm3 and Tm4 encode identi-

cal proteins. The 3’ untranslated region (UTR) is differ-

ent in Tm3 and Tm4. Trans-splicing exists in both

ASTEI004497 and ASTEI004495, as supported by full-

length transcripts covering the 3’ UTR in both genes.

The encoded protein is a neurotransmitter symporter

(IPR000175). The Drosophila gene FBgn0181657 is

annotated as an orthologue to ASTEI02036 but in fact,

sequence alignment showed that this is only a partial

match, and FBgn0181657 is more similar and aligns

over its full length to the fusion protein of ASTEI02036

and ASTEI004497/ASTEI004495. This fusion protein is

highly conserved across Insecta. Like Tm2, Tm3 and

Tm4 orthologues outside mosquitoes are cis-spliced.

The longest read that we obtained from Tm5 is 2142

bp (Fig. 1E). This read probably represents an mRNA

with an incomplete 5’ end, because the start codon is

missing. Nevertheless, this read covers the trans-splicing

site between chromosome elements 1 and 2. Tm5 joins

exons from ASTEI06203 and ASTEI00378. The protein

Tm5 encodes is uncoordinated protein 13 (IPR027080). It

is conserved across Insecta. FBpp0300963 is annotated

as an orthologue to ASTEI06203. Interestingly, the last

53-aa sequence encoded by FBpp0300963 is 76% identi-

cal to the 54 aa encoded by the last exon of ASTEI00378,

whereas it is only 7% identical to the sequence of amino

acids encoded by the last exon of ASTEI06203. This

implies that the fusion protein is ancestral and trans-splic-

ing between exons of ASTEI006203 and ASTEI00378 is a

way to keep the protein intact.

Trans-splicing is highly conserved in Culicidae

To investigate whether the above trans-splicing events

are An. stephensi specific or are conserved, we checked

the transcriptome data of An. gambiae and Ae. aegypti.

We predicted trans-splicing sites using MAPSPLICE (Wang

et al., 2010) with RNA-seq data as described in the

Experimental procedures.

All of the trans-splicing events in An. stephensi also exist

in An. gambiae (Table 3). In addition, the chromosomal

assignment of the orthologues involved in trans-splicing are

the same and the sequences around the splice sites are

highly similar between these two species. In Ae. aegypti,

the supercontigs are not assigned to chromosomes and

thus chromosomal position cannot be inferred. Based on

supercontigs, the orthologues of the trans-splicing

An. stephensi events are observed with a few differences.

First, the trans-spliced gene may share the exons with a

different cis-spliced gene. For example, the ASTEI02601

orthologues AAEL010693 and AAEL010696 do not share

exons with Tm1 in Ae. aegypti. Instead, the shared exon is

in their neighbouring gene AAEL010700. Second, duplica-

tion events are different between Anophelinae and Culici-

nae: the ASTEI07024 orthologues are duplicated and

located on different supercontigs in Ae. aegypti, whereas

the orthologue of gene ASTEI004495/ASTEI004497 is a

single gene, AAEL012596, in Ae. aegypti. Interestingly,

trans-splicing was kept during duplications of these genes.

In 17 of the 18 trans-splicing events in all three species,

the 5’ and 3’ termini of the introns follow the GU-AG rule.

The only exception is the first trans-splicing site of Tm1 in

An. stephensi, where the acceptor site is AC instead of AG.

