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Abstract 

Spliced Leader Trans-Splicing (SLTS) is an important process in Caenohabditis elegans 

transcript maturation that is required for viability. However, the role it plays in 

development remains unclear. We explore the dynamic use of SLTS during C. elegans 

development. Using PacBio Iso-Seq data and WormBase annotations, we characterized 

SLTS Acceptor Sites (SLTS ASs) in full-length transcripts and predicted putative SLTS 

ASs for 98.8% of annotated protein-coding transcripts. By taking advantage of over 1000 

publicly available RNA-seq datasets, we quantified the level of SL1 and SL2 SLTS and 

found evidence supporting SLTS for 70.3% of annotated protein-coding transcripts, 

which was consistent with previous research. We found cases of dynamics during 

embryogenesis, including those where the dominant SL changed, which suggests that 

SLTS is dynamic and may be regulated. This improves the current understanding of the 

role of SLTS in gene expression during development and provides insight into the 

dynamic nature of operons. 

Keywords:  Spliced Leader Trans-Splicing; Caenorhabditis elegans; RNA-seq; 

Transcriptomics; Operons; Bioinformatics  
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Chapter 1.  
 
Introduction 

1.1.1. Splicing in transcript maturation  

The study of splicing has classically focused on cis-splicing, which is the process 

that removes introns from the pre-mRNA molecule (Figure 1-1 A). Cis-splicing is an 

important process that generates protein diversity through alternative splicing (Nilsen & 

Graveley , 2010). Alternative splicing is when exons are alternatively included or 

excluded in the mature mRNA (Figure 1-1 B). The result of this process is that one gene 

can encode multiple distinct proteins with different sequences. Consequently, this greatly 

expands the functional capacity of each individual gene and, by extension, the functional 

capacity encoded by the genome.  

 
Figure 1-1  Different types of splicing. Segments that are brought together by 

each process are connected by a purple line (A) Cis-splicing joins 
exons from one single pre-mRNA molecule. (B) Alternative cis-
splicing, specifically exon skipping, is shown. Alternative cis-
splicing contributes to protein diversity. (C) Trans-splicing joins two 
separate pre-mRNA molecules are together.  
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The most remarkable example of alternative splicing is the Dscam gene, which is 

an axon guidance receptor, in the model organism Drosophila (Schmucker, et al., 2000). 

In Drosophila Dscam, there are four clusters of exons that are alternatively spliced. For 

each cluster, the specific exon used is chosen from a set of multiple alternative forms 

available for that exon cluster. This generates multiple different forms of the resulting 

protein from the different combinations of selected exons. When all possible 

combinations are considered, there are 38,016 possible forms of the Dscam gene 

product in Drosophila. This emphasizes the functional expansion possible through 

alternative splicing. Moreover, cis-splicing is a deeply regulated process and aberrations 

in cis-splicing can lead to diseases such as cancer (Fackenthal & Godley, 2008).  

In conjunction to cis-splicing, a variety of eukaryotes also undergo a form of 

splicing that is distinct from cis-splicing (Hastings, 2005). This form of splicing is called 

trans-splicing (Figure 1-1 C). In contrast to cis-splicing, where exons from the same 

molecule are spliced together, trans-splicing occurs when two distinct RNA molecules 

are spliced together. Although these are two distinct processes, they share many 

similarities. The spliceosome, which is the machinery that drives cis-splicing, is highly 

conserved among eukaryotes (Wachtel & Manley, 2009). It consists of a variety of small 

nuclear RNAs (snRNAs) and associated proteins, which assemble to form a complex 

that catalyzes intron removal. The snRNAs involved in cis-splicing are U1, U2, U4, U5, 

and U6. Apart from U6, these snRNAs associate with Sm proteins during spliceosome 

assembly. Interestingly, the spliceosome complex involved in trans-splicing seems to be 

made up of almost identical components (Maroney, Yu, Jankowska, & Nilsen, 1996). 

Additionally, in cis-splicing, specific sequences, called consensus sequences, on the 

pre-mRNA molecule help recruit the assembly of the spliceosome (Sheth, et al., 2006). 

At the 5’ end of the intron, the splice donor site has a consensus sequence of GT. At the 

3’ end of the intron the splice acceptor site has a consensus sequence of AG. In 

between, there is a branch site that contains an adenine and is involved in lariat 

formation. The trans-splicing reaction uses the same splice acceptor consensus 

sequence as cis-splicing (Conrad, Liou, & Blumenthal, 1993). Cis-splicing occurs in two 

steps. First, the 5’ end of the intron is cleaved at the splice donor site creating a lariat 

with the branching point. Next, the 3’ end of the intron is cleaved at the splice acceptor 

site joining together the upstream exon and downstream exon. Similarly, trans-splicing 

follows the same two steps. However, since the upstream exon is donated from a 
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separate RNA molecule, trans-splicing forms a Y-branched structure, rather than the 

lariat that is formed in cis-splicing (Evans & Blumenthal, 2000). Both cis- and trans- 

splicing use similar machinery and the same consensus acceptor site sequence 

(Conrad, Liou, & Blumenthal, 1993). 

 
Figure 1-2  Phylogenetic distribution of trans-splicing adopted from (Lei, et al., 

2016) 

It has been predicted that trans-splicing may be a wide-spread phenomenon that 

occurs in a diverse range of organisms that may include vertebrates (Dandekar & 

Sibbald, 1990). Since then, many organisms have been explored in depth with regards 

to trans-splicing, giving way to the understanding that trans-splicing not only contributes 

to protein diversity, but also provides new mechanisms for gene regulation (Lei, et al., 

2016). Although trans-splicing is not as well understood as cis-splicing, it is surprisingly 

phylogenetically wide spread (Figure 1-2). 

1.1.2. Trans-splicing in Drosophila 

In Drosophila, some mature mRNA transcripts, such as that of the mod(mdg4) 

gene, are produced through trans-splicing (Dorn, Reuter, & Loewendorf, 2001). 

Putatively, the function of mod(mdg4) is related to chromatin insulators, which help with 

chromatin organization (Dorn & Krauss, 2003). Mature mod(mdg4) mRNA transcripts 

consist of one set of exons, specifically exon 1, exon 2, exon 3, and exon 4, that are 

common to all isoforms and another set of exons that are isoform specific exons.  
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Figure 1-3  Trans-splicing at the Drosophila mod(mdg4) locus adapted from 

(Dorn, Reuter, & Loewendorf, 2001). Exons 1, 2, 3, and 4 are 
common to all isoforms and depicted in dark/navy blue. They are 
highlighted with a light grey background. Isoform specific exons (X, 
Y, and Z) are identified using various other colors and highlighted 
with a dark grey background. (A) The architecture of the mod(mdg4) 
locus is shown. The direction of transcription is indicated by arrows 
for each transcribed unit. Exons Y and Z are transcribed from the 
DNA strand that is antiparallel to the common exons (1, 2, 3 and 4). 
(B) The splicing pattern of each isoform is shown. Grey lines 
indicate cis-splicing and orange lines indicate trans-splicing. Even 
exon X, which is on the same strand as the common exons, is 
spliced through the trans-splicing pathway. (C) For the resulting 
isoforms, each isoform has the exons that are common to all 
isoforms (exons 1, 2, 3, and 4) and a unique isoform specific exon 
(exons X, Y or Z). 

Several mod(mdg4) isoforms require trans-splicing to form the mature mRNA 

transcripts as they include exons that are encoded by the antiparallel DNA strand 

(Figure 1-3). However, even some of the mod(mdg4) isoforms that could be generated 

through purely cis-splicing are generated through trans-splicing. Additionally, trans-

splicing of mod(mdg4) is conserved in both Drosophila melanogaster and Drosophila 

virilis, which are two distantly related Drosophila species (Gabler, et al., 2005). Further, 

the lola gene, which is involved in axon growth and guidance and encodes at least 20 

isoforms, is also generated via trans-splicing (Horiuchi, Giniger, & Aigaki, 2003). 
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Drosophila interspecies hybrids were used to show that, although trans-splicing between 

distinct genomic locations is likely not present in Drosophila, trans-splicing was seen in 

about 80 genes, specifically between homologous alleles (McManus, Duff, Eipper-Mains, 

& Graveley, 2010). 

1.1.3. Trans-splicing in mammals 

Remarkably, the ability to process pre-mRNA transcripts via trans-splicing is not 

an exclusive phenomenon to lower eukaryotes, with even mammalian cells being able to 

perform trans-splicing reactions in vivo and in vitro (Bruzik & Maniatis, 1992). Not only 

do they have the ability to perform trans-splicing, but it has been demonstrated that 

some mRNA transcripts are naturally processed through the trans-splicing pathway in 

mammalian cells (Finta & Zaphiropoulos, 2002). Specifically, hybrid cytochrome P450 

3A mRNAs have been shown to be produced from the joining of exons from independent 

CYP3A43 and CYP3A4 pre-mRNA transcript molecules in human liver cells via trans-

splicing (Finta & Zaphiropoulos, 2002). This suggests that trans-splicing, similarly to cis-

splicing, contributes to increased protein diversity due to the fact that mature mRNAs 

can contain exons that are in a different order than their genomic organization and they 

can even contain exons that are derived from multiple genes, rather than exclusively one 

single gene (Gingeras, 2009). Trans-splicing was further shown to contribute to the 

production of mature Human Estrogen Receptor-α (hERα) mRNA transcripts (Flouriot, 

Brand, Seraphin, & Gannon, 2002). These trans-spliced transcripts were demonstrated 

to exist in estrogen target cells as well as being detected in several healthy tissues.  

In humans one striking example of trans-splicing joins together two genes, 

JAZF1 and JJAZ1, at the mRNA level to form a JAZF1-JJAZ1 chimeric transcript. JAZF1 

and JJAZ1 are both zinc-finger genes that act as transcriptional repressors and JJAZ1 is 

also a Polycomb group gene (Li & Sklar, 2010) (Kehrer-Sawatzki, 2006). The protein 

product from the JAZF1-JJAZ1 chimeric transcript results in apoptotic resistance in cells 

(Li, et al., 2007) (Figure 1-4 A). Unexpectedly, in healthy human endometrial tissue 

JAZF1 and JJAZ1 transcripts are trans-spliced into a JAZF1-JJAZ1 chimeric transcript, 

which is detected as both mRNA and protein (Li, Wang, Mor, & Sklar, 2008). These 

healthy cells lack any chromosomal rearrangements that would result in the fusion of 

JAZF1 and JJAZ1 on the genomic level, which precludes the possibility that a genomic 

translocation is the root cause for the presence of JAZF1-JJAZ1 chimeric mRNA and 
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protein in healthy human endometrial cells (Li, Wang, Mor, & Sklar, 2008). This JAZF1-

JJAZ1 chimeric transcript was not detected in other cell types, such as epithelial and 

mesenchymal cell lines, suggesting that the apoptotic resistance it provides is important 

in endometrial tissues specifically. Ultimately, trans-splicing was shown to be the 

mechanism underlying the joining of JAZF1 and JJAZ1 in normal human endometrial 

tissue to produce the JAZF1-JJAZ1 chimeric transcript (Li, Wang, Mor, & Sklar, 2008) 

(Figure 1-4 B).   

But possibly the most surprising finding is that the trans-spliced JAZF1-JJAZ1 

chimeric transcript is in fact regulated in normal endometrial tissue. Specifically, changes 

in expression of the JAZF1-JJAZ1 chimeric mRNA are associated with changes that 

signal different stages in the menstrual cycle, such as concentration of progesterone or 

estrogen and simulated hypoxic conditions (Li, Wang, Mor, & Sklar, 2008). The changes 

in JAZF1-JJAZ1 expression level were independent of the transcription of the individual 

JAZF1 or JJAZ1 mRNAs, as there was no change in JAZF1 or JJAZ1 mRNA 

transcription level in conditions simulating different stages of the menstrual cycle. During 

the menstrual cycle, the endometrium is shed and regenerated. Given the important role 

apoptosis plays in the menstrual cycle (Kokawa, Shikone, & Nakano, 1996) and the 

apoptotic resistance that the trans-spliced JAZF1-JJAZ1 chimeric protein product 

provides, the tight regulation of the trans-spliced JAZF1-JJAZ chimeric transcript during 

the menstrual cycle is a notably interesting example of a specifically regulated trans-

spliced product in humans with an important functional role in the reproductive system. 
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Figure 1-4  An example of trans-splicing in mammals, with implication in 

cancer. (A) JAZF1-JJAZ1 confers apoptotic resistance in cells. (B) In 
healthy endometrial cells, JAZF1 and JJAZ1 are found on different 
chromosomes. However, the two genes are trans-spliced to produce 
the jAZF1-JJAZ1 mRNA and protein. In healthy cells, the JAZF1-
JJAZ1 product that is produced through trans-splicing is regulated 
in association with the menstrual cycle. (C) In 50% of endometrial 
stromal sarcomas, a chromosomal rearrangement creates a JAZF1-
JJAZ1 fusion gene. This removes the ability of the JAZF1-JJAZ1 
product to be regulated as now the fused JAZF1-JJAZ1 product is 
always expressed, similar to the constitutive activation of an 
oncogene.  

