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1. Abstract 

 

Plants are sessile organisms and thus more exposed to stressful environments. By changing 

the expression of stress related genes, plants are able to cope with stress. Alternative splicing 

(AS) of pre-mRNA is a major contributor to proteome diversity in eukaryotes. It has been 

shown that different abiotic stresses affect AS patterns, suggesting a functional role of AS in 

stress tolerance. The Serine/Arginine-rich proteins (SR proteins) are a conserved family of 

splicing regulators in eukaryotes. SR proteins are essential for AS and studies have shown that 

they are themselves subjects to AS after stress exposure which means that they can control 

their own splicing. In this study, the aim was to characterize the different SR-proteins in the 

SR subfamily in P. patens, analyze their phylogeny and measure the change in expression of 

the genes after exposure to five types of stress; osmotic, salinity, dehydration, cold and 

hormonal. The result showed both individual and overlapping changes in their expression 

profiles of the three genes. Furthermore, there was an alteration in the alternative splicing 

pattern for two genes during three of the stresses which resulted in intron retention and 

possibly a premature termination codon and subseqent non-sense mediated decay. 

 

Keywords: 

Alternative splicing, Physcomitrella patens, Serine/Arginine-rich proteins, Stress 

 

2. List of abbreviations 

 

Abscisic acid - ABA 

Alternative splicing - AS 

Basic Local Alignment Search Tool - 

BLAST 

Complementary DNA - cDNA 

Constitutive splicing - CS 

Expressed sequence tags - EST  

Growth chamber - G.C 

Nonsense-mediated decay - NMD 

Polymerase Chain Reaction - PCR 

Premature termination codon - PTC 

Regulated unproductive splicing and 

translating - RUST 

Reverse transcriptase PCR - RT-PCR  

RNA recognition motif - RRM 

Room temperature - RT 

Serine/arginine-rich protein - SR-protein  

 

3. Introduction 

 
Plants are sessile organisms and thus more exposed to stressful environments. They need to be 

able to protect themselves from different types of biotic and abiotic stresses like cold, 

drought, salinity, UV radiation and bacterial/fungal diseases. When plants are exposed to 

stress, different signaling cascades and pathways are activated which can alter plant growth 

and physiology and thus sustaining stress better (Zeller et al., 2009). The result of these 

pathways is an altered expression of stress-responsive genes which encodes proteins that are 

involved in the synthesis of for instance hormones like abscisic acid (ABA), which will act 

like a signaling molecule and spread the stress signal (Zeller et al., 2009). ABA has shown to 

be responsive to environmental stress conditions. However, different types of stresses have 

shown to be both ABA-dependent and ABA-independent (Thomashow, 1999). The 
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transcription factor DREB2 in wheat has for instance shown to be ABA dependent for 

dehydration and NaCl stresses but ABA independent for cold stress. By mediating these 

signaling pathways and changing expression of stress tolerant genes the plants are able to 

protect themselves and react to survive. Understanding the effect of stress in plants is 

particular important for crop improvement. Drought and salinity are a major problem for crop 

cultivation (Denby and Gehring, 2005) and the primary cause of crop loss worldwide (Kreps 

et al., 2002). 

Environmental stresses do not only affect expression levels of genes, it also influence 

splicing or in this case; alternative splicing (AS). Splicing is the process in which introns are 

removed from the pre-mRNA. Introns are, in contrast to exons, non-coding sequences in the 

genome (Sharp and Burge, 1997). They are present in most eukaryotic genes and in some 

cases even in tRNA of some prokaryotes. Splicing of mRNA is catalyzed by a spliceosome, a 

complex consisting of several different units, small nuclear ribonucleoproteins, which 

removes the introns in several different steps (Sharp and Burge, 1997; Zhou et al., 2000). 

The most common type of splicing is constitutive splicing (CS). In CS all the introns are 

removed leaving only the exons for translation, however, in some cases can AS occur. There 

are five different types of AS; intron retention, alternative donor site, alternative acceptor site, 

exon skipping and mutually exclusive exons. The most common type of AS in animals is 

exon skipping while in plant, intron retention occurs more often. Still, several different 

splicing models can occur in one gene (Xiao-Qin et al., 2007).  

