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ABSTRACT

Pre-mRNA splicing is a highly conserved eukaryotic process, but our under-

standing of it is limited by a historical focus on well-studied organisms such as

humans and yeast. There is considerable diversity in mechanisms and compo-

nents of pre-mRNA splicing, especially in lineages that have evolved under the

pressures of genome reduction. The ancestor of red algae is thought to have

undergone genome reduction prior to the lineage’s radiation, resulting in over-

all gene and intron loss in extant groups. Previous studies on the extremophilic

red alga Cyanidioschyzon merolae revealed an intron-sparse genome with a

highly reduced spliceosome. To determine whether these features applied to

other red algae, we investigated multiple aspects of pre-mRNA splicing in the

mesophilic red alga Porphyridium purpureum. Through strand-specific RNA-

Seq, we observed high levels of intron retention across a large number of its

introns, and nearly half of the transcripts for these genes are not spliced at all.

We also discovered a relationship between variability of 50 splice site

sequences and levels of splicing. To further investigate the connections

between intron retention and splicing machinery, we bioinformatically assem-

bled the P. purpureum spliceosome, and biochemically verified the presence

of snRNAs. While most other core spliceosomal components are present, our

results suggest highly divergent or missing U1 snRNP proteins, despite the

presence of an uncharacteristically long U1 snRNA. These unusual aspects

highlight the diverse nature of pre-mRNA splicing that can be seen in lesser-

studied eukaryotes, raising the importance of investigating fundamental

eukaryotic processes outside of model organisms.

IN eukaryotic gene expression, messenger RNA (mRNA)

often undergoes an extensive maturation process: pre-

mRNA can be capped, a poly-adenosine tail added, and

noncoding regions (introns) removed through a process

called pre-mRNA splicing. This process is often viewed as

ubiquitous and highly conserved across eukaryotes;

almost every eukaryotic genome possesses introns and

encodes the conserved spliceosomal machinery responsi-

ble for their removal.

The process of pre-mRNA splicing has been most

extensively characterized in humans and the budding

yeast Saccharomyces cerevisiae, where the process and

machinery are well conserved (reviewed in Will and

L€uhrmann 2011). At the core of the spliceosome are the

five small nuclear ribonucleoproteins (snRNPs)—the U1,

U2, U4, U5, and U6 snRNPs—which are each comprised

of a single small nuclear RNA (snRNA) and associated pro-

teins. These dynamically assemble around an intron by

recognizing conserved motifs such as the 50 and 30 splice
sites and the region surrounding the branch donor adeno-

sine; then, through two transesterification reactions, the

intron is removed, and the flanking exons are ligated

together. A variety of additional complexes assist in

identifying and defining introns and exons, remodeling the

spliceosome, and debranching and degrading the excised

intron.
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Comparing eukaryotes that have evolved under the

pressures of genome reduction provides unique opportuni-

ties to further our understanding of pre-mRNA splicing, as

they highlight minimal systems that remain functional,

thereby distinguishing essential structural and catalytic

components from those that might only regulate efficiency

or timing of splicing. Previous studies on the evolutionary

implications of genome reduction on pre-mRNA splicing

have revealed intriguing diversity in an otherwise highly

conserved process (Hudson et al. 2015). In a number of

lineages, we see a dramatic reduction in intron density,

where their genomes contain as few as 27 introns, along

with a stark reduction in spliceosomal components

(Katinka et al. 2001; Matsuzaki et al. 2004; Stark et al.

2015). Transcriptomic studies of intron-sparse organisms

reveal that mature transcripts of intron-containing genes

often remain unspliced under the conditions tested (Gris-

dale et al. 2013; Wong et al. 2018). In other reduced gen-

omes, intron density remains similar to close relatives, but

intron lengths have been shortened to as tiny as 15

nucleotides (Gilson et al. 2006; Slabodnick et al. 2017;

Suzuki et al. 2015; Tanifuji et al. 2014).

The advent of genomics has greatly improved our

understanding of some of the less-studied eukaryotic lin-

eages, such as red algae. Recently, it has been reported

that the ancestor of all red algae may have undergone

genome reduction prior to that group’s radiation (Qiu et al.

2015). The relationship between pre-mRNA splicing and

genome reduction has been studied in some detail in two

of the most well-sequenced red algal genomes to date—
those of unicellular extremophiles in the early-branching

lineage Cyanidiales, Cyanidioschyzon merolae and Gal-

dieria sulphuraria. Both organisms were originally found in

volcanic vents, thriving in acidic, high-temperature environ-

ments. Although the two are ecologically similar and more

closely related to each other than to the mesophilic rhodo-

phytes, their genomes have diverged significantly. At 16.5

Mbp, C. merolae has only 27 annotated introns scattered

across 5,331 genes (Matsuzaki et al. 2004). The spliceo-

some of C. merolae is highly reduced—a bioinformatic

inventory and biochemical analysis revealed only 45 core

spliceosomal proteins (Reimer et al. 2017; Stark et al.

2015). Indeed, the spliceosome is so reduced that the

entire U1 snRNP is missing, including the gene for the

associated snRNA, suggesting an alternate mechanism for

50 splice site recognition (Stark et al. 2015). In contrast,

while the genome of G. sulphuraria is even smaller—at

13.7 Mbp, it harbors 6,623 protein-coding genes and more

than 13,000 introns, a substantial difference in gene con-

tent and intron density from C. merolae (Sch€onknecht
et al. 2013). A recent study on pre-mRNA splicing in

G. sulphuraria noted remarkable conservation of spliceoso-

mal components (Qiu et al. 2018). Finally, we previously

reported unusually high levels of unspliced transcripts in

the nucleomorph of the cryptophyte Guillardia theta (Wong

et al. 2018), whose plastid is derived from an endosymbi-

otic event where a red alga of unknown phylogenetic posi-

tion was taken up and reduced to become the current

organelle. The remnant red algal nucleus persists as the

highly reduced nucleomorph, and our results provide an

additional perspective on the patterns of pre-mRNA splic-

ing in red algae.