Further, the inability to properly regulate the level of the JAZF1-JJAZ1 chimeric 

transcript has dire consequences. When the two genes are separately encoded, the 

level of JAZF1-JJAZ1 chimeric product can be regulated through the level of trans-

splicing. However, in 50% of human endometrial stromal sarcomas, there is a genomic 

translocation that leads to the fusion of the JAZF1 gene and the JJAZ1 gene (Figure 1-4 

C) (Li, Wang, Mor, & Sklar, 2008). When the fused gene that is a result of the 

translocation is transcribed and translated, it creates the same mRNA and protein as the 

trans-spliced JAZF1-JJAZ1. However, since the fused JAZF1-JJAZ1 gene is encoded as 

a unit, rather than as individual genes, the genomic translocation hinders the ability to 

regulate the levels of the JAZF1-JJAZ1 product. This effectively simulates a condition 

where JAZF1-JJAZ1 is constitutively produced in human endometrial stromal sarcomas 
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that have the translocation. Although it is important for some cells of the uterine lining to 

be able to evade apoptosis during the shedding of the endometrium in the menstrual 

cycle, apoptotic resistance, which the JAZF1-JJAZ1 protein product confers, is one of 

the hallmarks of cancer (Fulda, 2008). This is a clear example of a case where the 

regulation of trans-splicing is important in humans.   

Although there are some examples of trans-splicing that have physiological 

relevance in humans, such as the JAZF1-JJAZ1 example, which presents a clear case 

of a regulated transcript produced through the trans-splicing pathway, these examples 

are far and few between (Lei, et al., 2016). Further, most examples of trans-splicing in 

mammals are expressed at considerably low levels, with the level of trans-spliced mRNA 

at least two orders of magnitude lower than cis-spliced mRNA, and have, therefore, 

been speculated to be attributed to splicing noise (Tasic, et al., 2002).  

1.2. Spliced Leader Trans-Splicing (SLTS) 

Nevertheless, there exists a specific form of trans-splicing in which the functional 

importance is more widespread and better understood. Spliced Leader Trans-Splicing 

(SLTS), which involves a highly conserved Spliced Leader (SL) sequence being trans-

spliced to the 5’ end of protein-coding mRNA transcripts, has been found to occur in a 

diverse range of eukaryotic phyla (Hastings, 2005). SLTS was first described in 

trypanosomes (Sutton & Boothroyd, 1986). Trypanosomes are parasites that cause the 

African Sleeping Sickness disease in humans. Without treatment, infection leads to 

disruption of sleep cycle and eventual death. In trypanosomes, all mRNA transcripts are 

trans-spliced to a conserved sequence called the spliced leader (SL) (Agabian, 1990). 

Surprisingly, as more organisms are studied at the transcriptomic level, SLTS has 

emerged as a phenomenon that occurs in a continually growing list of eukaryotic phyla, 

including Cnidarians, Euglenozoa, Nematodes, Platyhelminthes, and the subphylum 

Tunicates (Hastings, 2005). SLTS is phylogenetically widespread in the latter four 

groups. More recently, the list of phyla that contain organisms that partake in SLTS grew 

to include Dinoflagellata, Arthropoda, Ctenophora, Porifera, and Rotifers (Douris, 

Telford, & Averof, 2010). Notably, in organisms other than Trypanosomes, SLTS is not 

as ubiquitous, with only a smaller portion of mRNAs undergoing SLTS. Although SLTS is 

evidently present in numerous eukaryotic phyla, the distribution is irregular and the 
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evolutionary history is unclear. This raises questions about whether SLTS is homologous 

or analogous in the separate groups of eukaryotes that experience SLTS.    

 
Figure 1-5  In Spliced Leader Trans-Splicing (SLTS) a spliced leader sequence 

(green) is trans-spliced to the 5' end of a pre-mRNA transcript. 

1.3. Caenorhabditis elegans as a model for the study of 
SLTS 

Caenorhabditis elegans was proposed as a model organism for studying the 

genetics of behaviour by Dr. Sydney Brenner (Brenner, 1973). The small multicellular 

nematode featured characteristics that made it valuable as the choice for the study of 

genetics (Brenner, 1974) (Sulston & Brenner, 1974). Namely, they can be easily 

cultivated in a laboratory environment, where they live on the surface of agar and use E. 

coli as a suitable food source. They have copious progeny and short generation times. 

Further, their reproductive system is favorable for genetic studies. They have a self-

fertilizing sexual cycle, which provides advantages in terms of creating genetically 

identical populations, along with the ability to introduce genetic markers through mating 

with males. Moreover, another uniquely valuable attribute of C. elegans that make them 

a favorable organism for studying genetics is that they are transparent. This provides a 

practical advantage when studying gene expression. The study of gene expression by 

means of reporter constructs using green fluorescent protein (GFP) allows the 

visualization of where the gene of interest is expressed, both locally and temporally 

(Chalfie, Tu, Euskirchen, Ward, & Prasher, 1994). Since C. elegans is transparent, the 

expression pattern of the gene of interest can be visualized under a microscope in live 

whole worms, without the need to prepare fixed preparations or dissecting the worm. 

Further tools that have aided in the genetic study of C. elegans include RNA interference 

(RNAi) as a mechanism to silence or reduce gene activity, effectively creating the ability 

to induce a mutant-like phenotype (Timmons & Fire, 1998). Moreover, C. elegans 
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exhibits a characteristic known as eutely, which means that mature individual members 

of the species have an immutable number of cells (Sulston, Schierenberg, White, & 

Thomson, 1983). This characteristic made it possible to precisely track the exact fate of 

each of the individual cells in C. elegans generating complete cell lineages (Sulston & 

Horvitz, 1977). Following the effort by the C. elegans Sequencing Consortium, the first 

complete genome sequence of a multicellular organism was that of C. elegans (The C. 

elegans Sequencing Consortium, 1998). All together, this makes C. elegans a principally 

effective model for genetic studies and additionally for studying SLTS.  

1.4. Spliced Leader Trans-Splicing in C. elegans 

In C. elegans, the possibility of the presence of SLTS was first put forth and 

detected in association with actin genes in the late 1980’s (Krause & Hirsh, 1987). The 

mRNA sequence of three out of the four actin genes in C. elegans shared a 22-

nucleotide sequence at the 5’ end that was not present in the genomic sequences of 

those genes. Instead, the 22-nucleotide sequence originated from a part of the genome 

different than that of the actin genes. Specifically, the 22nt sequence was found on 

chromosome V and was transcribed as part of a separate relatively short (~100bp) non-

polyadenylated RNA, the SL RNA. SLTS was the most probable explanation for these 

mRNA transcripts harboring sequences that were not present in their genomic 

sequence. It was later confirmed that the 22nt sequence was a SL that was trans-spliced 

to the pre-mRNA. Specifically, trans-splicing was experimentally shown to be the 

mechanism by which C. elegans mRNAs acquire the SL sequence (Bektesh & Hirsh, 

1988). On top of this, it was further noticed that other non-actin mRNAs also had the SL 

sequence and suggested the possibility of SLTS being a regulatory mechanism of gene 

expression (Krause & Hirsh, 1987). In C. elegans, there are two classes of spliced 

leader sequences, SL1 and SL2. SL1 consists of a single conserved 22-nucleotide 

sequence that is found at the rrs-1 structural locus on chromosome V. The rrs-1 locus 

contains over 100 tandem repeats of both the gene that encodes the SL1 RNA and the 

gene that encodes the 5S RNA (Xie & Hirsh, 1998). SL2 contains multiple sequences 

that are dispersed throughout the genome. However, in contrast to Trypanosomes 

where all mRNAs undergo SLTS, in C. elegans not all mRNAs undergo SLTS. 

Additionally, C. elegans have both trans-splicing and cis-splicing, while Trypanosomes 
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only have trans-splicing. Since the initial discovery, many projects explored the 

expression and functional significance of SLTS in C. elegans. 

1.4.1. Biological importance and function of SLTS in C. elegans  

SLTS is a biologically important phenomenon in C. elegans. In particular, SLTS 

plays an important role in development and is necessary for embryogenesis in C. 

elegans (Ferguson, Heid, & Rothman, 1996). The rrs-1 locus contains tandem repeats of 

the genes for both the SL1 RNA and the 5S RNA. When the rrs-1 locus is deleted, C. 

elegans express an embryonic lethal phenotype. Reintroducing SL1 RNA, but not 5S 

RNA, was sufficient to rescue the embryonic lethal phenotype (Ferguson, Heid, & 

Rothman, 1996). However, 5S RNA was required for development past early larvae 

stages. Interestingly, introducing a construct that contains SL2 RNA and 5S RNA 

likewise rescued the embryonic lethality (Ferguson, Heid, & Rothman, 1996). A fraction 

of the rrs-1 deletion mutant worms that had the SL2 RNA and 5S RNA construct were 

able to reach adulthood, although they were invariably sterile. Interestingly, some parts 

of the SL RNA are more tolerant to mutations than others, which emphasizes their 

specific importance in terms of function (Hirsh & Xie, 1998). The lethality of rrs-1 deletion 

mutants fails to be rescued by SL1 RNA molecules that have mutations at residues that 

are required for SLTS. Meaning, the process of SLTS, and not just the presence of SL 

RNA, is required for embryonic development and SL1 specifically is required for fertility 

in C. elegans. 

Furthermore, some SLs are regulated in a developmental and tissue specific way 

(Ross, Freedman, & Rubin, 1995). For instance, during the first hour of recovery from 

developmental arrest induced by starvation, transcripts that are SL trans-spliced to SL2 

are significantly up regulated when compared to both SL1 trans-spliced transcripts and 

non-trans-spliced transcripts (Maxwell, Antoshechkin, Kurhanewicz, Belsky, & Baugh, 

2012). In addition, genes that are SL trans-spliced have a higher translational efficiency 

than genes that are not SL trans-spliced in C. elegans (Yang, et al., 2017).  

Along with SLTS, C. elegans have another peculiarity in their genomes. Some C. 

elegans genes are arranged in clusters with multiple genes in the same orientation 

within a few hundred base pairs of each other. The genes contained in these clusters 

are co-transcribed as polycistronic transcripts, meaning that the polycistronic pre-mRNA 
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transcript has multiple genes that need to be processed into individual transcripts 

(Spieth, Brooke, Kuersten, Lea, & Blumenthal, 1993). As it turns out, about 15% of 

genes in C. elegans are found in these multi-gene co-transcribed clusters (Blumenthal, 

et al., 2002). This type of genomic architecture parallels that of bacterial and archaeal 

operons, where genes with related functions are transcribed at the transcriptional control 

of a single promoter (Osbourn & Field, 2009). However, unlike bacterial and archaeal 

operons, where each individual gene in the polycistronic unit is independently translated 

by a separate initiation event, C. elegans operons are first processed into the individual 

cistrons. These individual cistrons, which correspond to the individual genes in the 

operon, are then processed to produce the mature mRNAs for each gene. These 

cistrons can then be translated into the individual protein products. Moreover, the operon 

structure in C. elegans is highly conserved in C. briggsae, which is a species of 

nematode that is frequently used for comparative genomics of C. elegans, indicating that 

it is an important aspect in the genome of nematodes that is under selection (Stein, et 

al., 2003). Locations of chromosomal rearrangements between C. elegans and C. 

briggsae are infrequently found in regions that are between the genes in operons. In 

fact, chromosomal rearrangements in these locations are found as infrequently as they 

are within genes, further suggesting that maintaining operon structure is under strong 

selection. One reason that operons are under selection is that they provide an 

advantage by concentrating genes involved in growth which facilitates accelerated 

recovery (Zaslaver, Baugh, & Sternberg, 2011).  