 Alternative splicing is important because it provides proteome diversity in eukaryotes 

(Graveley, 2001; Manley and Tacke, 1996). Studies have shown that as much as 74 % of all 

genes in the human genome undergo alternative splicing (Johnson et al., 2003). It is believed 

that alternative splicing in plants are much less common. In 2009 Filichkin et al., reported, 

after having used the Illumina RNA-seq approach to catalog splicing in the plant Arabidopsis 

thaliana, that at least 42% of all the A. thaliana genes that contained introns are alternative 

spliced. When a protein undergoes AS and intron retention many of the alternatively spliced 

transcripts consist of a premature termination codon (PTC) (Palusa et al., 2007) and these 

PTC transcripts will be targeted for degradation through nonsense-mediated mRNA decay 

(NMD). NMD is a regulated unproductive splicing and translating (RUST) mechanism 

(Lewis et al., 2003) and in 2009, Filichkin et al.,. showed how abiotic stress could result in 

nonfunctional isoforms and could thereby draw the conclusion that RUST play a role in the 

regulation of gene expression in plants. In 2010, Palusa and Reddy demonstrated that almost 

50% of all splice variants of Serine/Arginine rich proteins (SR-proteins) in A. thaliana with a 

PTC were degraded by NMD, proving that this is an important regulation mechanism in 

plants (Lareau et al., 2007). By insertion of introns into the new splice variants the PTC 

isoforms will function as a negative feedbacks loop that will regulate the production of SR-

protein (Ni et al., 2007). 

While studying A. thaliana, Iida et al., (2004) noticed how the splicing profiles changed 

after exposure of environmental stresses, especially when the plants were exposed to cold and 

heat treatment. This was also seen by Tanabe et al., (2006) and Paulusa et al. (2007). Both of 

them were studying SR-proteins in A. thaliana and reported that these SR-proteins were 

alternative spliced after exposure to stress. Tanabe et al. (2006) suggested that this must be a 

regulatory mechanism for these SR-proteins. 

The SR-proteins are a conserved family of splicing regulators in eukaryotes (Lopato et al., 

1999). They consist of at least one RNA recognition motif (RRM) and a SR region in the end 

of the gene which is rich in serine and arginine dipeptides (Wu and Maniatis, 1993; Manley 

and Tacke, 1996; Kalyna and Barta, 2004). SR-proteins have been divided into different 

subfamilies and in plants one of those families are the SR subfamily which contains two RRM 
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doamins; RRM1 and ψRRM. The ψRRM domain has a conserved heptapeptide which consist 

of the sequence SWQDLKD and this motif is important for selection of the splice site (Dauksaite 

and Akusjarvi 2004). SR-proteins have a function in both CS and AS. The proteins affect 

splicing by interacting with RNA sequences, like exonic splicing enhancers (Barta et al. 2008) 

and this interaction promotes pre-spliceosomal assembly (Shen et al., 2004). The transcripts 

encoding SR-proteins are also alternatively spliced and they can control their own splicing, 

which has been seen in both mammals and plants. Studies have shown that when genes 

encoding SR-proteins are mutated the expression and splicing pattern of SR-proteins change 

change (Ali et al., 2007; Reddy, 2007). In 2007 Palusa et al. showed that when A. thaliana 

were exposed to abiotic stress the expression of SR genes changed which resulted in a 

dramatically altered AS of the pre-mRNAs. These results indicate that the production of 

alternately spliced SR-protein transcripts is regulated by stress possibly by autoregulation. 

(Lopato et al., 1999). An evolutionary study of SR-proteins, from protist to mammalian 

origin, showed that the SR gene family has evolved by several gene duplications and that 

positive selection has diversified the SR family (Escobar et al., 2006).   

A mapping of the AS in the plants A. thaliana and Oryza sativa has started but the AS 

events in the moss Physcomitrella patens is still unknown. P. patens separated from flowering 

plants and unicellular aquatic algae for more than 400 million years ago (Rensing et al., 2008) 

P. patens is believed to be able to reveal evolutionary changes associated with plant 

transitioning to land. This makes this moss a perfect tool for studies of plant evolution and 

complex biological processes (Cove et al., 1997; Reski, 1998; Wood, 2000; Cove et al., 

2006). The genome of P. patens was completely sequenced in 2006 and there are several 

hundred thousands of EST-sequences for P. patens (Rensing et al., 2008). 

In this study, the aim was to characterize the different SR-proteins in the SR subfamily in 

P. patens, analyze their phylogeny and measure the change in expression of the genes after 

exposure to five types of stress; osmotic, salinity, dehydration, cold and hormonal. The result 

showed both individual and overlapping changes in their expression profiles for the three 

genes. Furthermore, there was an alteration in the alternative splicing pattern for two genes 

during three of the stresses which resulted in intron retention and possibly PTC.  

