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sequence features potentially responsible for the reten-
tion of introns, in the framework of an “intron definition” 
model for splicing. We find that retained introns tend to 
have a weaker 5′ splice site, more Gs in their poly-pyrim-
idine tract and a lesser conservation of nucleotide ‘C’ at 
position −3 of the 3′ splice site. In addition, the sequence 
motifs found in the potential branch-point region differed 
between retained and constitutive introns. Furthermore, the 
enrichment of G-triplets and C-triplets among the first and 
last 50 nt of the introns significantly differ between consti-
tutive and retained introns. These could serve as intronic 
splicing enhancers. All the alternative splice forms can be 
accessed at http://bioinfolab.miamioh.edu/cgi-bin/PASA_
r20140417/cgi-bin/status_report.cgi?db=Chre_AS.

Keywords Alternative splicing · SR protein · Retained 
intron · Intronic splicing enhancer · Intron definition

Abbreviations
5′ss  5′ Splice site
3′ss  3′ Splice site
CDS  Coding sequence
ESE  Exonic splicing enhancer
ESS  Exonic splicing silencer
GFF3  General feature format
ISE  Intronic splicing enhancer
ISS  Intronic splicing silencer
nt  Nucleotide
PSSM  Position specific scoring matrix
NMD  Non-mediated decay
AS  Alternative splicing
PASA  Program to assemble spliced alignment

Abstract Alternatively spliced introns are the ones that 
are usually spliced but can be occasionally retained in a 
transcript isoform. They are the most frequently used alter-
native splice form in plants (~50% of alternative splicing 
events). Chlamydomonas reinhardtii, a unicellular alga, 
is a good model to understand alternative splicing (AS) 
in plants from an evolutionary perspective as it diverged 
from land plants a billion years ago. Using over 7 million 
cDNA sequences from both pyrosequencing and Sanger 
sequencing, we found that a much higher percentage of 
genes (~20% of multi-exon genes) undergo AS than previ-
ously reported (3–5%). We found a full component of SR 
and SR-like proteins possibly involved in AS. The most 
prevalent type of AS event (40%) was retention of introns, 
most of which were supported by multiple cDNA evidence 
(72%) while only 20% of them have coding capacity. By 
comparing retained and constitutive introns, we identified 

Electronic supplementary material The online version of this 
article (doi:10.1007/s11103-017-0605-9) contains supplementary 
material, which is available to authorized users.

 * Praveen-Kumar Raj-Kumar 
 rajkump@miamioh.edu

 * Chun Liang 
 liangc@miamioh.edu

 Olivier Vallon 
 ovallon@ibpc.fr

1 Department of Biology, Miami University, Oxford, 
OH 45056, USA

2 Present Address: Chan Soon-Shiong Institute of Molecular 
Medicine at Windber, Windber, PA 15963, USA

3 Institut de Biologie Physico-Chimique, UMR 7141 CNRS/
Université Pierre et Marie Curie, 13 rue Pierre et Marie 
Curie, 75005 Paris, France

http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/status_report.cgi?db=Chre_AS
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/status_report.cgi?db=Chre_AS
http://crossmark.crossref.org/dialog/?doi=10.1007/s11103-017-0605-9&domain=pdf
http://dx.doi.org/10.1007/s11103-017-0605-9


254 Plant Mol Biol (2017) 94:253–265

1 3

Introduction

RNA splicing is a process in which organisms precisely 
remove introns and join exons on a primary transcript. It is 
most prevalent in eukaryotes, where most mRNAs undergo 
splicing. Even though splicing happens with high fidelity, 
occasional retention of regions normally spliced as introns 
has been reported in many organisms. Retention of introns 
is only one of five major types of alternative splicing (AS), 
the others being exon skipping, alternative exon and alter-
native choices of 5′ or 3′ splice sites (ss) (Matlin et  al. 
2005; Reddy 2007). Retention of introns has been reported 
to alter the biological activity of many transcript isoforms 
(Carvalho et  al. 2013; Ge and Porse 2014). For example, 
an intron retained in the Arabidopsis INDERMINATE 
DOMAIN 14 (IDD14) transcription factor was shown to 
enhance cold adaptation (Seo et  al. 2011), and an intron 
retained in the transcripts involved in human haematopoi-
etic stem cell was found to regulate granulocyte differen-
tiation (Wong et  al. 2013). Several retained intron events 
are also reported as targets of the non-sense mediated RNA 
decay (NMD) pathway (Carvalho et al. 2013; Ge and Porse 
2014). For instance, introns retained in the Arabidopsis 
FCA-α transcript (Macknight et  al. 2002; Quesada et  al. 
2003) and Human Robo3.2 transcript (Colak et  al. 2013) 
introduce a premature termination codon that targets them 
for NMD.