Notably, one of the most important steps in processing polycistronic transcripts 

into mature monocistronic mRNAs in C. elegans is trans-splicing to the SL. Specifically, 

one of the functions of SLTS in C. elegans is resolving individual genes from operons. 

Principally, SL1 is trans-spliced to the first gene in operons and SL2 is trans-spliced to 

downstream genes.  
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Figure 1-6  A hybrid operon in C. elegans. (A) When transcription is regulated 

through the operon promoter, the first gene is SLTS to SL1 and the 
downstream gene is SLTS to SL2. (B) When transcription of the 
downstream gene is initiated from the internal gene-specific 
promoter, the gene is SLTS to SL1, rather than SL2.  

The understanding of the regulation of the genes in C. elegans operons, 

however, is further obscured by the presence of hybrid operons. It was noticed that 

some downstream genes in operons were trans-spliced to both SL1 and SL2 (Huang, et 

al., 2007). In these hybrid operons, the downstream gene can be transcribed from either 

the operon promoter or an internal gene-specific promoter. Specifically, when the 

downstream gene is being transcribed from the operon promoter, the downstream gene 

is trans-spliced to SL2, similar to regular operons in C. elegans (Figure 1-6 A). However, 

if the gene is being transcribed from an internal promoter, then the gene is trans-spliced 

to SL1 (Figure 1-6 B). The presence of hybrid operons indicates that some genes that 

are found downstream in operons are under the regulation of two separate promoters. 

This suggests that trans-splicing may be regulated so that a gene can either be 

expressed as part of an operon or independently.   
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1.4.2. Quantification of SLTS in C. elegans 

Previous studies have examined various aspects of the level of SLTS, such as 

the number of genes that undergo SLTS (Allen, Hillier, Waterston, & Blumenthal, 2011). 

However, certain aspects of SLTS in C. elegans have not been addressed. The first 

estimate of the level of SLTS in C. elegans concluded that 70% of genes undergo SLTS 

(Zorio, Cheng, Blumenthal, & Spieth, 1994). However, this estimate was an extrapolation 

from a limited number of genes due to the lack of available data at the time. In 2002, 

microarray data was used to quantify another aspect of SLTS in C. elegans (Blumenthal, 

et al., 2002).  However, this study’s scope was limited to SL2 Trans-Splicing specifically 

in operons. After that, thanks to the great advances in sequencing technology provided 

by next-generation sequencing, a huge effort was undertaken to sequence the C. 

elegans transcriptome to unprecedented depths using RNA-seq technology, which 

allowed for more insights into SLTS (Hillier, et al., 2009). In 2011, a study explored SLTS 

globally in C. elegans (Allen, Hillier, Waterston, & Blumenthal, 2011). However, their 

main hypothesis revolved around using SLTS as a means to determine and identify 

operons globally in the C. elegans genome. Although they claim to confirm that SLTS 

occurs at 70% of genes in C. elegans, they only find support for SLTS for 56% of genes, 

citing the poor quality of 5’ annotations and issues determining SLTS at genes that are 

not highly expressed as reasons why the 70% is still a reasonable estimate. A recent 

meta-analysis postulated that SLTS might potentially be ubiquitous in C. elegans and 

claimed to find RNA-seq data evidence in support of SLTS at 84% of the genes in C. 

elegans (Tourasse, Millet, & Dupuy, 2017). The only study to explore SLTS in the 

context of development limited its scope of SLTS to the context of whole operons, rather 

than each individual gene (Boeck, et al., 2016). Although various aspects of SLTS in C. 

elegans has been explored, there are questions that remain unanswered. In particular, 

previous studies have approached the analysis of SLTS at a broad level, focusing on the 

general amount of SLTS, rather than quantitatively determining SLTS for each individual 

gene and across different conditions.   

Clearly, SLTS is a biologically important phenomenon in C. elegans. Since SLTS 

is important in C. elegans, quantifying the level of the SLTS across developmental 

stages is important to fully understanding the regulatory mechanisms of C. elegans 

genes. Although previous studies have touched upon quantifying SLTS in C. elegans, 

advances in bioinformatics methods and sequencing technology provide the perfect 
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opportunity to comprehensively characterize SLTS across developmental stages to 

address the aspects of SLTS that remain unresolved.   

1.5. SLTS as a dynamic process in C. elegans  

Taken together, this suggests the potential for SLTS to be a dynamic and 

changing process. However, no previous studies have sought to directly address this 

question. Here we hypothesize that SLTS is dynamic in C. elegans and plays an 

important role in development. We seek to understand the relevance of SLTS on a 

whole genome level and to quantitatively evaluate the dynamics of SLTS as either 

constitutive or regulated. Addressing the dynamics, function, and regulation of SLTS in 

the context of development may further contribute to the understanding of more complex 

regulatory mechanisms in C. elegans gene expression. 

The first aim is to analyze SLTS events in the context of full-length transcripts. 

Isoform sequencing (Iso-Seq) data, from PacBio SMRT sequencing, will be used to 

study the nature of SLTS and characterize SLTS events. Next, we will use our 

understanding of SLTS events to predict putative SLTS Acceptor Sites (SLTS ASs) 

across the entire C. elegans genome.  

The second aim is to develop a method for assessing RNA-seq alignments for 

SLTS events. This method will utilize aligned RNA-seq reads along with our predicted 

SLTS ASs. SLTS events and level of support will be quantified at each SLTS AS to 

provide us with the necessary information to study the dynamics of SLTS.  

Finally, we study the dynamics of SLTS across different developmental stages to 

determine and quantify potential dynamic changes of SLTS in C. elegans development. 

The dynamics will be studied at different levels, including SL usage, SLTS AS level, 

gene level, and operon level.  
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Chapter 2.  
 
Characterizing Spliced Leader Trans-Splicing 
through single molecule sequencing of full-length 
transcripts and predicting putative Spliced Leader 
Trans-Splicing Acceptor Sites in C. elegans 

In eukaryotes, such as C. elegans, a gene can be made up of multiple different 

types of elements including exons, introns, and untranslated regions (UTRs). 

Additionally, a gene can have numerous transcripts that arise from unique combinations 

of these components. The exons of a protein coding gene combine to produce the 

protein coding sequence (CDS), which is eventually translated into a protein. Some 

genes can produce multiple unique transcripts through different combinations of the 

exons. For our analysis of SLTS in C. elegans, we will focus on all the unique protein 

coding sequences produced by each gene. Since the SL sequence replaces the 5’ UTR 

in transcripts that undergo SLTS and the UTR does not change the protein coding 

sequence, we did not consider alternative UTR usage. Predicting putative SLTS ASs for 

each CDS in C. elegans will help us be able to couple SLTS events and genes. In 

addition, the predicted putative SLTS ASs will form the foundation for determining SLTS 

events from RNA-seq data.  

However, before we are able to predict SLTS ASs across the C. elegans 

genome, we need to understand the nature of SLTS. We will use single molecule 

sequencing reads that represent full-length transcripts to characterize the nature of real 

SLTS events.  

2.1. Approaching SLTS in the context of full-length 
transcripts 

Capturing full-length transcripts is a challenge. Although RNA-seq technology 

gives us the power to sequence the transcriptome and better understand the mRNA that 

is present in an organism, the short read length provides challenges when attempting to 

obtain the sequence of transcripts over the full-length, from 5’ end to 3’ end (Ozsolak & 

Milos, 2011). Fortunately, new sequencing technologies have been able to overcome 
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this obstacle. While the second wave of advances in sequencing technology was 

hallmarked by the high-throughput yield, the third generation of sequencing technology 

has been characterized by pushing the envelope when it comes to the upper limit of the 

length of the sequencing reads (van Dijk, Jaszczyszyn, Naquin, Thermes, & Claude, 

2018). However, the third generation of sequencing technology is still new. As such, it is 

very expensive and data has not been produced to cover the extensive array of 

biological conditions that are available with RNA-seq data. Nevertheless, third 

generation long-read sequencing affords the ability to get a sequencing read that covers 

the entire length of a protein-coding transcript, which allows us to study the SLTS in the 

context of full-length transcripts. 

Isoform Sequencing, or Iso-Seq (Gonzalez-Garay, 2015), is a method for long 

read sequencing of RNA developed by Pacific Biosciences (PacBio) using their Single 

Molecule, Real Time (SMRT) Sequencing (Eid, et al., 2009). PacBio’s SMRT technology 

makes use of an anchored DNA polymerase and zero-mode waveguides (ZMWs), which 

are tiny cavities that guide light to illuminate only the area where the DNA polymerase is 

anchored. This allows the system to sequence the DNA by detecting the fluorophore as 

the labelled bases are being incorporated into the synthesized DNA strand. Iso-seq 

reads can reach lengths of 175,000 bp, with over half the data being made up of reads 

over 50,000 bp. This is in stark contrast to the length limit of RNA-seq reads, which is in 

the hundred bp range.  

 
Figure 2-1  An example of a full-length transcript from PacBio Iso-Seq data. The 

top track shows the WormBase WS220 annotated gene model. UTRs 
are shown in grey. Exons are shown in light blue. Introns are shown 
as lines connecting the exons. The bottom track shows the aligned 
Iso-Seq read that meets the full-length transcript criteria by covering 
the 3' end and having an SL at the 5’ end.  

This learning set will inform our approach to studying SLTS in publicly available 

RNA-seq data to, hopefully, provide us with key aspects, such as which transcript 

undergoes SLTS by that SLTS event. We sequenced a mixed population of worms using 

the PacBio RSII sequencer to obtain Iso-Seq reads. For the full-length transcript set, 
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GMAP was used to align Iso-Seq reads to the C. elegans WS220 genome retrieved from 

WormBase (Wu & Watanabe, 2005). For a read to be considered as representing a full-

length transcript, the read has to have evidence for SLTS at the 5’ end and cover the 3’ 

end of the annotated gene model (Figure 2-1). Out of this subset, reads that had support 

for SLTS events were identified by those that had SL sequences at the 5’ end of the 

read (Figure 2-2). 

 
Figure 2-2  A SLTS event in PacBio Iso-Seq data. Gbrowse screenshot showing 

PacBio Iso-Seq read, with sequence that does not match the 
genomic sequence in red. The portion of the read that reflects the 
SL sequence is underlined in blue. 

2.2. Characteristics of SLTS in the context of full-length 
transcript reads 

There were 1,095 reads that met the criteria for full-length transcripts. The 1,095 

reads corresponded to 876 different genes. This provided us with a reasonable sized 

data set that contained a variety of different SL sequence variants. We were able to see 

both SL1 and SL2 variants.  

2.2.1. Distance from ‘ATG’ start codon 

Since we are using full-length transcripts, we are able to connect the SLTS event 

to the specific transcript that went through SLTS. WormBase annotated SLTS ASs are 

independent of transcript or gene information, so we are unable to compare the distance 

between the SLTS event and the ‘ATG’ translational start codon to WormBase 

annotated SLTS ASs.  

We investigated the distance between SLTS events and the translational start 

codon of the associated annotated transcript. Almost all (97.5%) of the SLTS events 

found from reads representing full-length transcripts were found within 100bp upstream 

of the “ATG” start codon in C. elegans (Figure 2-3). The distribution is asymmetrical and 
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right skewed. There are more SLTS events with smaller distances than there are with 

larger distances. Moreover, both SL1 and SL2 show the same shape. Where the 

distance of the SLTS event was more than 100bp from the “ATG” start codon, there 

were large introns in the 5’ UTR causing the large separation.  

 
Figure 2-3  Number of reads, grouped by SL1 and SL2, relative to the distance 

from the SLTS event to the "ATG" start codon in full-length 
transcript Iso-Seq reads. 