4. Materials and methods 

4.1 Identifying SR-proteins 

To identify the SR-proteins in Physcomitrella patens, the Arabidopsis thaliana proteins in the 

subgroup SR subfamily defined by Barta et al., (2010) were blasted using BLASTp (Altschul 

et al., 1997) from National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov)   against the sequenced genome of P. patens. All settings were 

default except the e-value which was limited to e
-20

. To qualify as a SR-protein and be 

selected, the proteins needed to have the characteristic SR domain of at least 50 amino acids, 

a minimum of 20% SR dipeptides (Barta et al., 2010) and two RNA recognition motifs 

(RRM), one in the N-terminal end (RRM1) and one in the middle of the protein (ψRRM). The 

molecular weights were calculated for each of the P. patens proteins using the Compute 

pI/mW program at ExPASy (Bjellqvist et al., 1993). 

4.2 Phylogenetic analysis 

4.2.1 Databases 

The sequences for the phylogenetic analysis were selected using the same approach as in 4.1. 

SR-proteins from Physcomitrella patens, Selaginella moellendorffii, Oryza sativa and 
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Clamydomonas reinhardtii were found using Blastp (Altschul et al., 1997) with the SR 

subfamily from Arabidopsis thaliana (Barta et al., 2010) as queries. All settings were default, 

except for the e-value that was set to e
-20

.  

All sequences from A. thaliana were found in TAIR, all sequence for O. sativa in TIGR,  

Phytozome (http://www.phytozome.net/) were used for P. patens and National Center for 

Biotechnology Information (http://www.ncbi.nlm.nih.gov/) for S. moellendorffii and C. 

reinhardtii. Each BLASTp was performed against each organisms genome. The following 

accession numbers were found: 

A. thaliana: At1g09140 (AtSR30), At1g02840 (AtSR34), At3g49430 (AtSR34a) and 

At4g02430 (AtSR34b).  P. patens: Phypa_140978, Phypa_113630 and Phypa_205547. S. 

moellendorffii: SELMO_107678 and SELMO_119951. O. sativa: Os07g47630 (OsSR33), 

Os03g22380 (OsSR32), Os05g30140 (OsSR33a) and Os01g21420 (OsSR40). C. reinhardtii: 

CHLRE_195847 and CHLRE_195849. 

4.2.2 Phylogenetic Analysis 

A phylogenetic analysis was performed for the SR-proteins and for the RRM domains. All the 

RRM domains from the SR-proteins of A. thaliana, P.  patens, O.  sativa, S. moellendorffii 

and C. reinhardtii were found using PROSITE  (Sigrist et al., 2010).  

First a multiple alignment was performed using ClustalW2 - Multiple Sequence Alignment 

(Chenna et al., 2003). FASTA sequences were used and all settings were default except for 

the format which was changed to PHYLIP multiple alignment format. The alignment data was 

then used in the following steps. 

First a neighbor joining analysis (Saitou and Nei, 1987) was performed using Phylip v3.69 

(Felsenstein 1989). The different Phylip programs were used in following order: Seqboot, 

Protdist, Neighbor and Consense. All settings were left default except for multiple datasets 

which were set to 100 replicates. The neighbor joining tree was viewed in FigTree v1.3.1. 

PhyML v3.0 (Guindon et al., 2003) was used to make a maximum likelihood analysis. All 

settings were used as default except for the bootstrap value which was set to 100. The tree 

was viewed in FigTree v1.3.1. 

 

4.3 Expression analysis 

4.3.1 Growing P. patens 

P. patens was grown on plates containing modified BCD media (Ashton and Cove, 1977) in 

24 light hours, 25 °C and continuous photosynthetic photon flux of 155 µmoles/m
2
/sec, which 

was used as standard conditions during the experiments. The BCD media was supplemented 

with CaCl2 (1 mM) and ammonium tartrate (5 mM). 1 % plant agar (Sigma) was used. Plates 

with the moss were sealed (Parafilm M Laboratory Film and 3M Micropore Medical Tape) 

and placed in the growth chamber (CU-36L/5 CLF Plant Climatics). 

4.3.2 Primer construction 

A set of primers was designed to amplify the cDNA in the RT-PCR reaction (Tab. 1, Fig. 1) 

to measure the basal expression of the genes. The primers were selected on the basis of the 

expressed sequence tags which were identified in public databases. The primer pairs were 

selected to amplify PCR products spanning several exons in order to increase the possibilities 

to detect alternative splicing events.  
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Table 1. Primers used in this study. Primer design for forward and reverse primer for all three P. patens genes 
and for the reference gene Beta-tubuilin 1. 