While pre-mRNA splicing has been studied closely in

extremophilic red algae, less is known about this process

among the mesophiles. Research into biofuels has garnered

interest in several species of Porphyridium, a genus of uni-

cellular mesophiles. One such species, Porphyridium pur-

pureum, has had its genome sequenced (Bhattacharya

et al. 2013; Lee et al. 2019). A recent reassembly of the

genome estimates its genome size to be slightly larger than

that of C. merolae at 22.1 Mbp, with 9,898 annotated pro-

tein-coding genes (Lee et al. 2019). Most intriguing to us is

the relative paucity of introns—only 235 introns were pre-

dicted in the original genome annotation of P. purpureum

(Bhattacharya et al. 2013). Although the most recent gen-

ome reassembly and reannotation increases the number of

predicted introns (Lee et al. 2019), as we will discuss

below, our analyses still suggest that P. purpureum is

among the most intron-poor red algae sequenced to date.

In this study, we investigated multiple aspects of pre-

mRNA splicing in P. purpureum. Our data reveal extensive

intron retention in its mature transcripts, and an intimate

connection between the similarity of an intron’s 50 splice
site to the consensus sequence and splicing levels. We

also annotated the spliceosome of P. purpureum through

comprehensive bioinformatic searches of its genome,

highlighting the presence of core spliceosomal compo-

nents. We discovered an unusual U1 snRNP with an

uncharacteristically long U1 snRNA and a smaller protein

complement, including highly divergent proteins. Our

study contributes to increasing our understanding of the

immense diversity within the process of pre-mRNA splic-

ing, providing additional insight into the evolution of this

ubiquitous eukaryotic process in red algae, and also the

effects of genome reduction on splicing.

METHODS

Detailed methods can be found in Methods S1.

Culturing of Porphyridium purpureum

Monoclonal cultures of P. purpureum CCMP 1328 were

obtained from the National Center for Microbiota and

Algae (NCMA, formerly CCMP, East Boothbay, ME).

Organisms were cultured in 250 ml Erlenmeyer flasks

using 50 ml of f/2-Si media without agitation, and were

exposed to 30 µmol photons/m2/s of light in a 12-h light/-

dark cycle at a constant temperature of 14 °C.

RNA extraction and poly(A) purification

Dense cultures of late exponential phase of P. purpureum

were pelleted 6 h into the light cycle. Total RNA for RNA-

Seq was extracted from these pellets using the TRIzol

reagent (Ambion, Thermo Fisher Scientific, Waltham, MA)

following the manufacturer’s protocol, and quantified using

a NanoDrop spectrophotometer. RNA was treated with
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DNase using the Invitrogen DNA-free DNA Removal Kit

(Life Technologies, Thermo Fisher Scientific). Further quan-

tification of RNA and DNA was performed using QuBit fluo-

rimetry. Poly-A purification was performed using NEXTflex

Poly(A) Beads (BioO Scientific, Austin, TX) to enrich sam-

ples for mRNA. For northern blotting, RNA was extracted

under nondenaturing conditions using cold phenol in order

to preserve RNA–RNA base pairing (Methods S1).

Strand-specific library preparation and second-
generation sequencing

Two strand-specific libraries of P. purpureum were pre-

pared as replicates using the NEXTflex Directional RNA-Seq

Kit (BioO Scientific), which uses the dUTP method to main-

tain strand specificity (Parkhomchuk et al. 2009; Wang et al.

2011), and the libraries were prepared according to the

manufacturer’s protocol. The two libraries were sequenced

on an in-house Illumina HiSeq 2000, generating a total of

54,558,016 and 53,151,718 paired-end reads, respectively.

Transcriptome analysis of sequence data

The resulting libraries were mapped using STAR (Dobin

et al. 2013) to available genome assemblies and annota-

tions of P. purpureum (GenBank accession

GCA_008690995.1), followed by determining the number

of mapped reads per gene. These raw counts were then

normalized to determine relative expression levels using

the FPKM (fragments per kilobase of exon per million

reads mapped) method (Mortazavi et al. 2008). We deter-

mined that these replicate libraries showed similar gene

expression levels for any particular gene between the two

libraries (Pearson’s r = 0.9533), so the datasets were

pooled for the remaining analyses.

The most recent assembly (Lee et al. 2019) of the

P. purpureum genome predicts 1,856 introns, a number

not explicitly stated in the text, but one we inferred from

exonic coordinates in publicly available annotations. This is

a marked increase over the 235 in the original assembly

(Bhattacharya et al. 2013). To assess splicing efficiency in

P. purpureum, we first enumerated the mapped read pairs

in the vicinity of all 1,856 junctions we inferred from Lee

et al. (2019) for the type of splicing event they represent,

such as spliced transcripts, intron retention, and other

alternative splicing events. We then calculated the splicing

levels, or percent of spliced reads, for each annotated

junction by dividing the number of spliced reads by total

reads mapped in its vicinity. There were 889 introns that

did not have adequate read coverage (597 of these had no

coverage at all), preventing further analysis. Of the remain-

ing 967 introns, a large number of these had extremely

high read coverage with only a few split reads, and 657 of

these lacked any evidence of splicing through representa-

tion by split reads (File S1). Further inspection showed

that these introns with poor coverage or a lack of evi-

dence of splicing have no discernible branch point region

or other expected sequence features, suggesting wide-

spread misannotation of introns. To avoid issues with false

positives stemming from below-threshold junctions and

potentially false annotations, we then focused the remain-

der of our analyses to junctions with coverage lower than

25 split reads from further analyses, leaving a total of 192

introns, a number more similar to the 235 introns of the

original assembly (Bhattacharya et al. 2013).

50 splice site analysis

We retrieved the sequences of the 192 introns from our

splicing level analysis as described above and generated

sequence logos usingWebLogo (Crooks et al. 2004) to deter-

mine the overall P. purpureum 50 splice site consensus. We

also generated additional sequence logos by binning introns

based on our calculated splicing levels in nine intervals each

spanning 10% (no introns we analyzed were spliced > 90%)

to determine each interval’s consensus 50 splice site.

Bioinformatic reconstruction of the spliceosome in
Porphyridium purpureum

We searched the P. purpureum genome assembly, as well

as an assembled transcriptome from our RNA-Seq data,

for snRNAs and known spliceosomal proteins (Methods

S1) to reconstruct the spliceosome of P. purpureum. To

identify spliceosomal (U1, U2, U4, U5, and U6) snRNAs,

we retrieved curated alignments for each of those from

Rfam (Kalvari et al. 2018). We used the Infernal (Nawrocki

and Eddy 2013) suite of scripts for this search, as it makes

use of RNA secondary structure to increase sensitivity. In

brief, covariance models were generated and used to

search the P. purpureum genome assembly for the

snRNAs. We predicted secondary structures using mfold

(Zuker 2003). We searched for spliceosomal proteins in the

genome of P. purpureum through reciprocal BLAST similar

to Ward and Moreno-Hagelsieb (2014) and Stark et al.