2.2.2. SLTS AS consensus sequence  

In C. elegans, cis-splicing acceptor sites canonically have the “AG” consensus 

sequence. To determine the acceptor site consensus sequence for SLTS, we 

determined the genomic sequence that would correspond to the SLTS AS from both Iso-

Seq full-length transcript reads and WormBase annotated SLTS ASs. Overwhelmingly, 

the consensus sequence used for SLTS was “AG” in both Iso-Seq full-length transcript 

reads and WormBase annotations (Table 2-1).  

Table 2-1  SLTS AS consensus sequence usage in C. elegans. 
 SLTS ASs from Iso-Seq full-length 

transcript reads 
SLTS ASs from WormBase 

annotations 
Canonical “AG” 1,038 (94.8%) 45,682 (99.8%) 

Non-canonical (i.e. not “AG”) 57 (5.2%) 112 (0.2%) 

Total 1,095 45,794 
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2.3. Approaches to predicting putative SLTS ASs using 
characteristics of SLTS from full-length transcript 
reads 

Putative SLTS ASs were predicted from C. elegans genome sequence, 

annotations, and the characteristics of SLTS ASs from the study of full-length transcript 

reads. Some genes have multiple annotated coding sequences. These coding 

sequences are specified by the coding exons, from the start codon to the stop codon.  

“AG” sequences in the 100bp window of the “ATG” start codon of annotated protein 

coding sequences were identified as predicted putative SLTS ASs for all annotated 

protein coding sequences of all genes (Figure 2-4). The C. elegans genome sequence 

and annotations were retrieved from the WormBase ftp 

(ftp://ftp.wormbase.org/pub/wormbase/releases/WS250/species/c_elegans/PRJNA1375

8/). The annotations were used to find the start codon of each C. elegans coding 

sequence. Then, any “AG” sequences in the 100bp upstream window of the start codon 

were identified as putative SLTS ASs. Each predicted putative SLTS AS was given a 

unique identifier consisting of the chromosomal position of the SLTS AS, along with 

other useful information, such as strand. 

 
Figure 2-4  Predicting putative SLTS ASs which were identified as "AG" 

sequences located in the 100bp upstream window of an "ATG" start 
codon. The genome is represented by a grey horizontal line and 
exons are connected by a bent grey line. The gene model is depicted 
using light blue blocks as the coding sequence and grey blocks as 
the untranslated region. If a gene has multiple coding sequences, 
SLTS ASs were predicted for each coding sequence.  

For each SLTS AS, the name of the coding sequence whose window the SLTS 

AS appeared in was also kept with the SLTS AS. This provides an added benefit when 

compared to the SLTS analysis provided by WormBase because WormBase SLTS 

ftp://ftp.wormbase.org/pub/wormbase/releases/WS250/species/c_elegans/PRJNA13758/
ftp://ftp.wormbase.org/pub/wormbase/releases/WS250/species/c_elegans/PRJNA13758/
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events are annotated independently from coding sequences, transcripts, or genes. Our 

approach will provide direct information about STLS of coding sequences and genes in 

C. elegans when paired with RNA-seq data. 

2.4. Results of predicted putative SLTS ASs 

Using our approach, we predicted 117,148 putative SLTS ASs in the WS250 C. 

elegans genome. The predicted putative SLTS ASs will serve as a starting point for 

determining real SLTS events. We do not expect all of them to be used. We will use 

RNA-seq data to validate the real SLTS ASs from our set of predicted putative SLTS 

ASs. Since some SLTS ASs are located in the 100bp window upstream of the “ATG” 

start codon of multiple coding sequences, this corresponds to 101,589 unique predicted 

SLTS ASs.  

Table 2-2  Predicted SLTS ASs for Coding Sequences and Genes in C. elegans 
 SLTS ASs Coding Sequences* Genes† 

With predicted SLTS ASs 101,589 (100%) 27,536 (98.8%) 20,132 (98.9%) 

Without predicted SLTS ASs 0 (0%) 340 (1.2%) 230 (1.1%) 

Total 101,589 27,876 20,362 
*Coding sequences refers to the combined coding exons that make up each isoform.  
†Genes refers to annotated WormBase genes, which can have multiple isoforms. 

Out of the 27,876 coding sequences, which are each annotated combination of 

protein coding exons of a gene, 27,536 (98.8%) had at least one predicted putative 

SLTS ASs. The coding sequences with predicted putative SLTS ASs had on average 4 

SLTS ASs per coding sequence. There were 340 (1.2%) coding sequences that had no 

predicted putative SLTS AS. From the 340 coding sequences that did not have any 

predicted SLTS ASs, 19 were due to a non-ATG start codon and 321 were due to no AG 

sequence in the 100bp window upstream of the start codon. When summarized in the 

context of WormBase annotated protein-coding genes 20,132 (98.9%) out of 20,362 

genes had at least one predicted putative SLTS AS and 230 (1.1%) did not have any 

predicted putative SLTS AS. Since genes can have multiple coding sequences, for a 

gene to have no predicted putative SLTS ASs, all the coding sequences that the gene 

encodes must have no predicted putative SLTS ASs. The 340 coding sequences that did 

not have any predicted SLTS ASs belonged to 299 genes. Of these 299 genes, 69 
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genes had at least one other coding sequence that had at least one predicted SLTS AS. 

This left 230 genes that did not have any SLTS AS predicted for any of the coding 

sequences for that gene. Of the 230 genes, 216 had no AG sequence in the 100bp 

window upstream of the start codon of any of the coding sequences that belong to that 

gene. Of the 230 genes, 14 genes had no predicted putative SLTS ASs due to non-ATG 

start codon, 12 of which are located in the mitochondrial DNA. 

 
Figure 2-5  Distribution of predicted SLTS ASs by distance to the “ATG” start 

codon. SLTS ASs were predicted by identifying “AG” sequences in 
the 100bp window upstream of the start codon for all protein coding 
transcripts in C. elegans. 

Although the largest number of predicted putative SLTS ASs occur within 5bp 

upstream of the “ATG” start codon, the number of predicted putative SLTS ASs remains 

relatively stable as the distance increases from 10 to 95 bp (Figure 2-5). When 

compared to the distribution of distances to the “ATG” start codon of SLTS events in Iso-

Seq reads (Figure 2-3), the distribution of distances to the “ATG” start codon of predicted 

putative SLTS ASs (Figure 2-5) was much more uniform. Although there were a 

relatively high number of predicted putative SLTS ASs within 5 bp, the distribution of 

distances of predicted putative SLTS ASs did not show the same heavy skewness as 

the distribution of distances to the “ATG” start codon of SLTS events in Iso-Seq reads. 

We expect that out of our predicted putative SLTS ASs, the real SLTS ASs that are used 

in SLTS reactions will have a more similar distribution to that of the Iso-Seq data. 

Specifically, we expect to see an asymmetrically right skewed distribution. We expect 

this because the predicted putative SLTS ASs likely contain noise in the form of “AG” 

sequences that happen to exist in the search window, but are not used in SLTS 

reactions. We expect these noisy unused predicted putative SLTS ASs to be farther from 

the “ATG” start codon than the used SLTS ASs.   
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2.5. Discussion of characterizing SLTS through single-
molecule sequencing of full-length transcripts and 
predicting putative SLTS ASs in C. elegans 

By using reads that represented full-length transcripts to study the nature of real 

SLTS events, we are able to determine aspects of SLTS that are unavailable in current 

WormBase annotations. Not only that, but through analyzing features of SLTS events 

from these data, we found that most SLTS events occur at “AG” acceptor site sequences 

within 100bp of the ‘ATG’ translational start codon. From Iso-Seq full-length transcript 

reads, we found that 97.5% of SLTS events were within 100bp upstream of a start codon 

and 94.8% of SLTS events use the canonical “AG” acceptor site sequence, which was 

further supported by 99.8% of WormBase annotated SLTS events. These characteristics 

helped to inform our prediction of SLTS ASs across the entire C. elegans genome.  

Interestingly, our Iso-Seq results showed a higher amount of SL2 trans-spliced 

transcripts than expected (see Appendix A). Previous studies indicate that SLTS with 

SL1 is more common than SL2. However, transcripts in operons are overrepresented in 

our Iso-Seq data. Studying SLTS in full length transcripts gave us insight into SLTS and 

provided the ability to predict putative sequence based SLTS ASs across the entire C. 

elegans genome.  

 The predicted putative SLTS ASs provide a good starting point for investigating 

SLTS in C. elegans at a whole genome level. We will be able to use these sites to 

determine if SLTS events occurred from RNA-seq evidence. Additionally, these SLTS 

ASs act as anchors and give us more confidence that the SLTS events that we are 

observing are, in fact, real SLTS events. Previous methods have not used SLTS ASs as 

anchor points for analysis, which left ambiguity in interpreting the results. 
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Chapter 3.  
 
Validating predicted putative SLTS ASs using RNA-
seq data 

3.1. SLTS analysis procedure 

As we do not expect all of the predicted putative SLTS ASs to be real SLTS ASs 

that undergo SLTS, we will use RNA-seq data to determine which of the predicted 

putative SLTS ASs have evidence for the presence of SLTS events occurring (Figure 

3-1).  

 
Figure 3-1  Overview of validating SLTS ASs. (A) Flowchart showing how to 

validate SLTS ASs using predicted putative SLTS AS and aligned 
RNA-seq reads. (B) Pseudocode explaining how SLTS events are 
determined for each SLTS AS. 

Unlike the genome, which maintains a relatively stable sequence throughout an 

organism’s life, the transcriptome is everchanging. The population of mature mRNA 
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transcripts in an organism is directly impacted as gene expression changes in response 

to the external and internal stimulus. Even in the same organism, different cells can have 

vastly different transcriptomic profiles. This makes characterizing the transcriptome of an 

organism, even one as well understood as C. elegans, a challenge. However, RNA-seq 

has revolutionized the study of transcriptomics by providing a way to retrieve the 

sequences of the mature mRNA population of a sample (Wang, Gerstein, & Snyder, 

2009). Since SLTS is a post-transcriptional modification, reads originating from the 5’ 

end of mature mRNAs that have undergone SLTS will have SL sequences as part of the 

read in RNA-seq data. We can use RNA-seq data to determine real SLTS events. To 

quantify SLTS events accurately, we developed a method to assess RNA-seq data for 

SLTS events using the RNA-seq reads, genomic data, and the putative predicted SLTS 

ASs, which we described in the previous chapter. We will use the publicly available 

RNA-seq data to validate the real SLTS ASs from our set of predicted putative SLTS 

ASs.  

3.2. Preparing and pre-processing publicly available RNA-
seq data 

3.2.1. Selecting RNA-seq datasets 

Since the advent of the RNA-seq method, many experiments have been carried 

out, including in C. elegans. Using publicly available RNA-seq data gave us the breadth 

of data required to carry out this study. We accessed the available public data through 

the National Center for Biotechnology Information’s Sequence Read Archive (Leinonen, 

Sugawara, & Shumway, 2011). Using the Run Selector tool, we chose several criteria to 

filter the available runs (Table 3-1). Understandably, we selected datasets that were 

from transcriptomic experiments and that had Caenorhabditis elegans as the organism. 

However, we wanted to ensure that the data provided the quality required to carry out 

this study. Specifically, we aimed to select data that would provide accurate alignments 

to the reference genome.  
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Table 3-1  Criteria used for selecting RNA-seq runs from publicly available 
datasets in SRA 

Category Selection Criteria 

LibraryLayout Paired 

LibrarySource Transcriptomic 

AvgSpotLen >=140bp 

Organism Caenorhabditis elegans 
 

When aligning reads to a reference genome, especially RNA-seq reads, there 

are many challenges. Some of these challenges arise from the relatively short length of 

sequence reads. As the sequencing technology has advanced and matured, longer read 

lengths have become possible. Additionally, strategic protocols have been designed, 

such as paired-end sequencing, to address the shortcomings of short reads. Increased 

accuracy can be achieved when aligning reads to a reference genome when a paired-

end sequencing strategy is used, as opposed to a single-end read strategy. Although 

50bp single-end reads are suitable for differential gene expression analysis, when 

studying splicing, longer paired-end reads are more appropriate (Chhangawala, Rudy, 

Mason, & Rosenfeld, 2015). We chose to only include datasets that used a paired-end 

library layout to ensure we could achieve adequate accuracy for our alignments. 