PRIMERS 
 
Accession 

 
Organism 

 
Forward (5’ to 3’) 

 
Reverse (5' to 3') 

 
Amplicon size 
 

 
PpSR40 

 
P. patens 

 

Forward: 

AGAACTCGAGAACCCATCGAAA

CCAGCACGAT 

 

 

Reverse: 

GTCCACGATGCCCATTGTTCCC 

 

 

531 bp 

 
PpSR36 

 
P. patens 

 

Forward: 

TAAGCTCGAGAGACGATATTGT

AACCAGCACA 

 

 

Reverse 

GGCGTATTTCATATCGTCGTAG 

 

 

569 bp 

 
PpSR39 

 
P. patens 

 

Forward: 

GGAACTCGAGGTTGCTTATCAC

ATTCAACAAC 

 

 

Reverse: 

TTCCAGCTGAGCCATCACGAAA 

 

 

522 bp 

 
Beta-tubuilin 1 

 
P. patens 

 

Forward: 

GACTGCTTGCAAGGTTTCCAAG 

 

 

Reverse: 

TTTAGCTGCCCAGGGAATCGGA 

 

359 bp 

 

4.3.3. Stress conditions 

Three weeks old P. patens were exposed for various abiotic stresses and used for RNA 

extraction. The selected stress treatments were; cold, dehydration, NaCl stress, osmotic stress 

and hormone stress (ABA). Cold and dehydration treatments were performed on solid 

modified BCD medium (see 4.3.1) while the NaCl, osmotic and hormone treatments were 

performed in liquid modified BCD medium (see 4.3.1). Two unstressed controls were used; 

one control that was grown on solid BCD medium and the second one was grown on solid 

medium for 3 weeks and then transferred into liquid BCD medium for 24 hours. Time, 

conditions and concentrations are shown in Table 2. 

 
Table 2. Stress types, growth conditions and incubation times for the expression analysis.  

Stress types and conditions 
Stress type Plate/liquid medium Time Concentration Environment 

Freezing plate 24 h  On ice in room with RT of 5°C 

Dehydration plate 24 h  Without lid in G.C 

 plate 48 h  Without lid in G.C 

NaCl liquid 1 h 300 mM On shaker (150 rpm) in G.C 

 liquid 4 h 300 mM On shaker (150 rpm) in G.C 

 liquid 1 h 500 mM On shaker (150 rpm) in G.C 

 liquid 4 h 500 mM On shaker (150 rpm) in G.C 

Mannitol liquid 1 h 600 mM On shaker (150 rpm) in G.C 

 liquid 4 h 600 mM On shaker (150 rpm) in G.C 

ABA liquid 24 h 50 µM On shaker (150 rpm) in G.C 

Control (plate) plate   G.C 

Control (liquid) liquid   On shaker (150 rpm) in G.C 
G.C.= growth chamber, RT= room temperature 
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4.3.4 RNA isolation 

RNA was extracted from three replicates of each stress treatment and the two controls using 

liquid nitrogen and RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) according to 

protocol from the manufacturer. All samples were DNase I treated using DNase I, RNase-free 

(Fermentas). 

4.3.5 cDNA synthesis and amplification 

The cDNA synthesis was carried out using random hexamer primers for first strand cDNA 

synthesis and RevertAid H-minus Reverse Transcriptase (Fermentas) according to protocol.  

One µg of cDNA template were used in the RT-PCR using forward and reverse primers for 

PpSR40, PpSR36 and PpSR39 (Tab. 1). P. patens Beta-tubuilin 1 was used as a reference 

gene (Holm et al., 2010). To be able to visualize the low concentration of PpSR36 in control 

(s), NaCl 500 mM (4 h), mannitol (1 h) and mannitol (4 h) a double amount of the template, 

two µg, were used and then normalized according to that. DreamTaq™ DNA Polymerase 

(Fermentas) were used according to protocol and the PCR settings were: 3 min at 94°C; 35 

cycles of 30 sec at 94°C, 30 sec at 55°C, 1 min at 72°C; and 7 min at 72°C. A 1.2% agarose 

gel was used to visualize the PCR-products together with GeneRuler™ 1 kb DNA Ladder 

(Fermentas). All gels were run for 120 minutes on 110 volt in 0,5x TBE.  

4.3.6 Expression analysis and AS ratio 

The gel images from the RT-PCR experiments were analyzed using the program Image J 

1.43u (Abramoff et al., 2004). All expression values from each replicates were normalized 

against the reference gene. Expression of replicates that did not show natural variance was 

sorted out. These measurements were selected if one of the three replicates expressions were 

twice as high or half as low as the other two. 

The expression of each PCR product and their AS products were measured. A ratio 

between the expression of all gene products and their AS product was calculated and the mean 

values of all three replicates were plotted in a graph. The expression of all gene products were 

set to 1 and the expression of their AS product in relation to that. 

4.3.7 Statistics 

A one way ANOVA followed by Tukey test in Minitab v.16 (Meyer et al., 2004) was used to 

calculate if there is a significant change in the normalized expression between the controls 

and the different treatments in all three genes. 