(2015), using homologs from Homo sapiens, S. cerevisiae,

Arabidopsis thaliana, and C. merolae (File S2).

Biochemical detection of snRNAs in Porphyridium
purpureum

To biochemically verify the snRNAs, we designed probes

(Methods S1) for four snRNAs using candidate sequences

(U1, U2, U4 identified through Infernal, U6 sequence pre-

dicted based on complementarity to U4), followed by a

denaturing northern blot on total RNA. A native northern

blot was performed to verify the U4-U6 snRNA interaction

by electrophoresing untreated and heat-treated total RNA

on a nondenaturing gel, followed by northern blot analysis

with U4 and U6 probes.

RESULTS AND DISCUSSION

Many transcripts in Porphyridium purpureum are not
spliced

The low intron density of P. purpureum could lead to pro-

found impacts on the patterns of pre-mRNA splicing, as
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extensive intron retention has previously been reported in

organisms with intron-sparse genomes (Grisdale et al.

2013; Wong et al. 2018). To assess pre-mRNA splicing

across all transcripts of P. purpureum, we generated tran-

scriptomic data from duplicate strand-specific RNA-Seq

libraries. Strand specificity of our transcriptomic reads

allowed us to distinguish between intron retention and

antisense transcription in the vicinity of an intron, as both

types of transcriptional events would appear the same

under traditional RNA-Seq methods. In total, 98,810,814

pooled read pairs mapped uniquely to the existing genome

assembly of P. purpureum, which represent 91.74% of

our entire dataset.

We analyzed 192 P. purpureum introns (see Materials

and Methods) by calculating the proportion of split reads

in the vicinity of the intron. We observed that many of

these introns in P. purpureum are not removed from tran-

scripts, as summarized in Fig. 1. None of these introns

had more than 90% spliced reads—across all the P. pur-

pureum introns we analyzed, the average percent of

spliced reads is 53% (Fig. 1). This suggests that just

under half of the population of transcripts of these genes

is not spliced and that intron retention is prevalent in

P. purpureum.

We excluded introns that are likely misannotated in the

most recent assembly (see Materials and Methods). Not

only do a large number of these introns show no evidence

of splicing in our transcriptomic data as they completely

lack split reads, most of the excluded introns also lack typ-

ical intronic sequence features such as a discernible 50

splice site or branch donor site. Taken together, these

observations suggest that the true number of introns in

P. purpureum is closer to the 235 introns predicted in the

original assembly (Bhattacharya et al. 2013). In the unlikely

event that these sequences are actually noncanonical

introns for which we could find no split reads, our conclu-

sions regarding the extent of intron retention across the

P. purpureum genome would not be invalid—they would

instead be a vast underestimation.

Previous reports of extensive genome-wide intron reten-

tion are from organisms that have extremely low intron

density. The microsporidian Encephalitozoon cuniculi has

only 37 annotated introns (Grisdale et al. 2013; Katinka

et al. 2001), while the red algal-derived nucleomorph of

the cryptophyte G. theta has 17 introns in its tiny genome

(Douglas et al. 2001). In these and other organisms with

low intron density, extensive intron retention could possi-

bly be more easily tolerated by the reduced need for pro-

teins encoded by intron-containing genes. Another

possibility is introns that remain within a genome with low

intron densities tend to lie in genes with drastically

increased expression, where higher levels of transcripts

can compensate for poor processing. In a previous study,

we compared splicing levels between nucleomorphs with

vastly different intron densities (Wong et al. 2018). While

the intron-sparse and highly reduced G. theta nucleo-

morph exhibited intron retention in its transcripts, the

even more reduced—yet intron-dense—nucleomorph of

the chlorarachniophyte alga Bigelowiella natans did not

(Wong et al. 2018). In cases of high intron density, there

is also likely much stronger pressure to efficiently remove

introns, as extensive intron retention would be highly

detrimental to normal gene expression in a cell.

However, while the intron density of P. purpureum is

low, current estimates still place it higher than that of

C. merolae, or even the budding yeast Saccharomyces

cerevisiae. As a point of comparison, S. cerevisiae has

~300 annotated introns in ~6,500 protein-coding genes in

a smaller genome than that of C. merolae or P. pur-

pureum, yet S. cerevisiae genes are well spliced. Thus,

intron density of any given reduced genome might not be

so straightforwardly correlated with splicing levels. In P.

purpureum, we determined that the percent of spliced

reads across the introns we analyzed spans a very broad

range. We were unable to find any correlation between

the splicing level of a particular intron and the expression

level of the gene in which it resides, ruling out the possi-

bility that observed intron retention could be an artifact of

poor read coverage (File S3). We also could not find any

clear correlation linking splicing levels to the functions of

these intron-containing genes (File S3), suggesting that

intron retention might be related to some property of the

intron itself. Finally, without finding connections between

intron length and splicing level (File S3), we queried key

sequences of these introns for their relation to intron

retention.

Increased variability of the 50 splice site sequence in
poorly spliced introns

Intron recognition involves spliceosomal proteins binding

to the intron, or base pairing between key regions of an

snRNA and a corresponding intron motif. Pre-mRNA splic-

ing is initiated through an interaction between the

unpaired 50 end of U1 snRNA and the 50 splice site of the

intron. The strength of this interaction has been observed

to affect the splicing level of an intron, providing selective

pressure to establish a strong sequence consensus and

complementarity between the 50 splice site and the U1

snRNA (Freund et al. 2005). Indeed, organisms with a low

density of introns, which often also possess a reduced

spliceosome, tend to have stronger intron motif consen-

sus sequences allowing for stronger interactions between

the introns and the remaining components of the spliceo-

some (Freund et al. 2005; Irimia et al. 2007). With this in

mind, we examined P. purpureum intron sequences and

compared the extent of similarity to its 50 splice site con-

sensus relative to splicing levels (Fig. 1).