Improvement of genome annotation

Comparisons of the existing gene annotation of

An. stephensi and the updated annotation by PASA (Pro-

gram to Assemble Spliced Alignments) with error-

corrected high-accuracy Iso-Seq data are provided in

the link http://tu07.fralin.vt.edu/cgi-bin/PASA_r20140417/

cgi-bin/status_report.cgi?db5ECRItr. The previous gene

annotation is based on the gene annotation software

MAKER (Holt & Yandell, 2011), where protein homology

based and ab inito prediction were applied. Transcrip-

tomes were not used by this MAKER annotation. In the

previous annotation, 11 789 protein-coding genes were

annotated. Each gene has only one isoform, which indi-

cates that alternative splicing remains undetected. In

addition, genes were mostly annotated with UTRs miss-

ing. The updated annotation enhanced the existing one

by adding UTRs, identifying alternative spliced isoforms,

and adjusting exon boundaries. In total, 3323 genes

were updated with the addition of UTRs, 1785 genes

were updated with alternatively spliced isoforms and

1923 genes were updated with exons adjusted or gene

SMRT sequencing uncovers trans-splicing 303

VC 2017 The Royal Entomological Society, 26, 298–307

http://tu07.fralin.vt.edu/cgi-bin/PASA_r20140417/cgi-bin/status_report.cgi?db=ECRItr
http://tu07.fralin.vt.edu/cgi-bin/PASA_r20140417/cgi-bin/status_report.cgi?db=ECRItr
http://tu07.fralin.vt.edu/cgi-bin/PASA_r20140417/cgi-bin/status_report.cgi?db=ECRItr


merging. These structural changes of genes altered

1878 protein sequences (Table 4).

One example demonstrating the improvement in the

gene annotation can be seen in the annotation of the gene

doublesex (Suzuki et al., 2001). doublesex is a gene essen-

tial for sexual dimorphism and it contains male-specific and

female-specific isoforms. In our analysis, the Iso-Seq data

was obtained from males only, so we would expect to

observe only the male isoform. The gene doublesex in mos-

quitoes spans a region of 90 000 base pairs with another

gene inserted in one of its introns. As a result, in the major-

ity of Anophelinae, this gene is misannotated as two genes.

After the annotation update by PASA (Fig. 2), the two parts of

doublesex, ASTEI07080 and ASTEI07082, were merged

into one complete model. This model is the complete male

isoform of doublesex as expected.

Discussion

Two separate gene breakup events lead to the formation

of trans-spliced gene Tm1. The first one, which separated

the third and fourth exons of Tm1, happened before the

formation of Diptera. In Culicidae, trans-splicing was used

to join these two separated exons, whereas this trans-

splicing either did not happen or was later lost in Drosoph-

ila. The second gene breakup, which separated exon2

and exon3, happened only in Culicidae. In Aedes, the

region transcribing the first pre-mRNA of Tm1 was

duplicated and both copies maintained their ability to be

trans-spliced. The breakup of the ancestor genes of the

other trans-spliced mRNAs described in this paper hap-

pened after the formation of Diptera but before Culicidae.

All their Drosophila orthologues remained as canonical

genes that utilize cis-splicing, whereas the formation of

the complete mRNAs in Anophelinae and Aedes relies on

trans-splicing. The high conservation of the trans-splicing

sites across three divergent mosquito species indicates a

single origin for each trans-splicing event.

Although trans-splicing has been observed in many

higher eukaryotes, its mechanism remains largely unclear.

One well-known model is that trans-splicing happens

through mutually complementary intron sequences. The

bases of the introns of the two separate pre-mRNAs will

pair with each other, bringing the two molecules together

and thus promoting trans-splicing (Wally et al., 2012). How-

ever, a recent study in Drosophila showed that two intronic

RNA sequence motifs are critical and perhaps sufficient to

initiate trans-splicing in the mod gene (Gao et al., 2015). In

both models, the nucleotide sequences of pre-mRNAs

effect the conformation of the RNA-spliceosome complex

and then influence splicing, which is essentially the same

as cis-splicing. It is reasonable to assume that the splicing

machinery is no different for trans-splicing. Trans-splicing is

observed across a wide range of eukaryotes and probably

exists in all eukaryotes, just like cis-splicing (Douris et al.,

2010). In addition, the only factor differentiating cis-splicing

and trans-splicing is whether there is more than one pre-

mRNA. As a process in three dimensions, splicing requires

spatial proximity of splice sites (Hiller et al., 2007; Warf &

Berglund, 2010). It may not matter whether the two sepa-

rate pre-mRNAs directly interact with each other through

base pairing or through binding to the spliceosome using

specific sequence motifs. As long as the splice sites are

spatially close and accessible, trans-splicing reactions may

occur just as cis-splicing.

Splicing greatly diversifies the proteome by promoting

the formation of new genes through alternative splicing.