4.3.8 Sequencing 

All PCR-products from the gel were cut out and DNA was extracted by using the GeneJET™ 

Gel Extraction Kit (Fermentas). Each eluted template was then purified using GeneJET™ 

PCR Purification Kit (Fermentas). The extracted DNA fragments were sequenced by Eurofins 

MWG Sequencing, Germany. 

5. Results 

5.1 SR-protein identification 

To identify the SR-proteins belonging to the SR subfamily in P. patens the SR-proteins of A. 

thaliana (AtSR30 AtSR34, AtSR34a and AtSR34b) were used as queries in a BLASTp search 

(Altschul et al.,. 1997) using the database of Phytozome v7.0 (http://www.phytozome.net/). 

Three proteins were found and all three proteins had the characteristic arginine and serine rich 
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region (SR domain) and were therefore selected. The three proteins have the following 

accession numbers; Phypa_205547, Phypa_140978 and Phypa_113630 (Fig. 1).  

All three proteins consist of two RNA recognition motifs (RRM), one in the N-terminal 

end (RRM1) and the other in the middle of the protein (ψRRM). All three proteins did also 

have a SR region in the C-terminal. Phypa_205547 consist of 13 exons and 12 introns and is 

1068 bp long, from start codon until stop codon, Phypa_140978 has 14 exons and 13 introns 

and is 1002 bp long from start to stop while Phypa_113630 is 1050 bp long from start to stop 

and consist of 13 exons and 12 introns. The molecular mass of the proteins were 40 kDa, 36 

kDa and 39 kDa, respectively.  

The new nomenclature of the proteins is consistent with the method used by Barta et al., 

(2010). The first components is the Latin binomial of the species (P. patens: Pp), the second is 

the abbreviation of the sub family (SR subfamily: SR) and the last component is the molecular 

weight of the longest protein isoforms (kDa). The new nomenclature of the proteins were 

therefore: PpSR40 (Phypa_206647), PpSR36 (Phypa_140978) and PpSR39 (Phypa_113630). 
 

 
Figure 1. A schematic picture of the genes PpSR40 (A), PpSR36 (B) and PpSR39 (C). The light grey boxes indicate 

the exons while the black lines indicate the introns. The dotted grey lines show the positions of the RRM 

encoded characteristic domains. The SR region in the C-terminal end of the proteins is positioned within the 

marked area. The positions of the primers are shown by the small arrows, showing each amplicon.  

5.2 Phylogeny 

All proteins in the SR subfamily has a ψRRM domain which consist of a seven amino acid 

conserved region; SWQDLKD (Barta et al., 2010). This region can be used to identify proteins 

in this family. An alignment was performed with all sequences from P. patens, A. thaliana, O. 

sativa, S. moellendorffii and C. reinhartii and the alignment (Fig. 2) showed this conserved 

region. 
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Figure 2. Alignment of ψRRM domains from plant SR proteins. The presence of the conserved motif 

SWQDLKD shows that the proteins belong to the SR subfamily of plant SR proteins. At=A. thaliana, Pp=P. 

patens, Sm=S. moellendorffii, Os=O. sativa and Cr=C. reinhardtii. 

The phylogenetic analysis of the SR subfamily proteins in A. thaliana, P. patens, O. sativa, S. 

moellendorffii and C. reinhardtii resulted in two phylogenetic trees with bootstrap values; one 

neighbor joining tree (Fig. 3A) and one tree showing maximum likelihood (Fig. 3B). These 

plants were selected because of their wide complex diversity in the plant kingdom. By 

selecting these plants the phylogenetic analysis would have a broad ranging from simple algae 

(C. reinhardtii), mosses (P. paten) and early diverged vascular plants (S. moellendorffii) to 

monocot and dicot flowering plants (A. thaliana). 

Both the neighbor joining tree (Fig. 3A) and the maximum likelihood tree (Fig. 3B) suggest 

that the three P. patens genes are more closely related with each other than with all the other 

SR-proteins. The gene family in mosses seems to have their origin in two duplications 

occurring after the divergence from the other plants. A trend is seen in both trees which show 

that all organisms seem to be clustered together. Except from A. thaliana in both figure 3A 

and 3B were three of the four A. thaliana SR subfamily proteins seem to have evolved 

separately from the last and forth (AtSR34a). These results are confirmed with relatively high 

bootstrap values. 

A phylogenetic analysis was also performed on a RRM domain level. A neighbor joining 

tree and a maximum likelihood tree was used once again but this time the sequences from the 

RRM and ψ RRM domains were used and the SR domains were excluded (Fig. 4A+B). 

The neighbor joining tree (Fig. 4A) of RRM1 and ψRRM divided the two different RRM 

domains into two clades for each of the domains.  