The percentage of AS events involving intron reten-
tion is vastly different in plants and animals. In plants, 
the genome-wide studies for Arabidopsis (Marquez et  al. 
2012), rice (Zhang et  al. 2010) and cucumber (Guo et  al. 
2010) have revealed 40, 47 and 54.4% respectively, of 
the AS events as intron retention. In contrast, in animals, 
the genome-wide studies for human (Pan et al. 2008) and 
mouse (Khodor et  al. 2012) have found that less than 5% 
of the AS events as retention of introns. This disparity can 
be explained by the difference in the exon–intron architec-
ture. Animals, especially humans, have short exons (aver-
age size ~170 nt) interspersed with long introns (average 
size ~5000 nt) (Zhang 1998; Sakharkar et al. 2005). In con-
trast, plants like Arabidopsis and rice possess much shorter 
introns (average sizes ~173–433 nt), while exons remain 
short (average sizes 172–193 nt) (Wang and Brendel 2006; 
Reddy 2007).

Two models of splice site recognition have been pro-
posed to explain how short and long introns are spliced. 
Berget (Talerico and Berget 1994; Berget 1995) proposed 
an intron-defined splicing mechanism (“intron definition”), 
whereby serine/arginine-rich (SR) proteins of the spliceo-
some directly recognize a intronic splicing enhancer (ISE), 
and the accompanying splicing machinery spans across the 
intron to excise it (Reddy 2007; De Conti et al. 2013). This 
mechanism is believed to apply to introns that are short 

relative to flanking exons. Through in vitro splicing assays 
on Drosophila, it has been found that introns shorter than 
250 nt are target for “intron definition” (Fox-Walsh et  al. 
2005). In short introns, the presence of either a weak ISE 
or an intronic splicing suppressor (ISS) can result in intron 
retention (Reddy 2007; De Conti et  al. 2013). The higher 
frequency of intron retention in invertebrates has also been 
attributed to the presence of shorter introns (67–159 nt) 
(Sammeth et  al. 2008). Talerico and Berget (Talerico and 
Berget 1994) observed that the short introns of Drosophila 
are spliced by an intron-defined mechanism and argued that 
intron retention can be expected if intronic splice sites are 
not properly recognized.

For short exons with long flanking introns (>250 nt), an 
exon-defined splice mechanism has been proposed, where 
exonic splicing enhancer (ESE) motifs in exons invite 
SR proteins followed by the other proteins of the splicing 
machinery, to excise the flanking introns (Keren et al. 2010; 
De Conti et al. 2013). Here again, the presence of a weak 
ESE or of an exonic splicing suppressor (ESS) is believed 
to lead to exon skipping.

Genome-wide studies linking intron retention to the 
presence of weak intronic signals have been conducted 
for only a few model species such as human, Drosophila 
and Arabidopsis (Lim and Burge 2001; Sakabe and Souza 
2007; Mao et al. 2014). In order to understand the evolu-
tionary patterns of AS and in particular the origin of intron 
retention in plants, it is necessary to characterize retained 
introns in more distantly-related taxa. In this study, we 
focused on the green alga, Chlamydomonas reinhardtii, 
an intron-rich, unicellular model organism for which both 
a genome sequence and large transcriptomics datasets are 
available. C. reinhardtii is a highly evolved representative 
of the green algae (Chlorophyta), the sister group of land 
plants (Streptophyta) in the Viridiplantae (green photo-
synthetic organisms) lineage. Based on 252,484 Sanger-
ESTs, Labadorf et  al. (2010) conducted a genome-wide 
AS analysis in C. reinhardtii and showed that the extent of 
AS is much lower than that in land plants (3%). Incorpo-
rating a much larger dataset (7,345,432 cDNA sequences) 
generated by both Sanger and pyrosequencing technolo-
gies, our study was aimed at re-evaluating the prevalence 
of AS and exploring the sequence features responsible for 
intron retention in C. reinhardtii. Using GMAP (Wu and 
Watanabe 2005), BLAT (Kent 2002) and the Program to 
Assemble Spliced Alignment (PASA) (Haas et  al. 2003; 
Campbell et al. 2006) to identify splice variants, and incor-
porating existing Phytozome (v9.0, http://www.phytozome.
net/) gene models for this alga (Chre v5.3.1), we found 
that a much high percentage of multi-exon genes (3342 
genes, i.e. 19.9%) undergo AS. As in other plants analyzed 
so far, we found that the dominant mode of AS is intron 
retention (39.8% of AS genes). We also observed that in 

http://www.phytozome.net/
http://www.phytozome.net/
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comparison with constitutively spliced introns (i.e., those 
that are always spliced in all the isoforms), retained introns 
(i.e., the ones that are retained in some isoforms) have com-
paratively weaker splice sites, fewer ISEs such as GGG and 
a different nucleotide composition in the putative branch 
point region.