Across the 192 introns we analyzed, the 50 splice site

shows a relatively strong sequence consensus, with the

canonical 50-GTANG motif, and variability in the fourth

nucleotide—though it is a cytosine in just over half of

these introns (Fig. 1). Furthermore, extended conservation

of two additional thymidines beyond the typical eukaryotic

consensus is observed. This supports the hypothesis that

introns in an intron-sparse reduced genome reduce the

amount of sequence variation in the 50 splice site to better

interact with a reduced spliceosome. Further examination
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of 50 splice site sequences with respect to intron splicing

levels reveals a clear trend. Introns spliced at the highest

levels (e.g. those with 60–90% spliced reads) more often

conform to a strong and extended consensus, with a 50

splice site consensus seven nucleotides long of 50-
GTACGTT (Fig. 1). As splicing levels decrease, the

strength of this consensus diminishes—the fourth and

seventh nucleotides notably increase in variability (Fig. 1).

The 50 splice site consensus of the most poorly spliced

introns (those between 0% and 10% spliced) weakens

even further to just GT. On the other hand, we did not

observe such a connection between branch point regions

or 30 splice sites and the level of splicing. Therefore, the

splicing level of a P. purpureum intron is strongly related

to the sequence of its 50 splice site, suggesting selective

pressure toward a strong 50 splice site consensus for a

functional interaction with the U1 snRNA.

In C. merolae, the 50 splice sites of its 27 annotated

introns also have a strong consensus sequence of 50-
GTAAGTT (Matsuzaki et al. 2004). Although it is not cur-

rently known how the 50 splice sites of C. merolae introns

are recognized, due to the complete absence of the U1

snRNP, such conservation of the 50 splice site must be

important. Given similar trends of a strong 50 splice site

consensus in the more highly spliced introns of P. pur-

pureum, we searched for the U1 snRNA in order to learn

more about the mechanism of 50 splice site recognition in

P. purpureum.

snRNAs in the Porphyridium purpureum genome and
the unusual structure of the U1 snRNA

Our observation of a strong 50 splice site consensus

sequence among highly spliced introns suggested to us
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the possibility of a reduced spliceosome—there is selec-

tion toward the consensus to better interact with remain-

ing components of the spliceosome. We searched for all

five snRNAs in the P. purpureum genome using Infernal

under its default settings (Nawrocki and Eddy 2013), using

covariance models generated from alignments available

from Rfam (Kalvari et al. 2018).

We were able to retrieve a single candidate sequence

of the U1 snRNA from the P. purpureum genome (Fig. 2;

File S4). Based on Infernal’s inclusion thresholds, this was

a marginal match, and the candidate sequence was not

able to retrieve U1 snRNA when used to reciprocally

search back to Rfam. There appeared to be two substan-

tial insertions within Stem Loops II and III relative to the

Rfam consensus model (File S4). While these two inser-

tions must impact how this U1 snRNA candidate will fold,

we nevertheless compared its predicted structures to

those of known U1 snRNAs from other eukaryotes.

The canonical U1 snRNA folds into a cloverleaf structure

that comprises four major stem loops (SL I through IV), of

which SL I and II directly interact with the proteins U1-

70K and U1-A, respectively (Fig. 2A; Kondo et al. 2015;

Nagai et al. 1990; Pomeranz Krummel et al. 2009;

Oubridge et al; 1994, Scherly et al. 1989; Stark et al.

2001). A 50 single-stranded region interacts with the 50

splice site, while a 30 unpaired region between SL III and

SL IV interacts with the Sm complex (Kondo et al. 2015;

Stark et al. 2001). Despite the insertions, the predicted

structure of the P. purpureum U1 snRNA bears strong

similarity to existing consensus structures (Fig. 2A), espe-

cially with respect to stem loops I, III, and IV. Although

Infernal predicted the insertions to interrupt both SL II and

III, structural predictions show that the insert region forms

an appropriately sized SL III and a greatly expanded SL II

(Fig. 2A). Variability is not unheard of, as the S. cerevisiae

U1 snRNA is also greatly expanded (568 nt), with an

enlarged SL III (Kretzner et al. 1990; Li et al. 2017).

Studies investigating the diversity of snRNA sequences

across metazoans and yeasts conclude unsurprisingly that

in the U1 snRNA the loops and other unpaired regions

where spliceosomal proteins bind are more conserved in

sequence than the stems (Marz et al. 2008; Mitrovich and

Guthrie 2007). Indeed, the loop in SL I (Fig. 2A, nucleo-

tides 27–40) of the P. purpureum U1 snRNA candidate

bears some level of sequence conservation. The protein

U1-70K interacts with a conserved GAUCA motif in this

loop in humans, where a tyrosine and leucine in an RNA

binding motif in U1-70K could be cross-linked to the G and

U nucleotides, respectively (Kondo et al. 2015; Urlaub

et al. 2000). In S. cerevisiae, a similar interaction is seen

between its U1-70K (Snp1) homolog and SL I of its U1

snRNA (Li et al. 2017). In P. purpureum, the loop contains

UAUCA (Fig. 2A, nucleotides 28 to 32) instead. As dis-

cussed later, we identified a divergent homolog of U1-70K

in P. purpureum—this single nucleotide change in the U1

snRNA might be related to its divergence. The 30 single-
stranded region has the conserved Sm complex binding

site (Stark et al. 2001), and the sizes of SL III and IV also

closely match consensus structures of the U1 snRNA

from Rfam. Most importantly, the 50 unpaired region of

our U1 snRNA candidate is complementary to the consen-

sus 50 splice site of highly spliced introns (Fig. 1, 2A).

Extended sequence interactions between snRNAs and

complementary intron features have been previously

observed. Of note is the extended base-pairing interaction

between the region of the branch point adenosine of S.

cerevisiae introns and its U2 snRNA (Berglund et al. 1997;

Langford and Gallwitz 1983). In microsporidians, a group

of intracellular fungal parasites where extensive intron

retention has been observed, this extended base pairing is

taken even further, where introns that possess branch

point regions with high complementarity to U2 snRNA

have been linked to distinctively high levels of splicing

(Grisdale et al. 2013; Whelan et al. 2019). Our results sug-

gest that a similar relationship between the U1 snRNA

and the 50 splice site could be taking place—introns in P.

purpureum that bear a 50 splice site with potential for

extended base pairing with the U1 snRNA are associated

with higher levels of splicing (Fig. 1, 2A).