Allelic trans-splicing creates new combinations of alleles in

mRNA (Horiuchi et al., 2003). Intragenic trans-splicing can

generate new transcripts by exon reuse (Caudevilla et al.,

72000 74000 76000 78000

(+)ASTEI07082-RA Before Update ASTEI078082-RA

(+)ASTEI07080-RA Before Update ASTEI078080-RA

(+)After Update

(a+/s+) asmbl_16512

Figure 2. Updated annotation for the doublesex gene in Anopheles stephensi. The first row and second row below the genomic size ruler represent genes

ASTEI07082 and ASTI07080. The third row is an updated annotation from PASA, which merges the two genes. The fourth row is the evidence from isoform

sequencing transcripts that supports the updated annotation. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 4. Annotation improvement in Anopheles stephensi using PASA

No. of gene

model

updates

No. of alternative

splice isoforms

to add

EST assembly extends UTRs. 3323 0

EST assembly alters protein sequence,

passes validation.

697 0

EST assembly properly stitched into

gene structure.

1065 0

EST assembly stitched into gene model

requires alternative splicing isoform.

0 1785

EST assembly found capable of merging

multiple genes.

161 0

Totals (some models in multiple classes) 4867 1785

EST, expressed sequence tags; UTRs, untranslated regions.
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1998). Although intergenic trans-splicing in theory can pro-

duce new genes by joining exons from different genes,

such a mechanism for novel gene formation does not

appear to be favoured, as the intergenic trans-splicing

events observed are largely involved in ancient gene

rescue rather than new gene creation. Thus, intergenic

trans-splicing events probably evolved from ancestral cis-

splicing or allelic trans-splicing; the scenario where two ran-

dom unrelated distant segments of the genome acquire

the ability to be trans-spliced together should be rare if

any. In addition, all of the proteins encoded by our trans-

spliced events are highly conserved. It appears that strong

purifying selection acts to maintain these trans-splicing

events. If the protein is not essential, or other alternative

strategies are adopted as in the case of Tm1 in Drosoph-

ila, intergenic trans-splicing may not occur or may be lost

later during evolution. We can only speculate as to the

possible reasons why intergenic trans-splicing appears to

exist mainly as a gene rescue mechanism and not as a

common facility to generate transcriptome/proteome diver-

sity (Kong et al., 2015). First, unlike cis-splicing or the other

two types of trans-splicing, it is difficult to ensure that two

FLASH

Figure 3. Data processing and analysis pipelines for both RNA-seq data and isoform sequencing (Iso-Seq) data. Processed Iso-Seq data that are highlighted in

blue are compared in Table 2. Abbreviations: PacBio, Pacific Biosciences; SMRT, single molecule real-time; Rols, Reads of Insert; RNA-Seq, RNA sequencing;

ICE, isoform-level clustering. [Colour figure can be viewed at wileyonlinelibrary.com]
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pre-mRNAs made from distant genomic loci share the

same or overlapping temporal and spatial transcription

(Gingeras, 2009). Second, upon transcription the physical

distance or locations of the pre-mRNAs could hinder trans-

splicing. Finally, it is hard for the two pre-mRNAs to

coevolve when their DNA templates are shaped by poten-

tially different evolutionary forces.

Experimental procedures

Library preparation and RNA sequencing

Fifteen 1–3-day-old An. stephensi (Indian type strain) adult

male mosquitoes were homogenized in 900 ll RNA lysis buffer

and total RNA was isolated using a Quick-RNA MiniPrep kit

(Zymo Research, Irvine, CA, USA) according to the manufac-

turer’s protocol. Three hundred ll of the homogenate was used

for total RNA isolation and total RNA was eluted with 30 ll

H2O. Two samples of 3.2 ll each (300 ng/ll) total RNA were

subjected to PacBio sequencing at the Interdisciplinary Center

for Biotechnology Research, University of Florida (Gainesville,

FL, USA). The RNA was reverse transcribed using a SMRTer

PCR cDNA synthesis kit (Clontech, Mountain View, California,

USA) and amplified. Three sequencing libraries (1–2, 2–3, 3–

6 kb) were prepared according to the PacBio Iso-Seq protocol.

The sequencing was performed on the PacBio RS II using P4-

C2 chemistry (Clontech, Mountain View, California, USA). Four

SMRT cells were run from each of the three libraries. Illumina

RNA-seq data used in this study are from Jiang et al. (2015).