Results and discussion

Detection of AS forms using PASA and integration 
with Phytozome gene models

We combined publicly available Sanger (338,243) and 
pyrosequencing (7,696,737) reads (see “Methods” section) 
for C. reinhardtii to study the full extent of AS. To effec-
tively use the PASA software (Haas et al. 2003; Campbell 
et  al. 2006) for detection of AS, we first assembled the 
cDNA sequences with the guidance of genome mapping 
using CLC (http://www.clcbio.com/), yielding 62,234 con-
tig sequences. The contigs were re-mapped to the C. rein-
hardtii genome (Chre v5.3.1) using two programs, GMAP 
(Wu and Watanabe 2005) and BLAT (Kent 2002) to cap-
ture all the possible high-quality alignments. The resulting 
spliced alignments were assembled and labeled for alterna-
tive splicing using the PASA software.

We used the mRNAs in the Chre v5.3.1 annotation, 
which already contains alternative transcripts for 1789 
loci (~10%), as the full length cDNAs in PASA to guide 
the alignment towards the gene loci. Here PASA produced 
19,844 subclusters called the PASA genes. Because PASA 
considers only contig-to-genome alignment evidence and 
ignores other important criteria like homology and prot-
eomics data that can validate a structure, incomplete cDNA 
coverage may lead PASA to split a single gene into two or 
more assemblies. Thus, the general tendency in PASA is to 
overestimate the number of predicted genes (19,844 PASA 
loci vs. 17,737 loci in Chre v5.3.1). To take full advantage 
of the high quality Augustus-based annotation of the C. 
reinhardtii genes (Blaby et al. 2014), we therefore utilized 
the Annotation Comparison and Updates option of PASA 
to update the PASA alignment assemblies by comparison 
to preexisting C. reinhardtii gene annotations whenever 
possible. Incorporation of existing Chre v5.3.1 annotation 
involves extending 3′/5′ UTRs, expanding ORFs and con-
solidating novel alternatively spliced isoforms for a given 
locus based on PASA alternative splice isoform predic-
tions. 17,701 loci in the Chre v5.3.1 annotation (out of 
17,737) could thus be incorporated into the PASA models. 
In total, after consolidation, 13,680 mRNAs of Chre v5.3.1 
gene models have been updated, while 647 new mRNAs 
were uncovered by PASA (Additional File 1 contains a 
gene model in ‘gff3’ format consolidating Chre v5.3.1 and 

the PASA updates). Among these gene models, 3342 were 
identified by PASA as showing AS, which includes 370 
genes described as alternatively spliced by the Augustus 
annotation but for which our EST dataset did not provide 
evidence for AS (Supplemental Fig.  1). This represents 
~20.0% of the 16,743 multi-exon genes (http://bioinfolab.
miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_splice_
report.cgi?db=Chre_AS). Figure  1a shows a snapshot of 
a PASA assembly showing intron retention together with 
exon skipping, as viewed in our PASA web portal. Among 
AS genes, 1331 genes (39.8%) used intron retention, the 
largest of all AS categories (Fig. 1b). Among the 5198 AS 
events, 1521 (29%) were retained introns (Fig. 1c). Changes 
in acceptor site position (delta) were usually small, with 
peaks at 3, 6 and 9 (Fig. 2), suggesting selection for frame 
conservation. A similar period-3 oscillation was also vis-
ible for changes in donor site position. At position 4, a large 
signal obscured this periodicity. We think that it is due to 
the prevalence of GT at positions 5–6 of the 5′ss consensus, 
the same residues as at positions 1–2 (Fig. 3a), which could 
favor an erroneous choice of the +4 position for splicing.

Our analysis captured most of the AS cases described in 
the literature, for example CGE1 (Schroda et  al. 2001) in 
PASA gene/subcluster 16859, ANK22 (Li et  al. 2003) in 
subcluster 12201 and CTH1 (Moseley et al. 2002) in sub-
cluster 3699. The AS event that has been described in the 
serine/arginine-rich (SR) protein homolog (Kalyna et  al. 
2006) (Cre02.g099350; see Supplemental Table  1) was 
also detected. We failed to detect AS of CCM1 (Fukuzawa 
et  al. 2001) and the long 5′ extension described in FLU1 
(Falciatore et  al. 2005), most likely due to lack of cDNA 
coverage. Finally, the hypothetical AS gene described as 
“Cr002” in (Li et  al. 2003) was found to correspond to a 
highly repeated region in the genome, and was therefore 
not in our list.

Overall, our data shows a widespread occurrence of 
AS in C. reinhardtii, higher than previously reported by 
Labadorf et  al. (2010). An over twenty-fold increase in 
sequencing depth and coverage by pyrosequencing ena-
bled us to identify 2844 more genes that undergo AS (3342 
vs. 498) and 5229 more alternative splice isoforms (5840 
vs. 611). Similarly, in Arabidopsis thaliana, a genome of 
comparable size (~135 vs. ~120 Mb for Chlamydomonas) 
(Merchant et  al. 2007; Mao et  al. 2014), increasing the 
number of cDNA sequences for AS analysis from 0.8 mil-
lion (Campbell et al. 2006) to 116 million reads (Marquez 
et  al. 2012) led to a significant increase in the number of 
AS genes (11,465 vs. 5313) and alternative splice isoforms 
(30,598 vs. 8264) detected.