Strong candidates were found for both U2 and U4

snRNAs, and these sequences from P. purpureum could

reciprocally identify their respective snRNAs from Rfam

(Fig. 2; File S4). The U2 snRNA, which recognizes and

interacts directly with nucleotides adjacent to the branch

point adenosine, is highly conserved in structure across

diverse eukaryotes (Fast et al. 1998; Hudson et al. 2019;

Madhani and Guthrie 1992; Mitrovich and Guthrie 2007;

Stark et al. 2015), and the U2 snRNA candidate from P.

purpureum is no exception (Fig. 2B). When compared to

the Rfam consensus structure, the U2 snRNA candidate

from P. purpureum can form the same stem loops and

open regions that allow it to interact with associated U2

snRNP components, Sm proteins and the branch point

adenosine. Likewise, the 126 nt U4 snRNA candidate from

P. purpureum is predicted to form a structure (Fig. 2C)

conserved across a broad range of eukaryotes (Krol et al.

1988; Myslinski and Branlant 1991; Stark et al. 2015).

Infernal was unable to identify candidates for U5 and

U6 snRNAs above the program’s default threshold (File

S4), regardless of the P. purpureum genome assembly

used for our searches. In fact, Qiu et al. (2018) reported

the presence of U5 and U6 snRNAs in P. purpureum

based only on these identical below-threshold e-values

and Infernal scores, suggesting our studies identified the

same dubious candidates. Indeed, close inspection of

these candidate sequences showed that they did not

resemble consensus U5 and U6 snRNAs (File S4), nor did

they match any known noncoding RNA from Rfam. Fur-

thermore, the U6 snRNA candidate did not possess

sequence capable of interacting with the U2 and U4

snRNAs. Despite the lack of recognizable U5 and U6

snRNAs, it is unlikely that they are absent in P. pur-

pureum, as they are intimately associated with the U4

snRNA as part of the U4/U6�U5 tri-snRNP. Instead, this

might point to high sequence divergence, and to difficulty

in identifying the U5 snRNA in the P. purpureum genome

through bioinformatics alone. This is not particularly sur-

prising for the U5 snRNA, as its nucleotide sequence has
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been noted to be extremely variable between different

eukaryotes (Frank et al. 1994; Hinz et al. 1996).

In contrast, this is quite unusual for the U6 snRNA, as

it is the most conserved of all the snRNAs (Brow and

Guthrie 1980). The U6 snRNA, at the core of the U6

snRNP, plays a major role throughout pre-mRNA splicing,

as its nucleotides directly interact in turn with the U4

snRNA, the U2 snRNA and the 50 splice site (Brow and

Guthrie 1980; Kandels-Lewis and S�eraphin 1993; Sawa

and Shimura 1992; Wu and Manley 1991). Considering

its central role within the spliceosome, and the presence

of canonical U2 and U4 snRNAs in P. purpureum, it

seems highly unlikely that it would not be present.

Because the interaction between the U4 and U6 snRNAs

is well characterized, we used the 50 end of the candi-

date U4 snRNA sequence to exhaustively search both

assemblies (Bhattacharya et al. 2013; Lee et al. 2019) of

the P. purpureum genome, as well as the raw reads

used for either assembly, in the unlikely event that the

region containing the U6 snRNA gene somehow did not

get assembled. However, no attempts resulted in identifi-

cation of anything resembling a U6 snRNA. It is possible

that the region containing the U6 snRNA gene evaded

sequencing or that its sequence has diverged to such an

extent as to not be recognizable. Given our results, it

seemed highly unlikely that P. purpureum is actually

missing the U6 snRNA; thus, we attempted to verify its

presence biochemically.

Figure 2 The snRNAs identified in Porphyridium purpureum and their predicted structures. Lengths and genomic coordinates of each snRNA,

and schematic line drawings of Rfam consensus structures for U1 and U2 snRNA, along with the proposed structure of Saccharomycescerevisiae

free U4 snRNA and U4-U6 snRNA interaction, are provided for reference. (A) An unusually long U1 snRNA was found in the P. purpureum gen-

ome, which is still predicted to fold with three of the four stem loops of canonical U1 snRNAs from other eukaryotes. (B) A canonical U2 snRNA,

with a highlighted branch point interacting site, was identified in the P. purpureum genome. (C) The U4 snRNA candidate identified in P. pur-

pureum can form a similar structure to the S. cerevisiae free U4 snRNA. A proposed structure highlighting the region of U4–U6 snRNA interaction

in P. purpureum is provided here, and was used to guide probe design for northern blotting. The shaded sequence is the probe used to detect P.

purpureum U6 snRNA.
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Biochemical verification of the snRNAs and detection
of U6 snRNA

To confirm the presence of our candidate snRNAs (Fig. 2;

File S4), we probed for them by northern blotting (Fig. 3).

Complementary probes for U1, U2, and U4 snRNAs (see

Methods S1) were designed using their respective candi-

date sequences and their expression, and predicted size

was verified (Fig. 3). The probe for U1 snRNA interacts

strongly with an RNA of approximately 285 nucleotides in

length (Fig. 3), confirming that the P. purpureum U1

snRNA is expressed with the inserts as predicted.

Though we could not directly design a probe for the U6

snRNA, as no P. purpureum gene for it could be identified,

we used the aforementioned U4 and U6 snRNA interac-

tion (Fig. 2) to design a probe to target the U6 snRNA.

Indeed, our northern blots revealed a product ~ 100

nucleotides in length (Fig. 3), which is of the size

expected for a U6 snRNA (Kalvari et al. 2018). To further

test its identity as the U6 snRNA, we determined if it

interacts with the U4 snRNA using a native northern blot.

(Fig. 4). RNA from P. purpureum was either briefly heated

or left untreated to respectively dissociate or preserve the

interaction between the U4 and U6 snRNAs. In the

untreated sample, both probes bound to a higher molecu-

lar weight complex that we interpret as base-paired U4

and U6 snRNAs, along with a lower molecular weight

band that corresponds to the free snRNA (Fig. 4). Further-

more, as previously described in S. cerevisiae and the frog

Xenopus laevis (Hamm and Mattaj 1989; Siliciano et al.

1987), the U6 snRNA appears to be present in excess, as

shown by the difference in relative intensities of the signal

of free vs. complexed U6 snRNA (Fig. 4). Upon heat treat-

ment, this complex dissociates and only free snRNAs are

detected (Fig. 4). Our results strongly support the pres-

ence of U6 snRNA in P. purpureum, and that its gene is

somehow missing from the current genome assembly.