SMRT pipeline analysis for Iso-Seq data

Analysis was performed using the PacBio SMRT-ANALYSIS pack-

age v. 2.3 (http://www.pacb.com/devnet/). The three libraries

were analysed separately. The Iso-Seq bioinformatics pipeline

consists of two major modules: classify and cluster. Reads of

insert were obtained by identifying the adapter separator and

then merging subreads into consensus sequence reads. Reads

of insert were then classified into full-length, non-artificial-con-

catemer reads and non-full-length reads. Full-length, non-artifi-

cial-concatemer reads from the same isoform were clustered

using the isoform-level clustering algorithm and consensus iso-

forms were predicted. The consensus isoforms were then pol-

ished by QUIVER utilizing the non-full-length reads. Default

parameters were used when running QUIVER, which means only

consensus isoforms with more than 99% accuracy were binned

into high-quality isoforms by QUIVER. The low-quality isoforms

binned by QUIVER are generally the ones with low transcription

level or low sequencing depth. Although less accurate, the low-

quality isoforms also contain useful information and were used

together with high-quality isoforms for our analysis.

Error correction of Iso-Seq data

The reads of insert of the three libraries were combined and sub-

jected to error correction. RNA-seq data were processed as

shown in Fig. 3 to achieve best performance for error correction.

First, raw reads from RNA sequencing were trimmed with TRIM-

MOMATIC with parameter ‘2:30:10 LEADING:3 TRAILING:3 SLI-

DINGWINDOW:4:15 MINLEN:36’; (Bolger et al., 2014). The

resulting trimmed paired reads were merged with FLASH with

default parameters (Magoč & Salzberg, 2011). The merged

reads along with reads that failed to merge and unpaired reads

from TRIMMOMATIC were combined into one fastq file. This fastq

file was 26 Gb in size and used as short reads to correct the

reads of insert with PROOVREAD (Hackl et al., 2014). PROOVREAD is

a high-accuracy PacBio correction tool, which works via iterative

alignment of short reads to produce consensus sequences.

PROOVREAD outputted high-accuracy PacBio reads with low-quality

regions trimmed as well as complete corrected PacBio reads

including poorly corrected regions. Only the high-accuracy

trimmed Iso-Seq reads were used for our further analysis.

Fusion transcript detection with both Iso-Seq data and

RNA-seq data

The An. stephensi Indian strain genome version 2 was down-

loaded from Vectorbase (Giraldo-Calder�on et al., 2015). Based

on our previous research (data not shown), we were able to

include the majority of the An. stephensi Indian genome in five

fasta sequences, with each of the sequences representing one

chromosomal arm. The five fasta sequences were used as the

genome sequence in the fusion transcript detection analysis.

The high-accuracy trimmed Iso-Seq reads were aligned to the

genome and then processed by the fusion_finder.py script of

the PacBio pbtranscript-tofu package (https://github.com/Pacific-

Biosciences/cDNA_primer.git). PROOVREAD could potentially have

removed trans-spliced transcripts when it removed PCR chi-

meric reads during correction. Therefore, the unpolished con-

sensus isoforms were added to the above analysis to provide

more sequencing information. MAPSPLICE, a splice junction dis-

covery software, was used to predict fusion genes in the RNA-

seq data (Wang et al., 2010). With the ‘—fusion’; option, MAPS-

PLICE performed canonical and semicanonical fusion junction

detection after the RNA-seq reads were aligned to the genome.

Only fusion junctions supported by both Iso-Seq and RNA-seq

data were used. In total, six splice junctions were identified.

Genome annotation updates

Genome version 2 and annotations version 2.2 of the

An. stephensi Indian strain were downloaded from Vectorbase

(Giraldo-Calder�on et al., 2015). PASA release r20140417 (http://

pasapipeline.github.io/) was used to update the existing annota-

tions using evidence generated from the high-accuracy trimmed

Iso-Seq reads, and then to compare the updated annotation to

existing gene structure annotations (Haas et al., 2003). As the

high-accuracy trimmed Iso-Seq reads kept the transcribed ori-

entation, option ‘–transcribed_is_aligned_orient’; was added

when the PASA pipeline were launched.
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