The degree of AS revealed by our study in C. rein-
hardtii, 19.9% of multi-exon genes, remains lower than in 
higher plants (Barbazuk et al. 2008; Filichkin et al. 2010; 
Lu et  al. 2010; Marquez et  al. 2012; Syed et  al. 2012). 

http://www.clcbio.com/
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_splice_report.cgi?db=Chre_AS
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_splice_report.cgi?db=Chre_AS
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_splice_report.cgi?db=Chre_AS
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For example, AS analyses in A. thaliana (Marquez et  al. 
2012) and O. sativa (Lu et al. 2010) revealed that ~61 and 
~48% of multi-exon genes undergo AS respectively. Note 

however that these studies used datasets of over 100 million 
sequences, more than 10 times the size of ours. It is there-
fore expected that a large fraction of the C. reinhardtii AS 

Fig. 1  Type and extent of alternatively spliced genes and events in 
Chlamydomonas reinhardtii. a An example of a splice isoform with 
intron retention (asmbl_10382) and exon skipping (asmbl_10382 and 
asmbl_10380) as viewed in PASA web site. Splice sites are shown in 
light blue, exons in black, coding regions as predicted by PASA in 
red, and spliced out introns by the thin connecting lines. b Percent-
age of AS genes displaying the 5 major AS types. The same genes 
may be assigned to multiple types. skipped_exon = an exon that has 

been skipped in at least one isoform; retained_intron = an intron that 
has been spliced out in at least one isoform; alternate_exon = isoforms 
with mutually exclusive exons; alt_donor = isoforms with alternative 
donor sites (5′ splice site); alt_acceptor = isoforms with alternative 
acceptor sites (3′ splice site). Please note that the numbers don’t add 
up to 100% as there are more than one AS event per gene. c Propor-
tion of AS events

Fig. 2  Number of splice sites 
at the alternative location in 
isoforms. Number of splice 
sites at the alternative position. 
Delta in the x-axis denotes 
the number of bases different 
between splice sites in splice 
isoforms. Interactive figure 
with varying delta and to see 
underlying text data can be 
accessed at the PASA website 
[http://bioinfolab.miamioh.
edu/cgi-bin/PASA_r20140417/
cgi-bin/alt_donor_acceptor_del-
tas.cgi?db=Chre_AS&bin_
size=1&max_delta=100]

http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_donor_acceptor_deltas.cgi?db=Chre_AS&bin_size=1&max_delta=100
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_donor_acceptor_deltas.cgi?db=Chre_AS&bin_size=1&max_delta=100
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_donor_acceptor_deltas.cgi?db=Chre_AS&bin_size=1&max_delta=100
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_donor_acceptor_deltas.cgi?db=Chre_AS&bin_size=1&max_delta=100
http://bioinfolab.miamioh.edu/cgi-bin/PASA_r20140417/cgi-bin/alt_donor_acceptor_deltas.cgi?db=Chre_AS&bin_size=1&max_delta=100
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landscape remains to be uncovered, especially by varying 
conditions for RNA sampling. In C. reinhardtii as in Arabi-
dopsis (40%) and rice (47%), retention of intron was the 

prevalent mode of AS (Marquez et  al. 2012; Zhang et  al. 
2010).

The diversity of serine/arginine-rich RNA-binding (SR) 
proteins is believed to underline the complexity of AS in 

Fig. 3  Comparison of splice site motifs for short (≤250 nt) consti-
tutive and retained introns. a Frequency and information bit logos 
for constitutive introns. b Frequency and information bit logos for 
retained introns. c Score distribution of 5′ and 3′ splice site of short 
(≤250 nt) constitutive and retained introns. The PSSM for all intron 

splice sites was used to score individual introns. The median score 
of constitutive introns is significantly greater than that of retained 
introns by a Wilcoxon test (p-value <2.2e−16 and <1.16e−15, 
respectively)
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plants (Barta et  al. 2008). We therefore investigated the 
repertoire of SR proteins in the C. reinhardtii genome 
(see Supplemental Table  1). We identified 9 SR proteins, 
defined as combining one or two RRM domains followed 
by a serine/arginine-rich (RS) domain (Barbosa-Morais 
et al. 2006; Barta et al. 2008) and 7 SR-like proteins also 
possibly involved in regulating splicing. Some are clearly 
related to the 19 SR proteins reported in Arabidopsis, but 
others are more animal-like, or altogether new. As in higher 
plants, AS is observed in several SR protein genes, usually 
leading to protein truncation.