Because of the close association of U4 and U6 snRNAs

with the U5 snRNA, and additional evidence from our

reconstruction of the spliceosome discussed later, we pre-

dict that the U5 snRNA is also present.

Although this might raise concerns of an incomplete P.

purpureum genome assembly, this assembly’s BUSCO

score, a measure of conservation of expected eukaryotic

gene sets as a proxy for genome completeness (Sim~ao
et al. 2015), was reported to be 90.40% (Lee et al. 2019).

These scores are in line with those reported from gen-

omes of other red algae such as C. merolae (93.4%) and

G. sulphuraria (91.1%) (Qiu et al. 2018), and are compara-

ble to the more frequently studied genomes of humans

U1 U2 U4 U6

214 nt

179 nt

134 nt

112 nt

Figure 3 Biochemical verification of snRNAs through denaturing

northern blotting. Four of the five (U1, U2, U4, and U6) spliceosomal

snRNAs could be detected from probes designed to candidate

sequences. The U1 snRNA probe detected a fragment at relatively

high molecular weight, confirming that the U1 snRNA in Porphyrid-

iumpurpureum exists in its full length of 285 nt. We also probed for

small RNA of known sizes in Saccharomycescerevisiae and Cyanid-

ioschyzonmerolae as markers (see Methods S1).

U4 U6
+ -Heat

U4/U6

Free U4

►

Free U6

+-

Figure 4 The U4/U6 snRNA interaction under native northern blotting.

Lanes representing the heat-treated (denatured) sample are marked

with (+), while the untreated (native) sample is represented with (�).

The same blot was probed sequentially for U4 and U6 snRNAs.
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(89%) and S. cerevisiae (96%) (Sim~ao et al. 2015). Fur-

thermore, more than 90% of our transcriptomic reads

mapped to the P. purpureum genome assembly. Taken

together, this indicates that the genome is largely com-

plete and that these two short RNA sequences either

failed to be sequenced or are too divergent to detect.

With confidence in the completeness of the genome, we

proceeded to investigate the protein components of the

P. purpureum spliceosome, with particular focus on the

U1 snRNP.

Spliceosomal proteins of Porphyridium purpureum

In organisms whose genomes have nearly been depleted

of introns, such as E. cuniculi and C. merolae, their

spliceosomes are so streamlined that only a minimal func-

tional core is present (Katinka et al. 2001; Matsuzaki et al.

2004; Stark et al. 2015). With the intron density of P. pur-

pureum likely lying between the organisms mentioned

above and intron-dense eukaryotes, we might expect the

complexity of the P. purpureum spliceosome to also fall

somewhere in between. We reconstructed the core of

the P. purpureum spliceosome by merging information

from existing annotations (Bhattacharya et al. 2013; Lee

et al. 2019) with a comprehensive search through its gen-

ome for known spliceosomal proteins from a number of

different species (see Methods S1; File S2). Although the

presence and absence of spliceosomal components in the

genus Porphyridium has been reported previously by Qiu

et al. (2018), their data represent a composite of two dif-

ferent species of Porphyridium. We opted to search thor-

oughly only within the P. purpureum genome to assess

the spliceosomal composition in a single species of meso-

philic red alga. In total, we were able to identify 106

unique spliceosomal and associated proteins (Table 1 and

Table S1), in comparison with just 45 in the intron-sparse

C. merolae (Reimer et al. 2017; Stark et al. 2015) and 150

in the intron-dense G. sulphuraria (Qiu et al. 2018). This

places the spliceosome complexity of P. purpureum inter-

mediate to the other two red algae. Homologs not identi-

Table 1. Major spliceosomal components of Porphyridium purpureum

Low % Identity High

High e-value Low

The major spliceosomal proteins we identified in our BLAST search of the P. purpureum genome are summarized here, sorted by associated

snRNP, accessory complex or step of the splicing reaction. Additional details can be found in Table S1 and File S5. The percent identity and e-

value of the best hit for each protein are reported, and are shaded to indicate relative levels of conservation in P. purpureum from blue to white

to red. Higher levels of conservation are shown in blue (high percent identity, low e-value), while red shades indicate lower levels of conservation

(low percent identity, high e-value).
aSingle ambiguous homolog identified for U1-A/U2-B″.
bMultiple copies present; best percent identity and e-value reported (see Table S1).
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fied in P. purpureum likely reflect lineage-specific losses,

given that these proteins are present in G. sulphuraria and

in land plants. As expected, the P. purpureum spliceo-

some is less complex than the 200+ component spliceo-

somes of intron-rich metazoans or land plants, although

many of these “extra” components are thought to be

mostly involved in alternative splicing (Fabrizio et al. 2009;

Hudson et al. 2015; Kalyna and Barta 2004; Lorkovi�c et al.

2000; Wahl et al. 2009). More surprisingly, the P. pur-

pureum spliceosome appears more complex than that of

S. cerevisiae, which has a comparable intron density to P.

purpureum. We identified a number of additional P. pur-

pureum components found in human and A. thaliana

spliceosomes that are not found in S. cerevisiae (Table 1

and Table S1).

The five small nuclear ribonucleoproteins (U1, U2, U4,

U5, and U6 snRNPs) are at the heart of the spliceosome,

directly interacting with sequence features of introns, and

with one another, to catalyze intron removal. As expected,

both the Sm and LSm complexes, which are key compo-

nents of all five snRNPs (Achsel et al. 2001), are present

(Table S1). Similarly, almost all protein components of the

U2 snRNP, which recognizes the region of the branch

donor adenosine, could be unambiguously identified in P.

purpureum (Table 1). Together with our previous identifica-

tion of a highly conserved U2 snRNA (Fig. 2), this sug-

gests a rather canonical U2 snRNP. Of the C. merolae

snRNPs, U2 snRNP was found to be the most complex

amid extreme spliceosome reduction, highlighting the

importance of branch point recognition in pre-mRNA splic-

ing (Hudson et al. 2015; Stark et al. 2015). Similarly, this

particle is also present with all known components in G.

sulphuraria (Qiu et al. 2018). As for U2-B″, the most

recent assembly of the P. purpureum genome identifies a

gene encoding this protein (Lee et al. 2019). We discuss

later that this gene’s product is likely shared between the

U1 and U2 snRNPs.