The maximum likelihood analysis (Fig. 4B) for the RRM and ψRRM sequenced also showed 

a division of the two RRM domains supported with high bootstrap values. Once again were 

all sequences for each RRM clustered together. The tree shows that RRM and ψRRM has 

evidently different evolutionary origin.  

 



9 

 

 
Figure 3. A) An unrooted neighbor joining tree of SR-proteins in plants. B) An unrooted maximun likelihood tree 

of SR-proteins in plants. Numbers at the nodes are the percentage of 100 bootstrap resamplings that support 

the topology, in both trees, bootstrap values above 50 are presented. At=A. thaliana, Pp=P. patens, SELMO=S. 

moellendorffii, Os=O. sativa and CHLRE=C. reinhardtii 
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Figure 4. A) An unrooted neighbor joining tree of RRM1 and ψRRM for SR-protein proteins in plants. B) An 

unrooted maximum likelihood of RRM1 and ψRRM for SR-protein proteins in plants. Numbers at the nodes are 

the percentage of 100 bootstrap resamplings that support the topology. In both trees, bootstrap values above 

50 are presented.  R1=RRM1, R2=ψ RRM. At=A. thaliana, Pp=P. patens, Sm=S. moellendorffii, Os=O. sativa and 

Cr=C. reinhardtii 
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5.3 Expression analysis 

To examine the expression of each gene during normal and stress conditions an expression 

analysis was performed using RT-PCR. RT-PCR was used since the method gave possibilities 

to straight forward detection of AS-products.  

Figure 5 shows the normalized fold change expression for PpSR40 (5A), PpSR36 (5B) and 

PpSR39 (5C) after exposure to 50 µM of ABA, 600 mM mannitol (1 and 4 hours), 300 mM 

NaCl (1 and 4 hours), 500 mM NaCl (1 and 4 hours), 24 hours cold and 24 and 48 hours of 

dehydration. There were significant (p>0.05) increases for PpSR40 (Fig. 5A) after treatments 

of 300 mM NaCl (4 h), 500 mM NaCl (4 h) and cold. Both 300 mM NaCl (1 h) and 500 mM 

NaCl (1h) showed significant decrease (p>0.01 and p>0.05 respectively). All treatments 

significant altered the expression of PpSR39 (Fig. 5B), however only 300 mM NaCl (4 h), 

cold and dehydration (24 and 48 h) increased the expression compared to the control. Result 

from PpSR39 (Fig.  5C) only show a significant increase (p>0.01) in the expression after cold 

treatment while both mannitol treatments, 300 mM NaCl (1 h) and 500 mM NaCl (1 h) were 

significant (p>0.05) decreased when compared to the control. 
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Figure 5. RT-PCR analysis of the expression of PpSR40 (A), PpSR36 (B) and PpSR39 (C) after treatment with to 50 

µM of ABA, 600 mM mannitol (1 and 4 hours), 300 mM NaCl (1 and 4 hours), 500 mM NaCl (1 and 4 hours), 24 

hours cold and 24 and 48 hours of dehydration. Three biological replicates were analyzed for each stress 

treatment. The density of the PCR product bands from RT-PCR was measured by ImageJ with normalization 

against beta-tubulin bands. Data are presented as means ± SD fold-change. A one-way ANOVA (N=3) and Tukey 

and Fisher method post-hoc analysis has been used. P-values are indicated with: *=0.05, **=0.01 and 

***=0.001.  

5.4 Alternative splicing 

5.4.1 Alternative splicing expression 

Alternative splicing was seen in PpSR40 and PpSR36 after four different treatments: 300 mM 

Nacl 4 h, cold, and dehydration 24 h and 48 h (Fig. 6A). These indications of splicing was not 

visible in the control. For PpSR40 one additional PCR-product is visible at approximate 630 

bp.  

For PpSR36 two additional PCR-products are shown, one at approximate 670 bp and one 

at 770 bp. Figure 6B shows the expression ratio of the AS products. These products 

expression are measured in contrast to their respective CS product. The expression of all CS 

products were set to 1 and the expression of the AS product in relation to that.  The ratio is 

higher for dehydration treatment of PpSR40 after 48 hours then after only 24 hours. The 770 

bp product for cold stress and dehydration 24 h have a lower ratio then their respective 670 bp 

product in PpSR36. 
 