Additionally, we decided to enforce a length cut-off of 140bp as the combined average 

length of both reads in the pair. This means that each read is at least 70bp long, which 

provides adequate length for studying splicing. In total, there were 802 experiments that 

met our selection criteria. The experiments included 1078 sequencing runs. The data 

was retrieved using the fastq-dump utility from the sra-toolkit. Additionally, the --split-spot 

option was specified to create two separate files for each of the paired reads. 

3.2.2. Quality trimming and filtering of reads 

To remove low quality base calls that can negatively impact downstream 

analysis, we processed the raw reads with quality trimming, which not only increases the 

quality, but also the reliability of the analysis (Del Fabbro, Scalabrin, Morgante, & Giorgi, 

2014). Although trimming low quality bases is important to improve results, 

overzealousness can lead to the discarding of useful reads and have a negative impact 
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on the analysis (MacManes, 2014) (Williams, Baccarella, Parrish, & Kim, 2016). To 

balance the quality and quantity of data that we kept, we determined an appropriate 

quality trimming and read length filtering threshold for downstream SLTS analysis (see 

Appendix C). Trimmomatic is a commonly used read-trimming program (Bolger, Lohse, 

& Usadel, 2014). We used Trimmomatic in Paired End Mode with parameters specified 

for an appropriate trimming level (Table 3-2). Specifically, any bases that were below a 

quality threshold of 5 were trimmed from the beginning and end of each read. Further, a 

sliding window quality threshold cut-off of 7.4 was used with a window size of 4bp. 

Finally, only reads where both pairs had a length of at least 50bp were retained. The 

pre-processing of the reads gave us appropriate data for our SLTS analysis and 

provided a good balance between data quality and data quantity 

Table 3-2  Parameters used for quality control of raw RNA-seq reads with 
Trimmomatic  

Parameter Value 

Leading 5 

Trailing 5 

Sliding Window (4bp) 7.5 

Min Len 50 

3.2.3. Splice-aware aligner and parameters 

We determined the most appropriate splice-aware aligner for downstream SLTS 

analysis (Appendix B). Paired-end read alignment was performed with STAR (Dobin, et 

al., 2013). The intron sizes were optimized for C. elegans gene features. The length of 

introns varies across organisms (Atambayeva, Khailenko, & Ivashchenko, 2007). 

Luckily, most splice-aware aligners, such as STAR, allow you to adjust parameters for 

various aspects of the alignment, including minimum intron length and maximum intron 

length. To ensure the parameters used were suitable for alignment to the C. elegans 

genome, we determined appropriate minimum and maximum values of intron sizes for 

C. elegans gene features. A survey of intron lengths from both Iso-Seq and WormBase 

introns was carried out. We found that 99.2% of the WormBase and Iso-Seq introns are 

between 30bp and 5,000bp.  Accordingly, a minimum intron size of 30 and a maximum 

intron size of 5000 were used. Further, only one alignment from multi-mapped reads was 
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included to prevent issues arising from multi-mapped reads. These parameters ensured 

appropriate RNA-seq alignment.  

3.3. Determining SLTS events from aligned RNA-seq data 

3.3.1. What we expect to see from SL containing reads 

With short reads, such as those from RNA-seq experiments, one can align the 

reads to the reference genome to determine where, in the genome, the reads originated 

from. Usually, the preference is that the reads align to the reference genome to a 

position without any mismatches or soft-clipping. However, looking for SLTS events 

presents a unique challenge. During SLTS, the 3’ end of the SL is SLTS to the 5’ end of 

the transcript. The result is that the new 5’ end of the molecule is composed of the SL 

sequence and downstream of the SL sequence is the sequence of the 5’ end of the 

transcript. When a transcript that underwent SLTS is sequenced using short reads, 

many of the reads will not contain evidence for SLTS events as they originate from 

sections of the transcript that are farther from the SLTS event than the length of the 

read. However, some of the reads will contain portions of the SL sequence. 

 
Figure 3-2  SL containing reads are composed of a portion of the SL sequence 

and a portion of the transcript sequence. The SL sequence is shown 
in orange and the transcript sequence is shown in blue. 5’ and 3’ 
ends are labeled.  

The reads that contain SL sequences are composed of two parts; the portion of 

the read that originates from the transcript that underwent SLTS and the portion of the 

read that contains the SL sequence (Figure 3-2). Although RNA-seq reads are 

considered short reads, their lengths have increased considerably in recent years to up 

to 250 per read. Even if the full ~22 bp SL sequence is captured in the read, it will make 

up a small portion of the entire read sequence. The majority of an SL containing read will 

be comprised of sequence that originates from the genomic region that the transcript 
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was transcribed from. Since the portion of the read with the SL sequence makes up a 

minority of the read and originates from a different part of the genome than the rest of 

the read, when this read is aligned to the reference genome, we expect that the read will 

align to the genomic location corresponding to where the transcript originates from. 

Further, we expect that the portion of the read that originates from the SL will have 

mismatches from the genomic sequence upstream of the aligned region or be soft-

clipped since it originates from a different location in the genome. Conversely, if a read 

does not have evidence for an SLTS event, then we expect the entire read to align and 

match the genomic sequence.  

 
Figure 3-3  Comparison of reads with evidence for SLTS and reads without 

evidence for SLTS. (A) A Gbrowse screenshot showing genomic 
positions 6,011,983 to 6,012,064 on chromosome I in C. elegans with 
tracks displaying putative predicted SLTS ASs, WormBase WS250 
gene models, genomic sequence and aligned RNA-seq reads from 
SRR2015274. An example of (B) a read not containing an SL and (C) 
an SL containing read are highlighted. (B) The highlighted read with 
no SL is shown in black text and a blue background. The genomic 
reference sequence is shown in red text. There are no mismatches 
between the read and the genomic sequence. (C) The highlighted SL 
containing read is shown in black text on a colored background, 
where a blue background portrays bases that match the genomic 
sequence and a red background portrays bases that show 
mismatches between the read and the genomic sequence. The 
underlined portion of the SL containing read matches the sequence 
of the spliced leader SL1. The matching portion of the read and SL1 
sequence are underlined.  

Based on what we know about SLTS events and how they will affect RNA-seq 

alignments, we can describe a set of criteria to identify reads that have evidence for 

SLTS events from our putative predicted SLTS ASs and aligned RNA-seq reads. First, 
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we expect that the bases upstream of the SLTS AS either contain mismatches between 

the read and the genomic sequence or that the read is soft-clipped. Second, we expect 

the portion of the read that is upstream of the SLTS AS to match the 3’ end of one of the 

SL sequences (Figure 3-3 C) (Table 3-3).  

Table 3-3  Table of SL sequences by SL type in C. elegans. 
 Sequence SL Group 

5’ end 3’ end  
GGTTTAATTACCCAAGTTTGAG* SL1 
GGTTTTAACCCAGTTAATTGAG* 

SL2 

GGTTTTAACCCAGTTACTCAAG 
GGTTTAAAACCCAGTTAACAAG 
GGTTTATACCCAGTTAACCAAG 

GGTTTTAACCCAGTTTAACCAAG 
GGTTTTAACCCAGTTACCAAG 

GGTTTTTACCCAGTTAACCAAG 
GGTTTTAACCCAGTTAACCAAG 
GGTTTTAACCCATATAACCAAG 

GGTTTTAACCCAAGTTAACCAAG 
GGTTTAAAACCCAGTTACCAAG 
GGTTTTAACCCAGTTAACTAAG 

GGTTTTAACCAGTTAACTAAG 
* Refer to Figure 3-5 D for more information about differentiating these sequences 

We can use these criteria to differentiate between reads that do not have 

evidence for SLTS events and reads that have evidence for SLTS events (Figure 3-3). 

Additionally, we can scale this approach to identify and quantify SLTS events from a 

large number of RNA-seq datasets at SLTS ASs across the entire C. elegans genome.  

3.3.2. Algorithm for validating SLTS ASs with RNA-seq data 

We developed an approach for using RNA-seq data to validate the predicted 

putative SLTS ASs (Figure 3-1). Our SLTS AS based approach gives us direct evidence 

for SLTS events tied to specific coding sequences in the C. elegans genome.  
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Figure 3-4  Overview of which reads to investigate for evidence of SLTS. For 

each SLTS AS (shown in yellow), reads that align to the position in 
the reference genome that corresponds to the SLTS AS and extend 
at least 1bp upstream of the SLTS AS are considered. However, 
certain reads are skipped (shown in red). Specifically, reads that 
have introns upstream of the SLTS AS, reads that have indels that 
span the SLTS AS, and reads that align to the opposite strand of the 
SLTS AS are skipped. The rest of the reads that align to the SLTS AS 
(shown in green) proceed to the next step where they are 
investigated for SLTS events.  

Each predicted putative SLTS AS is examined for reads that have spliced leader 

sequences. Although the different spliced leaders have different sequences, the last two 

bases are invariably “AG”, which is the same as the SLTS AS consensus sequence that 

was used to predict the putative SLTS ASs. Hence, reads that align to the reference 

genome at the same position as the predicted putative SLTS AS and extend at least 1bp 

upstream of the SLTS AS are appropriate for further inspection for SLTS events. To 

accomplish our goal, we first retrieve all reads that align to the reference genome at the 

same position as the SLTS AS (Figure 3-4). These reads will be screened and only 

reads that meet certain criteria will be considered for evaluation for evidence of SLTS. 

Although we retrieve all the reads that align at the same position as the SLTS AS, we 

only include the reads that have a sequence that extends at least 1 bp upstream of the 

SLTS AS position. The reason we use the SLTS AS position, rather than the position 

1bp upstream of the SLTS AS, as the position for retrieving reads is to ensure that we 

are able to retrieve reads that have soft-clipped bases upstream of the SLTS AS. Soft-

clipped bases are bases in the read that are unaligned but are maintained in the 

alignment record (Li, et al., 2009). Even though soft-clipped bases are contained in the 

segment sequence field of in the SAM/BAM file, they do not contribute to the start and 

end positions of the alignment. This means that retrieving reads that align to the position 
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1bp upstream of the SLTS AS will not retrieve a read where the bases upstream of the 

SLTS AS are soft-clipped. Therefore, if we used the position 1bp upstream of the SLTS 

AS for retrieving reads, we would miss SLTS events because the SL sequence does not 

match the genome at the location of SLTS and may be soft-clipped. Further, the strand 

of the aligned read was another criterion we considered when determining which reads 

to evaluate for evidence of SLTS. Since the putative SLTS ASs were predicted using 

gene model information, they are predicted for a specific strand. Therefore, we only 

consider reads that align to the same strand as the SLTS AS. Further, we do not 

consider reads that have indels that span the SLTS AS and introns upstream of the 

putative SLTS AS for further investigation. These cases are likely to not contain 

evidence for SLTS. Once we have retrieved all the appropriate reads for the SLTS AS, 

we have everything that we need to determine what type of evidence the read provides 

in the context of SLTS.  

Each read that was retrieved for the specific SLTS AS is investigated for what 

type of evidence it has in the context of SLTS (Figure 3-5). A read can either have 

support for SLTS or no support for SLTS. To determine if a read has support for SLTS, 

we need to get the subsequence of the read that would have evidence for SLTS. First 

we obtain the length of the subsequence from the 5’ end of the read to the position that 

aligns to the SLTS ASs (Figure 3-5 A). Next, we use that length to get the appropriate 

subsequences from the reference genome sequence, the aligned read, and the spliced 

leader sequences (Figure 3-5 B). For the reference genome sequence, we retrieve the 

subsequence of the desired length starting from the SLTS AS and going upstream. For 

the aligned read, the subsequence consists of the sequence from the position where the 

read aligns to the SLTS AS up to the 5’ end of the read, including soft-clipped bases. 

Soft-clipped bases provide valuable data when analyzing SLTS. Finally, for the spliced 

leader sequences, the subsequence retrieved is of the desired length starting from the 3’ 

end of the SL sequence. The subsequence is retrieved for each of the SL sequences 

and they are each used for comparison when looking for evidence for SLTS events.  
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Figure 3-5  How to determine the type of evidence an RNA-seq read provides in 

the context of SLTS. For each read, (A) the length of the 
subsequence from the SLTS AS to the 5’ end of the aligned read is 
determined. Then, that length is used to find the subsequence (B) 
for the reference genome, the aligned read, and the spliced leader. 
(C) Flowchart depicting logic of how to determine if a read has 
support for an SLTS event or not. If the read shows support for 
SLTS, it is determined to be supporting either SL1, SL2, or SLU, 
based on which sequence it matches. (D) SLU is used to classify 
reads where there is evidence for SLTS, but it is unclear if the read 
supports SL1 or a specific variant of SL2. This case is highlighted in 
yellow. The bases where it becomes possible to distinguish between 
SL1 and the specific SL2 variant are highlighted in green for SL1 
and dark blue for SL2. It is possible to distinguish between SL1 and 
the specific SL2 variant at all bases after the highlighted bases. 