Likewise, proteins of the U4/U6�U5 tri-snRNP are pre-

sent in P. purpureum (Table 1). While we were not able to

identify the U5 and U6 snRNAs in the genome, our bio-

chemical analyses provide extremely strong evidence that

the U6 snRNA is present (Fig. 3). By association with the

U4 and U6 snRNA, the U5 snRNA is likely also present,

as it is improbable for the proteins of the U4/U6�U5 tri-

snRNP to exist without their associated snRNAs. The

recruitment of this complex to the spliceosome leads to a

coordinated rearrangement where the U6 snRNP dissoci-

ates from the U4 snRNP, and displaces the U1 snRNP to

interact with the 50 splice site (Will and L€uhrmann 2011).

An association then forms between the U6 and U2

snRNPs to bring the branch point adenosine and 50 splice
site into close proximity for the first catalytic step. Some

of the large and highly conserved proteins of the U5

snRNP, such as Prp8, play central roles throughout this

process (Grainger and Beggs 2005). These roles empha-

size the importance of the U4/U6�U5 tri-snRNP and their

conservation across eukaryotes. Although some of the tri-

snRNP proteins are missing in C. merolae (Stark et al.

2015), the presence of all associated proteins in P.

purpureum (Table 1) and G. sulphuraria (Qiu et al. 2018)

suggests that these proteins were also already present in

the rhodophyte ancestor and perhaps secondarily lost in

C. merolae.

We identified an unusually long candidate for the U1

snRNA in the P. purpureum genome, and confirmed its

expression at its predicted length (Fig. 2A, 3). Its diver-

gence from the canonical U1 snRNA, along with the

strong 50 splice site consensus in P. purpureum introns

(Fig. 1), suggested the possible divergence of the protein

components of the U1 snRNP (Table 1). In the U1 snRNP

of humans and S. cerevisiae, U1-70K and U1-A interact

respectively with stem loops I and II of the U1 snRNA,

while U1-C associates with U1-70K to round out the core

of the U1 snRNP (Scherly et al. 1989; Nagai et al. 1990;

Oubridge et al. 1994; Stark et al. 2001, Pomeranz Krum-

mel et al. 2009; Kondo et al. 2015). Despite its unusual

U1 snRNA, all three of these proteins (U1-A, U1-C and

U1-70K) appear to be present in the P. purpureum gen-

ome. Unlike proteins of the other four snRNPs, identifica-

tion of these three proteins required reducing our

stringent BLAST thresholds (see Methods S1). The identi-

fied U1 snRNP components in P. purpureum were often

truncated or divergent in amino acid sequence with

respect to the query sequences, which is further sup-

ported by lower percent identities and higher e-values of

their best BLAST hits especially when compared to those

of other snRNPs (Table 1 and Table S1; File S5). This pre-

sents a propensity toward divergent, yet recognizable, pro-

teins in the U1 snRNP of P. purpureum, in contrast with

the generally highly conserved homologs identified in the

other four snRNPs.

Inspection of a U1-70K alignment shows increased

sequence divergence of the RNA recognition regions in

the P. purpureum homolog even compared to other red

algal U1-70K homologs (File S6). Human U1-70K binds SL

I of U1 snRNA, where tyrosine and leucine in positions

112 and 175 respectively can be cross-linked to G and U

in a conserved GAUCA sequence (Urlaub et al. 2000). In

P. purpureum, both homologous positions of its U1-70K

homolog bear isoleucine instead (filled triangles on col-

umns 188 and 267 of the U1-70K alignment in File S6),

and the predicted structure of its U1 snRNA has UAUCA

(Fig. 2A)—what effects these divergences could have on

their interaction will require further investigation. The U1-C

homolog in P. purpureum bears closer resemblance in

sequence to other identified U1-C proteins but is highly

truncated—at only 90 amino acids long, it is predicted to

be reduced to just the N-terminal zinc finger domain (File

S6). Despite this truncation, in vitro experiments on

human U1-C show that only this N-terminal domain is criti-

cal for its interaction with U1-70K and the other U1 snRNP

components (Muto et al. 2004; Nelissen et al. 1991).

As discussed previously, the insertions within the P.

purpureum U1 snRNA result in a greatly expanded SL II

(Fig. 2A). Since this is the binding region for U1-A, we

were curious if the P. purpureum homolog might be highly

divergent, or even present at all. We identified a single

ambiguous homolog in P. purpureum in a gene currently
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annotated as U2-B″ (Lee et al. 2019). While this is not par-

ticularly surprising given their relatedness (Delaney et al.

2014; Polycarpou-Schwarz et al. 1996; Price et al. 1998;

Saldi et al. 2007; Simpson et al. 1995; Williams and Hall

2011; Williams et al. 2013), we were able to identify only

one region in the P. purpureum genome that could encode

either one of these proteins. A shared protein between

the U1 and U2 snRNPs is not unexpected for P. pur-

pureum, as no other red algae appear to have separate

U1-A and U2-B″ proteins (Coll�en et al. 2013; Qiu et al.

2018; Sch€onknecht et al. 2013). Thus, we have labeled

this particular protein in P. purpureum as U1-A/U2-B″
(Table 1 and Table S1). Phylogenetic evidence suggests

that a single protein shared by the U1 and U2 snRNPs

was the ancestral state in metazoans (Williams et al.

2013). Duplication and subfunctionalization of this protein

into U1-A and U2-B″ have occurred repeatedly in several

metazoan lineages, as well as in land plants and fungi,

including S. cerevisiae (Delaney et al. 2014; Polycarpou-

Schwarz et al. 1996; Saldi et al. 2007; Simpson et al.

1995; Williams and Hall 2011). Future investigations into

the interactions of this protein with the U1 or U2 snRNAs

will provide insight into the evolution of this protein family

in other lineages of eukaryotes.

Although we identified U1-C, U1-70K, and the shared

U1-A/U2-B″, other U1 snRNP proteins known to play roles

in the early spliceosome, such as Prp39, Prp42, Snu56,

and Snu71 (Gottschalk et al. 1998; Li et al. 2017; Lockhart

and Rymond 1994), could not be identified. This might not

be particularly unusual, as these proteins have only been

shown to be stably associated with the U1 snRNP in S.

cerevisiae (Fortes et al. 1999; Gottschalk et al. 1998),

while being more loosely associated in humans and A.

thaliana, where they are thought to be involved in alterna-

tive splicing (de Francisco Amorim et al. 2018; Puig et al.