Validation and biological significance of retained 
introns

To validate the PASA results, we mapped the reads to the 
genome and extracted the reads mapping (at least 80% 
identity) to each intron and to its left and right flanks. A 
score was computed, where a read mapping to the intron 
and both flanks was counted as 1.0, while a read mapping 
entirely within the intron was counted as 0.5 and a read 
mapping to the intron and a single flank was counted as 
0.25. PASA Retained introns were considered validated 
if their score exceeded 1. This cutoff was defined empiri-
cally, by individual examination of 21 randomly selected 
loci using data available on the Phytozome browser and a 
mapping of 90 Illumina RNA-Seq experiments deposited 
in the SRA database and visualized with the IGV browser 
(Supplemental Table 3). Even though the former data is 
less comprehensive than ours and the latter is based on 
Illumina short reads that are not ideal to evaluate splic-
ing, this was the only external data available to us for val-
idation. Our criteria were that the retained introns should 
not be in a region annotated as a repeat element and that 
either of the following conditions were fulfilled: (i) the 
retained intron was present in a gene model from one of 
the annotations displayed on Phytozome; (ii) mapping of 
individual ESTs (not of the error-prone EST assembly) by 
Phytozome showed substantial evidence for intron reten-
tion; (iii) mapping of Illumina reads was mostly non-
ambiguous and coverage over the intron was of the same 
order of magnitude as that over the nearby exons, with 
several reads spanning both junctions. This test confirmed 
15 loci of AS (14 with scores ≥1, one with score = 0) and 
invalidated 6 loci (all with scores ≤1.25 except one with 
a score 3.75, a highly expressed gene). Using this cutoff 
leads to considering 1094 (72%) of the retained introns 
as validated. Even if a number of false positives may be 
included in this list, our analysis suggests that most of the 
retained intron events identified by PASA are authentic 
and effectively increase transcriptome complexity. The 10 
longest retained introns (>1300 nt) were also examined 
individually: 4 were confirmed as long retained introns 

and 2 showed no evidence for splicing and corresponded 
to annotation errors or pseudogenes (other cases could 
not be resolved because of ambiguous EST mapping).

Intron retention can be an artefact of RNA prepara-
tion, in the sense that non-spliced but poly-adenylated 
pre-mRNAs can be extracted along with mature cyto-
solic mRNAs and contribute to the library. We therefore 
repeated the validation step, but using only the 454 reads 
that showed evidence for splicing, i.e. that mapped to the 
genome with at least one alignment gap (see “Methods” 
section for details) (3,275,045 reads, ~46%). This showed 
that at least 781 out of the 1521 retained introns were 
undoubtedly found in spliced mRNAs. Because the 454 
reads were obtained from mRNA purified on oligo-(dT) 
columns, we can consider that most of these transcripts 
were poly-adenylated and thus potentially translatable. 
Note that because of limited read length (median length 
397 nt, compared to a median exon length of 156 nt), this 
more stringent analysis is bound to miss distantly spaced 
introns, leading to an underestimation of AS.

Yet, these intron retention events may correspond to 
“splicing noise”, i.e. failures of the splicing machinery to 
unambiguously interpret the sequence signals in the pre-
mRNA. These events have a different biological signifi-
cance compared to true alternative splicing, selected dur-
ing evolution to actually generate diversity in the mRNA 
and protein products generated from a single gene. To try 
and distinguish between the two, we analyzed the coding 
capacity of the retained introns. By matching the genomic 
coordinates of retained introns (1521) to that of the 
PASA-updated Phytozome Chre v5.3.1 gene models, we 
found that 1101 (72% of the 1521 retained introns) were 
flanked by entirely coding CDS exons and we termed 
them “CDS retained introns” (Supplemental Fig. 1). For 
those we searched for stop codons in the frame used by 
the upstream CDS exon. In the end, 315 retained introns 
were found to code for an additional peptide sequence 
within the protein, conserving the downstream sequence 
(they are marked in Supplemental Table 2 as “fully cod-
ing”). The other retained introns modify the sequence of 
the protein downstream, and can thus be expected to lead 
to the formation of a non-functional protein. In addition, 
a fraction of them lead to premature translation termina-
tion before the last exon–exon junction, which most of 
the time should lead to NMD. A recent genome-wide AS 
study in A. thaliana has shown that most AS isoforms 
are targeted to this surveillance pathway (Marquez et al. 
2012). This does not mean that retained introns have no 
biological significance, as inactivation of protein produc-
tion or production of interfering truncated proteins can be 
selected by evolution as means to regulate gene expres-
sion. For example, in the related alga Volvox carteri, the 
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sex-regulated AS of the MAT3 gene mostly leads to trun-
cated versions of the Rb protein (Ferris et al. 2010).

Retained introns are less GC‑rich and shorter 
than constitutive introns

The 1521 retained introns have a significantly (t test, 
p-value = 0.0246) lower GC content than the 137,270 
constitutive introns. They are also significantly shorter 
(Table  1). Like invertebrates (Talerico and Berget 1994; 
Sammeth et al. 2008) and flowering plants (Reddy 2007), 
C. reinhardtii has short introns (average 272 nt) and rela-
tively long exons (average 368 nt). We noticed that the 
proportion of introns that are shorter than 250 nt, a length 
defined as a threshold for the intron definition splicing 
mechanism (Fox-Walsh et al. 2005; De Conti et al. 2013), 
is higher in retained introns. The length of retained introns 
in C. reinhardtii is comparable to that in plants and ani-
mals (Michael et  al. 2005; Sakabe and Souza 2007; Mar-
quez et al. 2012; Syed et al. 2012). This phenomenon sug-
gests that shorter introns ≤250 nt, potentially spliced by the 
intron definition mechanism (Talerico and Berget 1994; De 
Conti et al. 2013), are more likely to be retained in the case 
of aberrant splicing. Hence, for the following analysis of 
intron sequence, we concentrate on introns between 50 and 
250 nt long.