Once we have obtained the relevant subsequences for this analysis, we can 

determine what type of evidence the read has in terms of SLTS (Figure 3-5 C). First, we 

compare the subsequence of the aligned read to the subsequence of the reference 

genome. In cases where the subsequence of the aligned read and the subsequence of 

the reference genome are an exact match, there is no evidence for SLTS. Even if the 

subsequence of the aligned read in this situation matches a spliced leader subsequence, 
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this does not present support for SLTS because there is no evidence that the 

subsequence was trans-spliced to the read. Rather, the subsequence may have instead 

been transcribed from part of the genome that happens to have a sequence similar to a 

spliced leader variant. Not accepting these reads as evidence for SLTS prevents false 

positives where the reference genome sequence is the same as the 3’ end of a spliced 

leader sequence. As such, our first criteria that needs to be met for a read to be 

classified as having support for SLTS is that the subsequence of the aligned read and 

the subsequence of the reference genome do not match exactly. After this criterion is 

met, the subsequence of the aligned read must also match the subsequence of one of 

the spliced leader sequences for the read to be considered as showing support for a 

SLTS event. Additional steps were taken to prevent false positives (see Appendix D). 

Depending on which spliced leader subsequence the aligned read matches, the read will 

be classified as showing support for SL1, SL2, or undetermined SL (SLU). SLU is 

assigned to cases where the read shows support for SLTS and it is not possible to 

distinguish as to whether it displays support for SL1 or SL2 (Figure 3-5 D). Specifically, 

in cases where the determined length is 5bp or less and the subsequence of the aligned 

read is “TTGAG”, the read will be classified as SLU.  

This approach allows us to quantify the type and level of support for SLTS events 

at each SLTS AS for each run. With these methods, we can obtain the appropriate 

quantitative data for determining SLTS in C. elegans. Further, it produces enough details 

to take a deeper look into SLTS to understand different facets of SLTS that previous 

studies have not explored.  

3.4. Results from SLTS AS analysis of RNA-Seq Data 

For each run, we report details about the reads that have evidence for SLTS 

events (Figure 3-6 B). The information that is contained in the output report is the read 

name, the unique identifier of the SLTS AS that is supported by that read, the length of 

the subsequence that supports SLTS, the SL variant, and the subsequence that 

supports SLTS. Each run can be summarized at the SLTS AS level and the read count 

for each SLTS AS calculated using the information generated (Figure 3-6 C).  
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Figure 3-6  Example of output generated by SLTS AS analysis for example site 

I:10177179. (A) Gbrowse display showing the region from position 
10,177,157 to 10,177,191 on Chromosome I. Displayed tracks show 
the predicted putative SLTS AS, genomic DNA, WormBase gene 
models, and the aligned reads. (B) The output report with 
information for all the reads that show evidence of SLTS events. 
This report includes the name of the read, the SLTS AS in question, 
the length of the subsequence that supports SLTS, the SL variant 
that is supported by the read, and the subsequence that supports 
SLTS. (C) Each SLTS AS can be summarized to provide quantitative 
data about SLTS.  

After quantification, an appropriate threshold was used to filter out SLTS ASs that 

do not have adequate support for SLTS events (see Appendix E). Sequencing runs were 

considered individually and each SLTS AS was required to have at least 2 reads 

supporting SLTS for those reads to be included. The result is a set of validated SLTS 

ASs that display strong support for SLTS events from RNA-seq data. Since our 

predicted SLTS ASs, and therefore our RNA-seq validated SLTS ASs, were predicted 

for each protein-coding transcript and gene, we have a direct link between the SLTS 

event and the transcript or gene connected to that event (Figure 3-7). We can then trace 

back which transcript was used to predict a specific SLTS AS and use that information to 
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determine the gene that the transcript belongs to. This method provides insights into 

SLTS at the transcript and gene level in addition to the SLTS AS level.  

 
Figure 3-7  Validated SLTS events at the SLTS AS, transcript, and gene level. 

Gbrowse screenshot displaying positions 10,176,980 to 10,178,949 
on Chromosome I. Tracks displayed include predicted putative SLTS 
ASs, WormBase gene models, validated SLTS ASs, validated 
transcripts, and validated genes. Each SLTS AS is associated with a 
protein-coding sequence that was used to predict it. This provides a 
link between the SLTS AS and transcript. Each transcript belongs to 
a parent gene, which allows us to make a connection to the 
appropriate gene. This provides us the ability to determine SLTS 
events at the SLTS AS, transcript, and gene level.  

3.4.1. Validated SLTS events 

Using the selected datasets, consisting of 802 experiments or 1078 sequencing 

runs, we were able to determine which of our predicted SLTS ASs have evidence for 

SLTS events and validate those SLTS ASs. An appropriate threshold of at least 2 reads 

showing support for SLTS per sequencing run for the number of reads supporting SLTS 

required to consider a SLTS AS as validated was applied to minimize false positives 

(Appendix E). An average of 5,164 SLTS ASs were validated with RNA-seq data per 

run. Including an increasing number of runs lead to an increase in the total number of 

validated SLTS ASs that have RNA-seq evidence for SLTS events, as expected (Figure 

3-8). The 200 runs that had the most validated SLTS ASs per run also contributed to a 

majority of the cumulative total of validated SLTS ASs.  
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Figure 3-8  Number of SLTS ASs validated. The number of SLTS ASs with 

support for SLTS events per run is shown as dark blue bars, with 
the y-axis values on the left. The cumulative total of validated SLTS 
ASs is indicated as a red line, with the y-axis values on the right.   

 The SLTS AS that was found to have support for SLTS in the highest number of 

runs was IV:14825677, which was found to be validated in 1,018 of the runs. The 

IV:14825677 SLTS AS was predicted for the rps-18 (WBGene00004487) gene based off 

of the Y57G11C.16 protein-coding sequence. The rps-18 gene encodes a small subunit 

ribosomal protein. Interestingly, although rps-18 (Y57G11C.16) has two validated SLTS 

ASs, the SLTS AS that is farther from the “ATG” start codon of rps-18 is the SLTS AS 

that is validated in considerably more sequencing runs (Figure 3-9). 

 
Figure 3-9  The SLTS AS IV:14825677 is validated in the highest number of 

sequencing runs (1018) and is highlighted in orange. Gbrowse 
display showing positions 14,825,630 to 14,826,469 on Chromosome 
IV with tracks depicting validated SLTS ASs, WormBase gene 
models, validated transcripts, and validated genes. Another SLTS 
AS (IV:14825697) that is validated for the same gene is highlighted in 
blue.  
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 As ribosomal proteins are generally ubiquitously expressed and the majority of their 

transcripts undergo SLTS in C. elegans, it is not surprising that a ribosomal protein 

would be at the top of the list (Danks, et al., 2015). Moreover, we can rank the SLTS 

ASs by the number of runs that they are validated in. If we look at the most commonly 

validated SLTS ASs, which we define as the 20 highest ranked SLTS ASs that are 

validated in the highest number of sequencing runs, we can see that ribosomal proteins, 

both small subunit and large subunit, are frequent among the most common SLTS ASs 

(Table 3-4). Specifically, 85% (17/20) of the most commonly validated SLTS ASs are 

ribosomal proteins.  

Table 3-4  Gene function of the 20 most commonly validated SLTS ASs across 
sequencing runs. 

Rank* SLTS AS Number 
of Runs 

Gene 
Name 

WormBase Gene 
id 

Gene Description†  

1 IV:14825677 1018 rps-18 WBGene00004487 Ribosomal Protein, Small subunit 

2 I:2069576 1016 rla-1 WBGene00004409 Ribosomal protein, Large subunit, 
Acidic (P1) 

3* II:6588656 1015 icd-1 WBGene00002045 Inhibitor of Cell Death 

4 IV:13777863 1013 rpl-18 WBGene00004430 Ribosomal Protein, Large subunit 

5 I:8816194 1010 rps-15 WBGene00004484 Ribosomal Protein, Small subunit 

6 IV:4749779 1005 rpl-20 WBGene00004432 Ribosomal Protein, Large subunit 

7 III:4475916 1004 rps-1 WBGene00004470 Ribosomal Protein, Small subunit 

8 V:15512177 1004 rpl-38 WBGene00004452 Ribosomal Protein, Large subunit 

9 I:10567892 1003 rla-0 WBGene00004408 Ribosomal protein, Large subunit, 
Acidic (P1) 

10* I:5610271 1003 vha-10 WBGene00006919 Vacuolar H ATPase 

11 III:7208445 1002 rpl-6 WBGene00004417 Ribosomal Protein, Large subunit 

12 V:15000542 1002 rps-16 WBGene00004485 Ribosomal Protein, Small subunit 

13 IV:7313861 1001 rps-8 WBGene00004477 Ribosomal Protein, Small subunit 

14* I:10569110 998 tct-1 WBGene00009122 TCTP (translationally-controlled 
tumor protein) homolog 

15 I:9689195 998 rpl-14 WBGene00004426 Ribosomal Protein, Large subunit 

16 II:11097205 998 rpl-41 WBGene00004454 Ribosomal Protein, Large subunit 

17 III:7179589 998 rps-14 WBGene00004483 Ribosomal Protein, Small subunit 

18 IV:13882223 998 rpl-29 WBGene00004443 Ribosomal Protein, Large subunit 
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19 IV:1659689 996 rps-28 WBGene00004497 Ribosomal Protein, Small subunit 

20 III:6206801 995 rps-3 WBGene00004472 Ribosomal Protein, Small subunit 
* genes not annotated as ribosomal proteins are indicated with an asterisk.  
† Gene descriptions were retrieved from WormBase WS250 functional descriptions 

In total, when we combined all the data from the 802 experiments, we validated 

28,543 of the predicted SLTS ASs as real SLTS ASs with RNA-seq evidence for SLTS 

meeting our validation threshold (Table 3-5). As we are able to trace back the transcript 

and gene used to predict each SLTS AS, we can determine the number of transcripts 

and genes that have RNA-seq evidence for SLTS events. We found evidence of SLTS at 

71.2% (19,592 / 27,536) of the protein-coding transcripts that had at least one predicted 

putative SLTS ASs or 70.3% (19,592 / 27,876) of all annotated protein-coding 

transcripts. This corresponds to evidence of SLTS at 69.1% (13,907 / 20,132) of protein-

coding genes that have at least one predicted putative SLTS ASs or 68.3% (13,907 / 

20,362) of all annotated protein-coding genes. These numbers are similar to earlier 

confirmed estimates of the level of SLTS in C. elegans (Allen, Hillier, Waterston, & 

Blumenthal, 2011) (Zorio, Cheng, Blumenthal, & Spieth, 1994). However, they are lower 

than some more recent estimates, which postulate that up to 84% of genes in C. elegans 

could undergo SLTS (Tourasse, Millet, & Dupuy, 2017).  

Table 3-5  RNA-seq validated SLTS events for SLTS ASs, coding sequences, 
and genes. 
 SLTS ASs Coding Sequences* Genes† 

RNA-seq validated 28,543  19,592  13,907 

With predicted 
SLTS ASs    

Count  101,589 27,536  20,132  

% validated  28.1% 71.2%  69.1%  

Total   
Count  101,589 27,876 20,362 

% validated 28.1% 70.3%  68.3% 
*Coding sequences refers to the combined coding exons that make up each isoform.  
†Genes refers to annotated WormBase genes, which can have multiple isoforms. 

 As expected, the distribution of distances to the “ATG” start codon of validated 

SLTS ASs (Figure 3-10) more closely resemble the expected distribution, the Iso-Seq 

SLTS events distribution, rather than the predicted SLTS ASs distribution did. 