5.4.2 Sequencing of AS products 

All AS products shown on the gel in figure 6A were sequenced by Eurofins MWG 

Sequencing, Germany. However, results were only obtained for the AS product in PpSR40 at 

630 bp. Results from the sequencing are shown in figure 7. The result from the 

electropherogram (Fig. 7A) for the 630 bp AS product showed a sign of intron retention. At 

base pair 380 the electropherogram suddenly show a sign of two PCR products, most likely 

the CS and the AS product. This occurs at the exact location of the start of the first intron, 

thus suggesting intron retention. A schematic picture of this is seen in figure 7B showing the 

constitutive spliced and the alternative spliced PpSR40 with the retained intron.  

A translation of the nucleotide sequence, containing all the exons and intron number 1 of 

PpSR40, to a protein sequence results in a stop codon 92 bp downstream from the start codon 

(Fig. 7C). This result suggests a premature termination codon (PTC). 
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Figure 6. Relative levels of alternative splicing of PpSR40 and PpSR36 during stress treatments. A) 

A gel electrophoresis picture over alternative splicing products after NaCl 300 mM (4h), Cold 

(24h), and dehydration (24h + 48h). Arrows indicates the AS products, one product is visualized 

for PpSR40 and two products for PpSR36. B) Alternative splicing ratio. The expression of all gene 

products were set to 1 and the expression of the AS product in relation to that. Data are 

presented as means ± SD fold-change. 

 



14 

 

 
Figur 7. A) The figure shows an electropherogram from the sequencing analysis of the approximate 630 bp AS 

product after cold treatment (24 h). The arrow indicates at which location two PCR products can be seen. This 

is at the exact location as where the first intron is located in PpSR40. B) Schematic picture of the CS product of 

PpSR40 and the AS product after stress treatment. C) Translation of exon 1 and intron 1 for PpSR40. Grey area 

indicate the exon while the black area indicates intron 1. The arrow shows where the premature stop codon 

would be located after intron retention. 

 

6. Discussion 

 

In this study Serine/Arginine-rich proteins from the SR subfamily of Physcomitrella patens 

were identified. First these proteins were phylogenetic analyzed, then their expression after 

stress exposure were measured and lastly their splicing profiles were examined. The results 

showed that there are three SR subfamily proteins, PpSR40, PpSR36 and PpSR39. The SR 

protein gene family in P. patens is the result of two gene duplications. These proteins changed 

most of their expression patterns after stress treatments and two of the three proteins, PpSR40 

and PpSR36, went through alternative splicing after four of the chosen stress treatments.  

6.1 Identification 

All these proteins showed a similar exon and intron organization and localization of the two 

characteristic RRM domains and the SR region. However, even though these three proteins 

show similarities in their structure, the diversities in their sequences make it possible for more 

potential substrates. SR-proteins and isoforms with only small sequence differences can have 

different functions. Zhang and Mount demonstrated in 2009 the two SR-proteins with a 

difference of eight amino acids could have distinct biological functions. This suggests that SR 

proteins, even though they have similar sequence structure, can have different roles for the 

plant. 
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6.2 Phylogeny 

The phylogenetic analysis of the SR-proteins in P. patens showed that they are more closely 

related to each other than to other SR-proteins in plants. The phylogenetic study also showed 

that the SR-proteins from all plants have the tendency to be clustered together, indicating that 

the gene families have evolved independently in each organism. All three genes in P. patens 

seem to have evolved from two duplications after the mosses diverged from the other plants. 

Escobar et al., analyzed, in 2006, 24 SR sequences of protist to mammalian origin and their 

phylogenetic analysis suggested that the SR family has evolved by several duplicated events 

and that this is a result of positive selection. By analyzing the phylogeny of the five chosen 

plant organisms (A. thaliana, P. patens, S. moellendorffii, O.sativa and C. reinhardtii) one 

cannot draw any conclusion of which proteins that show more similar functions between the 

organisms because of their independent separation, however, in 2004, Kalyna and Barta 

showed how the duplicated genes in A. thaliana had different expression patterns which 

indicated functional diversification. These results suggest that the different SR-proteins in 

these five plant organism may have different function although most of them, not only the 

proteins belonging to P. patens, are the result from gene duplication. 

It is also interesting to see the division of the two RRM domains (RRM1 and ψRRM). By 

looking at these two motifs in both a neighbor joining tree and a most likelihood tree one can 

clearly see how these are divided into two separate groups indicating that they have different 

evolutionary origin which suggests two different functions of these domains. This is in 

agreement with other studies of SR-proteins and their RRM domains (Caceres et al.,., 1997). 

It has been proven that both RRM domains are important for interaction with the RNA, 

however, Caceres et al., (1997) showed that the ψRRM also has an important role in the 

specificity of AS.  

6.3 Expression analysis and alternative splicing 

The results from the expression analysis showed that the alterations of expression after stress 

treatments for each of the genes are individual but with some overlapping patterns and these 

results were in agreement with similar studies (Tanabe et al., 2006). 