Retained introns possess weaker splice site and a more 
G‑rich branch point compared to constitutive introns

Our dataset thus comprised 79,228 constitutive and 1075 
retained introns. To compare splice site strength and branch 
point sequences on datasets of similar size, we randomly 
selected 1000 introns from both constitutive and retained 
introns. Intron splicing requires the presence of sequence 
signals, in particular the exon–intron boundary defining 
splice site sequences (5′ and 3′ss) and the poly-pyrimidine 
tract (which in metazoans can be written  U4Y3U3, sub-
scripts representing the nucleotide repeat number) (Black 
2003). To visualize the difference between 5′ and 3′ss of 
constitutive and retained introns in Chlamydomonas, we 
generated both frequency-based and bit-based sequence 
logos using weblogo (Crooks et al. 2004) of these regions 
(Fig.  3a, b; see “Methods” section for details). In addi-
tion, we used a position specific scoring matrix (PSSM) 

for scoring the individual introns. Using both approaches, 
we found that the 5′ss consensus of constitutive introns is 
significantly stronger than that of retained introns (Fig. 3c). 
In particular, the 5′ss of retained introns show a non-negli-
gible proportion of nt ‘C’ at position +2, which is almost 
never found in constitutive introns. Overall, they showed 
lower bit scores at all positions. The sequence in the Chla-
mydomonas spliceosomal U1 snRNA that binds the 5′ss is 
ACUUACCUG (Kis et  al. 1993). This is complementary 
to the 5′ss consensus (cAG^GUGaGu) except for a U–G 
wobble base-pair at position +3 (underlined) which accord-
ingly has a relatively low bit-score. We observed a slight 
increase in the frequency of A at this position, which may 
strengthen the binding with U1 and partly compensate for 
the overall weaker match at other positions. However, a 
more detailed analysis of the energetics of 5′ss–U1 pairing 
site is required to definitively implicate this step as control-
ling intron excision/retention in Chlamydomonas. For the 
polypyrimidine tract and 3′ss, the difference was less pro-
nounced (Fig.  3), and consisted essentially in a moderate 
increase in the prevalence of G at pos −15 and −16 (weak-
ening the poly-pyrimidine tract) and a decrease in that of C 
at the −3 position.

These results are comparable to the previous alternative 
splicing study in this algae, where Labadorf et  al. (2010) 
also reported that alternatively spliced isoforms are gener-
ally associated with weak splice site signals compared to 
constitutively spliced isoforms. Previous studies in ver-
tebrates have reported similar results using both genome-
wide computational analyses (Stamm et  al. 2000; Zheng 
et  al. 2005; Sakabe and Souza 2007) and wet-lab experi-
ments on specific cases of retained introns (Sterner and 
Berget 1993; Dirksen et  al. 1995; Romano et  al. 2001; 
Lejeune et al. 2001).

In addition to the signals above, a branch point consen-
sus has been described in metazoans (CURAY; the under-
lined A is the site where the intron 5′ end is ligated) (Simp-
son et al. 2002). However, in land plants where the genome 
is relatively more AT rich (Romiguier et al. 2010; Šmarda 
et al. 2012) and the exon–intron structure is different com-
pared to animals (Reddy 2007; De Conti et al. 2013), this 
consensus is not observed and the poly-pyrimidine tract 
region is richer in nucleotide U (Reddy 2001, 2007). Simi-
larly, in Chlamydomonas where GC content is higher than 
in both plants and animals (64 vs. 36% for Arabidopsis and 

Table 1  Length distribution 
and GC content of constitutive 
and retained introns

a Denotes the percentage of introns with length ≤250 nt

Intron category Number of introns Mean (median) in nt Number of introns 
(length ≤250 nt)a

GC content (%)

Constitutive introns 137,270 319.87 (228) 79,228 (57.71%) 61.46
Retained introns 1521 229.38 (181) 1075 (70.67%) 60.42
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46% for Human), the branch point most probably does not 
follow the animal consensus either (Merchant et  al 2007) 
and indeed we did not find any evidence for conservation 
of such a sequence upstream of 3′ss in both constitutively 
spliced and retained introns. Hence, instead of search-
ing a branch point consensus by similarity to the animal 
sequence as has been done before, we scanned the 50 nt 
sequence upstream of the 3′ss for a significant sequence 
motif of length 5–8 using ELPH (http://cbcb.umd.edu/
software/ELPH). The best motif is defined here as the 
sequence whose score is highest compared to the shuffled 
sequences of same nucleotide composition. For constitu-
tive introns, we found a 6-nt long motif (Fig.  4a), differ-
ent from the 5-nt long motif found for the retained introns 
(Fig.  4b). The motifs started on average at position −23 
and −17 with respect to the 3′ss (−1). No fully-conserved 
‘A’ was observed, and the best conserved A was at the last 
position in the motif for constitutive introns but is its center 
for retained introns. The difference between the two motifs 
suggests that determination of the branch point may be a 
key step in defining constitutive versus retained introns. 
The branch point region is initially recognized by bind-
ing of the SF1 splicing factor (called BBP in yeast), and 
this protein is conserved in green algae, with two paralogs 
(Cre12.g553750 and Cre09.g386731 in Chlamydomonas).