Specifically, the distribution of distances to the “ATG” start codon of validated SLTS ASs 
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demonstrates the same unimodal, asymmetric, right-skewness that is seen in the 

distribution of distances to the “ATG” start codon of SLTS events in Iso-Seq reads 

(Figure 2-3). This is different from the relatively uniform shape seen in the distribution of 

distances to the “ATG” start codon of predicted putative SLTS ASs (Figure 2-5). We 

speculate that this is because the putative predicted SLTS ASs that are not supported by 

RNA-seq data represent “AG” sequences that are present in the 100bp window, not 

because they are real SLTS AS signals, but due to of chance.   

 
Figure 3-10  Distribution of validated SLTS ASs by distance to the “ATG” start 

codon. Predicted SLTS ASs that have RNA-seq evidence for SLTS 
events are shown in red and predicted SLTS ASs with no RNA-seq 
evidence for SLTS events are shown in grey. 

 Notably, only 28.1% (28,543/101,589) of our predicted putative SLTS ASs 

showed evidence for SLTS. However, as we predicted many putative SLTS ASs for 

each protein-coding sequence in C. elegans, we did not expect each of the SLTS ASs in 

the set of putative predicted SLTS ASs to be used. This is consistent with the 

observation that 28.1% of the predicted SLTS ASs are validated with RNA-seq support 

that meets our threshold requirement, while 70.3% (19,592 / 27,876) of the protein-

coding sequences are validated as having SLTS events with RNA-seq data. Although 

there are cases where SLTS occurs at more than one SLTS AS for a given protein-

coding transcript, most of the time one SLTS AS is validated for each protein-coding 

transcript (Figure 3-11). This suggests that there is a specific preferred SLTS AS used 

for most protein-coding sequences. 
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Figure 3-11  Protein-coding transcripts may have multiple validated SLTS AS. 

However, most protein-coding transcripts have evidence of SLTS at 
only one SLTS AS. (A) Distribution of the number of SLTS ASs with 
RNA-seq evidence of SLTS events per transcript. (B) Example of 
protein-coding transcript with evidence of SLTS at two SLTS ASs.  

If the “AG” signal in the 100bp upstream window was sufficient to induce SLTS, we 

would expect an even distribution of SLTS events across all predicted putative SLTS 

ASs that are found in the 100bp window upstream of the “ATG” start codon of a protein-

coding sequence. Instead, what we observe is that most of the time there is a certain 

SLTS AS that is predominantly used out of the possible SLTS ASs for a given protein-

coding sequence.  

A clear example of a predominantly used specific SLTS AS can be seen in let-

754 (C29E4.8), which is a gene involved in asymmetric division in C. elegans (Yang S. , 

et al., 2017). There are 4 predicted putative SLTS ASs for let-754 (C29E4.8) (Figure 

3-12 B). In total, there are over 65,000 reads that show support for SLTS of let-754 

(C29E4.8). However, all of the reads that show evidence of SLTS of let-754 (C29E4.8) 

support only one of the predicted putative SLTS ASs (Figure 3-12). Moreover, SLTS at 

this specific SLTS AS is validated across 805 runs, while there is no evidence supporting 

SLTS events at the other 3 predicted putative SLTS ASs for let-754 (C29E4.8). This 

suggests that other factors may regulate SLTS AS usage. Out of the coding sequences 

that had evidence for SLTS, 74.3% (14,558/ 19,592) had the evidence for SLTS at the 

SLTS AS that is closest to the ATG start codon. Although the specific factors influencing 

the regulation of SLTS AS usage that lead to a preferred SLTS AS are not elucidated 

from the data, conceivably this may be due to the distance from the “ATG” start codon, 

with smaller differences being preferred, or an expanded SLTS AS recognition 

sequence, such as “TTTCAG” rather than just “AG”.  
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Figure 3-12  C29E4.8 (let-754) has 4 putative predicted SLTS ASs, but only 1 is 

validated with RNA-seq evidence. Although there may be many 
SLTS ASs predicted for a given protein-coding transcript or gene, 
usually only one is used. Gbrowse displays show two views of an 
example of a protein-coding transcript with only one SLTS AS that is 
validated with RNA-seq data out of 4 predicted putative SLTS ASs. 
(A) Gbrowse display showing positions 7,949,940 to 7,951,989 on 
Chromosome III. The RNA-seq validated SLTS AS, WormBase gene 
model, validated transcript, and validated gene are shown. (B) 
Gbrowse display showing the 100bp window upstream of the ATG, 
specifically from position 7,951,597 to 7,951,700 on Chromosome III. 
The tracks shown are the WormBase annotated gene model, the 
genomic DNA with AG sequences highlighted, the predicted putative 
SLTS ASs, and the validated SLTS AS.  

3.4.2. Comparison with WormBase annotated SLTS ASs 

We compared the SLTS ASs that we validated with RNA-seq data to the annotated 

WormBase SLTS ASs. In order to compare these SLTS ASs, the WormBase annotated 
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SLTS ASs were adjusted by -1 position for the positive (+) strand (Figure 3-13 A) and +1 

position for the negative (-) strand (Figure 3-13 B).  

 

Figure 3-13  Comparing WormBase annotated SLTS ASs and RNA-seq validated 
SLTS ASs. (A) For SLTS ASs on the positive strand, the WormBase 
annotated SLTS AS position, shown in light pink, is adjusted by - 1 
bp to compare to the putative predicted SLTS AS. (B) For SLTS ASs 
on the negative strand, the WormBase annotated SLTS AS, shown in 
light blue, position is adjusted by + 1 bp to compare to the putative 
predicted SLTS AS. (C) RNA-seq validated SLTS ASs broken down 
by those that confirm annotated WormBase SLTS ASs and novel 
SLTS ASs not previously annotated. (D) An example of a SLTS AS 
that is found in both the WormBase annotated SLTS ASs and the 
RNA-seq validated SLTS ASs. Genomic position shown from 
10,481,228 to 10,481,248 on chromosome X. Reads supporting SLTS 
events are highlighted. (E) An example of a putative predicted SLTS 
AS that is validated by RNA-seq evidence for SLTS events and is not 
annotated by WormBase. Genomic position shown from 4,759,680 to 
4,761,419 on chromosome I. 

If a predicted putative SLTS ASs that is validated through RNA-seq evidence is 

located on the same strand and position in the genome as a WormBase annotated SLTS 

AS that is appropriately adjusted, they are considered a match (Figure 3-13 D). We 

found that 51.2% (14,602 / 28,543) of our validated SLTS ASs that have RNA-seq 
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evidence supporting the occurrence of SLTS events are novel SLTS ASs that were not 

previously annotated in WormBase (Figure 3-13 C and E). In addition to this, we 

confirmed evidence for 13,941 of the SLTS AS that are annotated in WormBase, which 

equates to 48.8% of our validated SLTS ASs.  

According to literature, SLTS is understood to conventionally occur in close proximity 

to the 5’ end of mRNA transcripts (Allen, Hillier, Waterston, & Blumenthal, 2011). 

Understandably, we expect SLTS to occur within the 5’ UTR or upstream of the 5’ end of 

the gene model. We do not expect SLTS to occur within introns or other parts of the 

gene model that are downstream of the 5’ UTR. Out of the 45,794 WormBase annotated 

SLTS ASs, there are 31,853 annotated WormBase SLTS ASs that we did not validate 

with RNA-seq evidence. With this in mind, we compared attributes of the 31,853 

WormBase annotated SLTS ASs that we did not validate with RNA-seq evidence and 

the 28,543 predicted SLTS ASs that we validated with RNA-seq evidence. To compare 

the two groups, we looked at the localization within annotated gene models of each of 

the SLTS ASs (Figure 3-14). For each of these SLTS ASs, we considered protein coding 

gene models that exist on the same strand as the SLTS AS. If the SLTS AS was located 

in the 5’ UTR of any protein coding gene on the same strand, it was put into the “5’ UTR” 

category. Next, if the SLTS AS was not located in any 5’ UTR and was located in an 

annotated protein coding gene’s intron, it was put into the “intron” category. Each SLTS 

AS was only categorized into one group and the order of precedence was “5’ UTR”, 

“intron”, “other gene model”, and finally “not in gene model”. As expected, most (87%: 

(13,569 + 11,282) / 28,543) of the predicted SLTS ASs that were supported by RNA-seq 

evidence were either found within annotated 5’ UTRs or within 100bp upstream of a 

protein coding gene model. In contrast, only 7% (917 / 12,408) of the WormBase 

annotated SLTS ASs that were not validated with RNA-seq support were located within 

100bp of an annotated protein coding gene model. This means that only a small portion 

(5%: (726 + 917) / 31,853) of the WormBase annotated SLTS ASs that were not 

validated by RNA-seq evidence were either found within annotated 5’ UTRs or within 

100bp upstream of a protein coding gene model. Although there are cases where SLTS 

events have been found to occur while not being associated with the 5’ end of mRNA 

transcripts, these cases are ascertained to be rare (Allen, Hillier, Waterston, & 

Blumenthal, 2011).  
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Figure 3-14  Localization within protein coding gene model of the predicted SLTS 

ASs that are supported by RNA-seq evidence compared to those 
that are only annotated in WormBase and not validated by RNA-seq 
support. (A) Break down of localization within protein coding gene 
model structure of the t wo groups. (B) Diagram illustrating range of 
each localization category in protein coding gene model. (C) Pie 
chart showing the percent of the SLTS ASs that are not found within 
any protein coding gene model that are within 100bp of a protein 
coding gene model. (D) Examples of WormBase annotated SLTS 
ASs in the various gene model localization categories. 

Surprisingly, and in contradiction with literature, 53% (17,019 / 31,853) of the 

WormBase annotated SLTS ASs that were not validated by RNA-seq support were 

located within annotated protein coding introns. Furthermore, 15,473 of these were 

located at cis-splicing acceptor sites, which were determined from the splice junction 

locations of annotated introns. As SLTS at cis-splicing acceptor sites is a rare 
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phenomenon, these WormBase annotated SLTS ASs are unexpected. Unfortunately, 

the WormBase annotated SLTS ASs do not have any information about associated 

protein-coding transcripts or genes. Hence, we were unable to compare between our 

method and WormBase annotations of SLTS at the transcript and gene levels.   

3.5. Discussion of validating SLTS events from RNA-seq 
data 

Overall, our approach to analyzing SLTS events provides adequate levels of 

detail to quantifiably assess SLTS from available RNA-seq data. A key difference 

between our approach and other methods is that we use a set of predicted putative 

SLTS ASs as anchor points for our analysis, which provides multiple benefits (see 

Appendix F). This allows us to avoid false positives by only considering potential SLTS 

events at locations where SLTS is understood to occur. Additionally, this aids in 

interpretation as we do not need to interpret SLTS events in regions that lack any 

annotations.  

Another advantage of our method is that it allows us to make connections 

between SLTS events and the transcripts or genes that the events occur at. This gives 

us insight into the biological context of SLTS.  

Our approach relies heavily on currently available annotations, which is a definite 

drawback. Specifically, poor 5’ annotation can lead us to miss predicting a SLTS AS. 

Further, we limited our search to the 100bp window upstream of the “ATG” start codon. 

As such, we did not consider any SLTS events that occur in downstream portions of 

genes. Nevertheless, we have adequate data to make conclusions about SLTS.  
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Chapter 4.  
 
Higher resolution and more nuanced perspective on 
SLTS 

One of the advantages of our approach to SLTS is the ability to not only look at 

SLTS at a quantitative level but also differentiate between the different types of SLTS 

events. Specifically, we are able to differentiate between SL1, SL2, and SLU. Moreover, 

we are able to quantify the level of support for each SL type. As the different SLs are 

involved in different biological contexts, our method can draw insights regarding the 

biological role of the SL variants.  

4.1. SLTS by SL type  

Although the distribution of RNA-seq validated SLTS ASs by distance from “ATG” 

start codon broken down by SL type (Figure 4-1) exhibits the same asymmetrical right 

skewness as displayed in the distribution of distances of SLTS events from the Iso-Seq 

data (Figure 2-3), there are some key differences. Specifically, in the distribution of RNA-

seq validated SLTS ASs broken down by SL type, there are similar numbers of SL1 and 

SL2 SLTS ASs across all distances, while the Iso-Seq distribution exhibits more SL2.  