Lopato et al. (1999) analyzed the expression change in A. thaliana SR-proteins, AtSR30 and 

AtSR45a, and found that when these genes were treated with NaCl there was an increase in 

the transcription level of AtSR30 but no alterations were observed in AtSR45a. The same 

genes were also exposed to treatments with low temperatures which suppressed both of the 

genes. Similar results were also seen in 2006 when Tanabe et al. analyzed two other SR-

proteins in A. thaliana and concluded that, when exposed to stress, these proteins show both 

overlapping and non overlapping expression patterns. By comparing their results with the 

results from P. patens SR-proteins in lower plants seem to function similar to those in higher 

plants.  

Not unexpectedly, the results from the expression analysis showed an alteration in the 

alternative splicing pattern. These results are in agreement with most studies performed on 

SR-proteins in A. thaliana. Paulsa et al. (2007) analyzed all 19 A. thaliana SR genes and 

studied their splicing patterns. They could see that different stress treatments affected 

different genes and thus changing their splicing patterns. They suggested that this must be a 

regulation mechanism for stress responsive gene by alternative splicing at transcription level. 

A correlation between high expression and alternative splicing in response to stress 

treatment has been established for most SR proteins (Paulsa et al., 2007; Tanebe et al., 2006). 

Taking this in consideration, a result of higher expression in one of the SR genes after stress 

exposure should also show an alternative splicing product.  
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PpSR40 and PpSR36 show a significant higher expression after treatment of three 

respectively four stress types, however, this is not completely correlated with their change in 

splicing patterns. An alternative splicing product is detected for both dehydration treatments 

for PpSR40. However none of these treatments were shown to alter the expression. In 

PpSR36 high expression but no alteration of splicing patterns were seen in dehydration 

treatments. When exposed to NaCl (300 mM, 4h) and cold treatment PpSR40 and PpSR36 

had two alternative splicing products. Previously a correlation between high expression and 

alternative splicing were established and NaCl and cold are the only treatments that show this 

correlation. In the other stress treatments there was no clear correlation indication that 

alternative splicing is stress determined rather than high expression. 

These results are also seen in PpSR39. Here there is no sign of alternative splicing at all 

even though there is a significant higher expression after exposure of the cold treatment. This 

can however also be an indication that PpSR39, in contrast to the other two proteins, might 

not self regulate itself by alternative splicing. However, to draw such a conclusion more 

studies need to be made and the regulation of these SR-proteins need to be more closely 

studied.  

Furthermore, as mentioned before, the results from the expression studies show that all these 

genes respond differently on these treatments. Some responses are similar but most of them 

are independent. This is an indication that these three duplicated P. patens SR-proteins, just as 

the SR-proteins studied in A. thaliana (Kalyna and Barta, 2004), have different functions. 

 

Sequencing data for the alternative splicing products were only successful for the product 

shown on PpSR40 after cold treatment. However, all AS products for PpSR40 seemed to be 

the same size which indicates that they are the same product and that different stress 

treatments results in one type of AS products and not four different. The result of the product 

from PpSR40 shows that the first intron was retained in the pre-mRNA which resulted in a 

premature termination codon (PTC). The most common alternative splicing event in A. 

thaliana and O. sativa have shown to be intron retention (41 % and 33 % respectively) (Wang 

and Brendel 2006). It is also common that overexpressed SR-proteins that result in AS goes 

through NMD (Lopato et al., 1999; Palusa and Reddy 2010). When analyzing NMD in SR-

proteins in A. thaliana seedlings, 74% of all SR subfamily proteins that were alternative 

spliced had PTC and went through NMD (Palusa and Reddy 2010). 

It would however been interesting to see if this result was the same for PpSR36. 

Unfortunately, none of the sequencing result showed anything so one can only guess that 

because of what has been shown before, and because of the increased size of the AS product, 

intron retention is the most probably cause which most likely had resulted in a PTC (Palusa 

and Reddy, 2010).   

6.4 Conclusion 

To conclude this study showed that the SR-proteins in the SR subfamily of P. patens in most 

cases correlate with result of the same proteins in A. thaliana. This suggests that these 

proteins may have different functions but with some overlap and furthermore, that they may 

function similar to SR-proteins in later diverging plants. Although, to understand the 

alternative splicing mechanisms behind each SR-protein in more detail and to understand its 

importance both overexpression and knockout approaches will be needed in future studies. 

The correlation between high expression and AS where not as clear in P. patens as for A. 

thaliana this might be because the regulatory mechanism of these SR-proteins is not as 

refined in these early diverging plants. But, studies in other mosses like S. moellendorffii and 

Marchantia polymorpha or green algae would be necessary to say something definite. 
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