The frequency of G‑ and C‑triplets differs 
between constitutive and retained introns

In addition to the above-mentioned cis-regulatory signals, 
introns use additional enhancer and sometimes suppres-
sor elements to regulate their splicing (Matlin et al. 2005; 
Goren et al. 2006; Reddy et al. 2012). When they are found 
in the introns, they are called ISE and ISS. Focusing on the 
randomly-selected short introns, we assessed the frequency 
of every possible sequence pattern (3–8 nt in length) in a 
window of 50 nt at the start and end of the intron, using 
Signal Sleuth (Loke et  al. 2005; Shen et  al. 2008). We 
found that the 50 nt downstream of the 5′ss are enriched 
in G residues (p-value <2.2e−16; see “Methods” section 
for details), in particular in G triplets. This was more pro-
nounced in constitutive than in retained introns (Fig.  5a) 
and the difference was statistically significant (Fig.  5c). 
McGollough and Berget (2000) observed in short verte-
brate introns that multiple G-triplets near 5′ss function as 
an ISE and facilitate splicing by binding to U1snRNP. Mul-
tiple G-triplets or G-runs are a well-established ISE in ver-
tebrate systems (Nussinov 1989; McCullough and Berget 
1997) but Goren et al. (2006) showed that such regulatory 
elements can have positive or negative effects depending on 
their context and location.

Fig. 4  Frequency and information bit logos of motifs found in the last 50 nt window in constitutive (a) and retained (b) introns

http://cbcb.umd.edu/software/ELPH
http://cbcb.umd.edu/software/ELPH
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For the 50 nucleotides, upstream of the 3′ss, we 
observed that C-triplets were abundant for both constitu-
tive and retained introns (Fig. 5b), and again statistical tests 

confirmed that they were significantly enriched in consti-
tutive introns over retained introns (Fig. 5c). This is not a 
mere consequence of the stronger poly-pyrimidine tract, 

Fig. 5  G-triplets profile within 50 nt downstream of the 5′ splice site 
and C-triplets profile within 50 nt upstream of 3′ splice site. a Pro-
file of G-triplets at every position within short (≤250 nt) constitutive 
and retained introns, 50 nt downstream of 5′ss. The scan for patterns 
was performed from left to right, e.g., the sequence (ggggg) con-
tains 3 G-triplets at positions 1, 2, 3. b Profile of C-triplets at every 

position within short (≤250 nt) constitutive and retained introns, 50 
nt upstream of 3′ss. c Quantitative comparison of G- and C-triplets 
abundance between constitutive and retained introns over the first and 
last 50nt windows, respectively. The median frequencies for consti-
tutive introns are significantly greater than for retained introns, with 
p-value = 2.67e−9 and 2.07e−05 respectively



262 Plant Mol Biol (2017) 94:253–265

1 3

because C-triplet enrichment extends further upstream. 
Although this has not been found in other systems, we 
envision that multiple C-triplets could serve as a 3′ ISE in 
Chlamydomonas.

Methods

Data

The C. reinharditii genome sequence and annotation 
model used for our analysis is Phytozome Assembly 
v5.3.1 (https://phytozome.jgi.doe.gov/pz/portal.html). The 
Sanger ESTs include those processed from 309,185 raw 
trace files (Liang et  al. 2007), 29,019 additional ESTs for 
the cDNA library and 1112 obtained from the Chlamy 
Center (http://www.chlamy.org). We used pyrosequenc-
ing cDNA reads (6,317,641) from JGI (http://genome.jgi-
psf.org/chlamy/chlamy.info.html) and Genoscope cDNAs 
(689,548) obtained from NCBI SRA (http://www.ncbi.nlm.
nih.gov/sra;ERX009289 to ERX009291). The two datasets 
(Sanger and pyro) were processed separately to remove 
method-based sequence contaminants. Sanger ESTs were 
cleaned using a cDNA-termini identification approach 
(Liang et al. 2007). Both Sanger ESTs and pyrosequencing 
sequence reads were processed using SeqClean, a program 
bundled with PASA package (Haas et  al. 2003; Campbell 
et al. 2006), which screens for sequencing adapters, vector 
sequence, regions of low read-quality, short sequence frag-
ments and regions of low complexity/repeats using DUST.