2007). However, we did identify homologs of Prp40,

Nam8, and Luc7-Like in the P. purpureum genome,

although Luc7-Like was only a marginal hit and is currently

annotated as a hypothetical protein (Table 1, File S5). In

yeast, the proteins Luc7-Like and Nam8 function by bind-

ing upstream (Luc7-Like) or downstream (Nam8) of the 50

splice site to enhance its interaction with the U1 snRNP

(Fortes et al. 1999; Puig et al. 2007; Puig et al. 1999).

Therefore, these two proteins and the aforementioned

strengthening of the 50 splice site consensus (Fig. 1) are

probably crucial for promoting successful 50 splice site

recognition and spliceosome assembly in P. purpureum,

given the divergent U1 snRNA.

When considering the search statistics such as e-value

and percent identity for all snRNP components (Table 1)

and the alignments of U1 snRNP proteins (File S6), we

observe a trend toward divergent, but recognizable, pro-

teins associated with the U1 snRNP of the intron-sparse

P. purpureum. The extremophilic C. merolae is even more

intron-poor than P. purpureum, and is missing its entire

U1 snRNP without extreme reduction of other snRNPs of

the spliceosome (Stark et al. 2015). Taken together, this

supports the intriguing possibility that this complex might

be the first snRNP to diverge rapidly or be lost during

genome and intron reduction, as suggested to have

occurred in C. merolae and a number of diverse protist

species (Hudson et al. 2015). This is further supported by

the apparent reduction of the U1 snRNP in the

microsporidian E. cuniculi—only a few associated proteins

have ever been identified, although the U1 snRNA has

since been found (Belkorchia et al. 2017; D�avila L�opez
et al., 2008; Katinka et al. 2001). Further biochemical anal-

ysis of this particle in these organisms could add to our

understanding of the evolution of the U1 snRNP and

recognition of the 50 splice site.

Aside from the five snRNPs, numerous other com-

plexes and transient proteins are also associated with the

spliceosome both during and after the two transesterifica-

tion steps of pre-mRNA splicing. The Prp19 complex

(NTC) is a large agglomeration of proteins that is recruited

to the active splice site when the U4/U6�U5 tri-snRNP

joins the other two snRNPs to form the catalytically active

B complex of the spliceosome (Chan and Cheng 2005;

Chan et al. 2003; Hogg et al. 2010). There, it plays crucial

roles in dissociating the U4 and U6 snRNPs, as well as in

stabilizing the interaction between U5 and U6 snRNP

(Chan and Cheng 2005; Chan et al. 2003; Hogg et al.

2010). We were able to identify homologs in P. pur-

pureum for almost the entire NTC (Table 1), including

some proteins that are not considered essential in S. cere-

visiae (Hogg et al. 2010) such as Isy1, Bud31, and Snt309.

The protein Syf2 was notably absent from our searches in

P. purpureum; however, its homolog in S. cerevisiae is

not considered essential (Hogg et al. 2010), and is also

absent in C. merolae (Stark et al. 2015).

Another of these spliceosomal complexes is the RES

complex, which is implicated in retaining unspliced mRNA

within the nucleus (Dziembowski et al. 2004), as well as

in ensuring efficient transition from the B to the catalyti-

cally active Bact complex (Bao et al. 2017). It is comprised

of three proteins: Bud13, Pml1, and Snu17/Ist3. Interest-

ingly, only Snu17/Ist3 could be identified in P. purpureum

(Table 1). In S. cerevisiae, although the homologs of these

genes are not essential, deletions of Bud13 or Snu17

resulted in an increased level of unspliced transcripts

(Dziembowski et al. 2004). Furthermore, knockouts of

homologs of RES complex proteins in A. thaliana and zeb-

rafish all show general impairment in splicing, though not

all introns are equally affected (Fernandez et al. 2018;

Xiong et al. 2019). Considering the role the RES complex

plays in efficient splicing, this apparent reduction of the

RES complex in P. purpureum might correlate with the

high levels of intron retention observed in our polyadeny-

lated transcriptome data.

The remaining spliceosomal proteins include other splic-

ing factors, many of which are helicases, that take part in

activating the spliceosome, as well as disassembling it

when the process is complete so that the complexes may

be recycled. We were able to identify most of these in P.

purpureum (Table 1). A few notable absences from our

searches were Cwc23 and Spp2. The Cwc23 protein is

associated with Cef1 and the rest of the NTC (Ohi et al.

2002), and its depletion in S. cerevisiae results in
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accumulation of unspliced mRNA (Sahi et al. 2010). The

Spp2 protein associates with Prp2 and is necessary for

promoting the spliceosome into its catalytically active

state (Roy et al. 1995; Warkocki et al. 2015; Zang et al.

2014). Because the interacting partners of Cwc23 and

Spp2 could be found in P. purpureum (Table 1), it is possi-

ble that Cwc23 and Spp2 are also present but too diver-

gent to detect with our methods. Alternatively, their

absences could be contributing to a spliceosome that can-

not effectively splice mRNA.

Overall, our results paint a picture of a spliceosome

where much of the core complex is conserved, despite its

reduced genome, relatively low intron density, and high

levels of intron retention (Fig. 1). Additionally, with the

marked exception of U1 snRNP proteins, many of the pro-

teins we did identify are very similar to homologs from

other eukaryotes (Table 1 and Table S1; File S6). In C.

merolae and G. sulphuraria, despite the expectation that

their spliceosomes might have diverged to reflect their

physiology as extremophiles, it was noted that the identi-

fied spliceosomal components are not particularly different

from homologs found in other eukaryotic lineages (Qiu

et al. 2018; Stark et al. 2015). These results speak to the

strong conservation of the spliceosomal machinery, and of

the selective pressures to maintain this essential eukary-

otic process despite immense evolutionary distances

between eukaryotes. Although most of the five snRNPs

and larger accessory complexes are rather well conserved,

we observed a reduction in the RES complex and other

accessory proteins, and significant divergence exists in

the homologs of U1 snRNP components. Reductions in

these particles may explain the high levels of intron reten-

tion we observed in P. purpureum, and collectively these

absences could contribute to reduced spliceosomal func-

tion in this organism. Further investigations into pre-mRNA

splicing in this red alga will help us understand which

parts of the spliceosome are essential and which ones are

dispensable—thereby revealing mechanistic details about

splicing—as well as how organisms can tolerate such high

levels of intron retention.
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