Identification of spliced alignments using GMAP, 
BLAT and PASA

Genome-guided assembly of the dataset was performed 
using CLC genomics (http://www.clcbio.com/). We used an 
automated pipeline of PASA (Program to assemble spliced 
alignment) version r20140417 (Haas et al. 2003; Campbell 
et al. 2006) integrated with two popular mapping programs, 
GMAP version 2014-06-10 (Wu and Watanabe 2005) and 
BLAT version 35 (Kent 2002), to deduce alternatively 
spliced isoforms. The whole procedure followed  as  that 
described in Campbell et  al. (2006) with the following 
modifications: (1) the minimum cDNA-to-genome align-
ment threshold was 95% identity, (2) the minimum thresh-
old of mapped cDNA reads was 90% coverage, (3) three 
bases were required to be perfect match at splice boundary, 
(4) the BLAT mapping program was used to catch align-
ments missed by GMAP, (5) Chre v5.3.1 transcripts, both 
primary and alternative, were used as full length cDNAs 
for training PASA. After PASA cDNA assembly and 
spliced variant identification, the Chre v5.3.1 gene anno-
tation was uploaded in the PASA portal to consolidate de 

novo deduced models and to update existing gene models. 
Integration of Chre v5.3.1 gene annotations used default 
settings as described on the PASA web portal (http://pasa.
sourceforge.net/).

Validation of retained introns

All of the constitutively spliced introns and retained introns 
were extracted from the PASA database using in-house Perl 
scripts. The genomic coordinates of introns were used to 
make sure the categories of introns were non-redundant. 
To compute the validation score for retained introns, all 
the processed reads (7,201,991) were mapped to C. rein-
harditii genome using GMAP version 2014-06-10. Align-
ment results were obtained in gff3 format. Alignment 
gaps (i.e. introns) were identified by the presence of N in 
CIGAR format (Li et al. 2009). Aligned reads overlapping 
retained introns were detected using Bioconductor pack-
ages Biostrings (Pages et  al. 2008) and Genomicranges 
(Lawrence et  al. 2013). In addition, Illumina RNA-Seq 
data sets retrieved from SRA (Supplemental Table 3) were 
aligned using bwa aln (Li et al. 2009) and visualized on the 
IGV browser (Robinson et al. 2011). All the codes used for 
processing will be made available upon request.

Splice site scores

The splice site score for the 5′ site was calculated using the 
9 nucleotide positions that flank the junction, from −2 to 
+6 with position 1 being the first nucleotide of the intron 
(see Fig.  3). For the 3′ splice site, we chose 24 nucleo-
tides as described in (Tian et al. 2007), i.e., 22 nucleotides 
upstream of intron 3′ boundary and 2 nucleotides from the 
following exon (Fig. 3). A Perl script was used to generate 
position specific scoring matrices (PSSM) for the 9 and 24 
nt regions respectively, with matrix elements given per the 
Eq. 1.

Here mi,j is the score of nucleotide i at position j in the 
matrix, fij is the frequency of nucleotide i at position j, and 
gi is the frequency of nucleotide i in the whole region. The 
score for each individual sequence was calculated by Eq. 2.

Nucleotide profiling

To examine nucleotide profile differences, we took two 
windows of size 50 nt from both splice sites immediately 
adjacent to exons, that is 50 nt in introns downstream of 
the 5′ss and 50 nt in introns upstream of the 3′ss respec-
tively. The SignalSleuth package (Zhao et  al. 2014) was 

(1)mij = log 2
(

fij∕gi
)

(2)Score = Σjmi,j

https://phytozome.jgi.doe.gov/pz/portal.html
http://www.chlamy.org
http://genome.jgi-psf.org/chlamy/chlamy.info.html
http://genome.jgi-psf.org/chlamy/chlamy.info.html
http://www.ncbi.nlm.nih.gov/sra;ERX009289
http://www.ncbi.nlm.nih.gov/sra;ERX009289
http://www.clcbio.com/
http://pasa.sourceforge.net/
http://pasa.sourceforge.net/
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used to calculate the frequency of every possible pattern 
of nucleotide with a length from 2 to 8 nt within the 50 nt 
window. The output of Signal Sleuth includes a matrix file 
for every possible pattern, filtered and sorted based on their 
frequency compared to the background. The patterns that 
are consistently more frequent than other patterns over the 
window are considered for further analyses, including line 
graph comparisons and significance testing. Single nucleo-
tide enrichment in the 50 nt window were assessed using 
t-test between all pairs of single nt probabilities among the 
sequences.

Statistical analyses

PSSM scores and motif frequency distributions were vis-
ualized using box plots and differences in medians were 
statistically assessed within R, (http://www.r-project.org/) 
using a Wilcoxon test with 95% level of confidence. In Wil-
coxon test, the alternate hypothesis chosen was that length 
of constitutive introns is higher than the retained introns 
with the null hypothesis being they are equal. Non-para-
metric Wilcoxon tests were used because PSSM scores and 
frequency values are not normally distributed as required 
for a Student’s t-test. For GC content, in which the data was 
normally distributed, the t-test was used.
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