 
Figure 4-1   Distribution of RNA-seq validated SLTS ASs, grouped by SL type, by 

distance to the "ATG" start codon. SLTS AS with RNA-seq evidence 
for more than one SL type are included in the count of each SL type 
that the RNA-seq data shows support for. 

In total, there were 18,503 SLTS ASs that had evidence for SL1 SLTS, 18,415 

that had evidence for SL2 SLTS, and 21,732 that had evidence for SLU SLTS, with 

SLTS ASs being able to have evidence for one, two, or all three categories (Figure 4-2) 
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(Conway, Lex, & Gehlenborg, 2017). Out of the SLTS ASs that only have evidence for 

one of the three categories, SLTS ASs that are only SLTS to SL2 are the biggest group 

at 4,088 compared to 2,297 for SL1 and 3,565 for SLU. However, it is important to recall 

that SLU is not a distinct SL type, but rather represents situations where we are unable 

to determine if the specific read shows support for SL1 or SL2. With that in mind, when 

we investigate SLTS ASs that are SLTS to SLU and one of the other SL types, we can 

see that SLU SLTS occurs more frequently at SLTS ASs that are SLTS to SL1 (4,266) 

than SLTS ASs that are SLTS to SL2 (2,387). Moreover, in total there were 7,939 

validated SLTS ASs that have evidence specifically for the SL2 variant that leads to SLU 

categorization if the subsequence is too short (Figure 3-5 D). Of these 7,939 SLTS ASs, 

202 had equal levels of support for both SL1 and SL2, 5,196 had higher levels of SL1 

support than SL2 support, and 2,541 had higher levels of SL2 support than SL1 support. 

This seems to suggest that when we assign SLU to a SLTS AS, it is most likely that the 

SLTS AS is in fact SL1 SLTS, but as certain reads did not contain long enough 

subsequences, they were not categorized as showing support for SL1. 

 
Figure 4-2  UpSet plot of intersecting sets, where the intersection size (y-axis) 

indicates the number of RNA-seq validated SLTS ASs for each 
intersection of SL types. Each intersection is shown below the x-
axis by connected black dots. The bottom left horizontal bars (set 
size) indicate the number of validated SLTS ASs that have RNA-seq 
support for each SL type (SLU, SL2, SL1).   
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From literature, it is understood that SL1 SLTS occurs more frequently than SL2 SLTS 

(Blumenthal, 2005). Specifically, that more than 50% of mRNA transcripts are SLTS to 

SL1, while only about 20% are SLTS to SL2. This contradicts the observation that there 

are a similar number of SL1 and SL2 SLTS ASs from the RNA-seq data.  

 
Figure 4-3  SL type of RNA-seq reads with support for SLTS.  

However, when we break down the RNA-seq reads that have evidence of SLTS 

events into the different SL types, it is evident that SL1 is the most frequent SL that is 

involved in SLTS (Figure 4-3). Combined with the findings that there are similar numbers 

of SLTS ASs with SL1 RNA-seq support and SLTS ASs with SL2 RNA-seq support, this 

indicates that far less SL2 containing reads are dispersed across the similar number of 

SLTS ASs. Possible explanations for this are that transcripts that are SLTS to SL2 have 

lower expression than those SLTS to SL1, or alternatively, that there is a basal level of 

SL2 SLTS at many transcripts that would otherwise be considered SL1 SLTS transcripts. 

When we look at which particular SLTS ASs have evidence of SLTS to SL1 or SL2, we 

notice that there is considerable overlap. Specifically, of the 28,543 validated SLTS ASs, 

24,978 have reads that can definitely be determined as either SL1 or SL2. The 

remaining 3,565 SLTS ASs have only SLU containing reads, which are cases where we 

cannot distinguish between SL1 and SL2, even though they have evidence of SLTS. If 

we focus on the 24,978 SLTS ASs that have reads that can be determined as either SL1 

or SL2 containing reads and if we disregard the SLU containing reads, we can then 

break down the 24,978 into 3 categories: SLTS ASs with reads that only show evidence 

of SL1 SLTS, SLTS ASs with reads that only show evidence of SL2 SLTS, or SLTS ASs 
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where some reads show evidence of SL1 SLTS and other reads show evidence of SL2 

SLTS. After categorizing SLTS ASs into the three groups, we find that 6,563 SLTS ASs 

have only evidence for SL1 SLTS, 6,475 SLTS ASs have only evidence for SL2 SLTS, 

and 11,940 have evidence of both SL1 and SL2 SLTS (Figure 4-4 A). The reads of a 

SLTS AS that has evidence for both SL1 and SL2 SLTS will usually be either 

predominantly SL1 containing reads or predominantly SL2 containing reads (Figure 4-4 

B). This is evident by the bimodal distribution of the ratio of SL1/(SL1+SL2) of the 11,940 

SLTS ASs in question. SLTS ASs located on the left side, near the lower limit of possible 

ratio values, represent SLTS ASs where most reads support SL2 SLTS from the SLTS 

ASs that have support for both SL1 and SL2. Alternatively, SLTS ASs located on the 

right, near the higher limit of possible ratio values, represent SLTS ASs that have most 

of their reads showing support for SL1, but have support for both SL1 and SL2. 
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Figure 4-4  SLTS ASs that have evidence for both SL1 and SL2 SLTS usually 

show high frequency for one particular SL type. (A) The overlap of 
SLTS ASs that have evidence of both SL1 and SL2 SLTS are 
highlighted. (B) The distribution of the number of SLTS ASs by ratio 
of SL1/(SL1+SL2) at SLTS ASs with both SL1 and SL2 RNA-seq 
evidence. The value used for SL1 is the number of reads that have 
evidence of SL1 SLTS and the value used for SL2 is the number of 
reads that have evidence of SL2 SLTS. K-means clustering was used 
to cluster SLTS ASs into 3 clusters based on the SL1/(SL1+SL2) 
ratio. Cluster 1 represents the SLTS ASs that are predominantly SL2 
SLTS, which are highlighted in dark blue and are found below the 
cut-off of 0.3065 indicated by the dark blue dotted line. Cluster 3 
represents the SLTS ASs that are predominantly SL1 SLTS, which 
are highlighted in green and are found above the cut-off of 0.7555 
indicated by the green dotted line. Cluster 2 represents SLTS ASs 
that are neither predominantly SL1 nor SL2 SLTS. (C) Violin plots 
show the distribution of the number of SL containing per SLTS ASs 
for SLTS ASs that have evidence of both SL1 and SL2 SLTS. The 
distributions are divided into three categories, one for each of the 
clusters in section (B).  For each category, the width of the violin 
plot at any given point on the y-axis is the number of SLTS ASs that 
have that many SLTS containing reads.  

We performed clustering to determine appropriate SL1/(SL1+SL2) ratio cut-offs 

for inferring the predominant SL type of SLTS ASs that had support for both SL1 and 

SL2 SLTS. We used an approach that utilizes dynamic programing to perform optimal k-
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means clustering on one dimensional data (Wang & Song, 2011). K-means clustering 

groups data into a user-defined number of clusters, k, by minimizing within cluster 

variance. This is done by iteratively assigning each data point to the nearest cluster 

center and then recalculating the cluster center until there is no change in which clusters 

the data points are assigned to. We were able to cluster the SLTS ASs that have 

evidence of support for both SL1 and SL2 into 3 clusters (Table 4-1). 

Table 4-1  Results of k-means clustering on SL1/(SL1+SL2) ratio of SLTS ASs 
with evidence of both SL1 and SL2 SLTS. The SL1/(SL1+SL2) ratio is 
determined using the number of reads that show support for SL1 
and SL2 for each SLTS AS. The k-means center represents the 
average of that cluster.  

Cluster Inferred 
SL type  

Count of SLTS 
ASs in cluster 

Min 
SL1/(SL1+SL2)  

K-means 
Center   

Max 
SL1/(SL1+SL2) 

1 SL2 2,485 0.0004630702 0.08464476 0.3061675 

2 NA 1,060 0.3076923 0.52947832 0.755102 

3 SL1 8,395 0.7560976 0.98254730 0.9999434 
97.3 % of the total variance in the data is explained by the clustering 

Cluster 1 and 3 contain SLTS ASs that are predominantly SL2 SLTS or 

predominantly SL1 SLTS, respectively. Cluster 2, however, contains SLTS ASs that are 

neither predominantly SL1 nor predominantly SL2 SLTS. There are 2,485 SLTS ASs in 

cluster 1, which we inferred to consist of SLTS ASs that have predominantly SL2 SLTS. 

The SL1/(SL1+SL2) values of these cluster 1 SLTS ASs ranged up to a ceiling of 

0.3061675. These are SLTS ASs where most of the reads for each SLTS AS are 

supporting SL2 SLTS, even though there are a few reads that show support for SL1. 

Alternatively, SLTS ASs that were inferred to have predominantly SL1 SLTS were found 

in cluster 3. There are 8,395 SLTS ASs in this cluster and they were found at 

SL1/(SL1+SL2) values of 0.7560976 and up. These SLTS ASs have mostly SL1 

containing reads, but likewise have some SL2 containing reads. Finally, there are 1,060 

SLTS ASs that make up cluster 2. These are SLTS ASs that display comparable levels 

of both SL1 and SL2 SLTS. We can consider SLTS ASs with predominantly SL1 

containing reads, such as those found in cluster 3, as SL1 SLTS ASs and SLTS ASs 

with predominantly SL2 containing reads, such as those found in cluster 1, as SL2 SLTS 

ASs. This results in a total of 14,958 SL1 SLTS ASs and 8,960 SL2 SLTS ASs (Table 

4-2).  



53 

Table 4-2  SLTS ASs by SL type for SLTS ASs that have only one type of 
support and those that are predominantly one type of SL 

 SL1 SLTS ASs SL2 SLTS ASs 

Only SL1 or only SL2 6,563 6,475 

Predominantly SL1 or SL2 8,395 2,485 

Total 14,958 8,960 
 

This is consistent with the observation that there are far fewer SL2 reads 

dispersed over similar numbers of SLTS ASs. Specifically, there are many more 

predominantly SL1 SLTS ASs than there are predominantly SL2 SLTS ASs. The 

predominantly SL1 SLTS ASs have many SL1 reads and very few SL2 reads, which 

explains why there are similar numbers of SL1 SLTS ASs and SL2 SLTS ASs (Figure 

4-1, Figure 4-2) even though there are significantly less SL2 containing reads (Figure 

4-3).  

4.2. Dynamics of SLTS in the embryonic-time series 

Another advantage of our method is that it allows us to utilize the associated 

metadata from the publicly available RNA-seq to make inferences about the biological 

conditions and associated SLTS. 

4.2.1. Introduction to the embryonic time-series data 

The time resolved transcriptome of C. elegans produced a high-resolution, 

consistent temporal transcriptomic dataset across development (Boeck, et al., 2016). 

Synchronized embryos were sampled in 30-minute intervals, starting at the 4-cell stage, 

for RNA-seq. To produce the large population of synchronized embryos required to 

generate the RNA-seq data, successive rounds of bleaching were used. In the first 

round, a mixed gravid population of adult worms was treated with bleach to release 

embryos. These embryos were hatched overnight in the absence of food to produce 

synchronized L1 worms. These synchronized L1 worms were plated with food and 

allowed to grow for 48 hours at 20 degrees Celsius. Once eggs were detected in some 

young adult worms, the worms were collected and the second round of bleaching 

occurred. Instead of sampling these embryos, they were allowed to hatch overnight in 
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the absence of food to produce an even more highly synchronized population of L1 

worms than in the first round of bleaching. The newly hatched L1 worms were plated 

with food and allowed to grow for 40 hours. After this point, the synchronized young 

adult worms were closely monitored for the presence of embryos. The worms were 

collected as soon as embryos were observed in a few worms and the final round of 

bleaching occurred to produce a large population of synchronized early embryos, which 

were then incubated in the absence of food. From this point, the samples were collected 

every 30 minutes, starting immediately. Finally, RNA isolation, library preparation, and 

sequencing, using illumina HiSeq, was performed. This dataset provides samples from 

embryos sampled in 30-minute intervals, across embryogenesis, starting from the 4-cell 

stage, which was possible through bulk sampling from synchronized worms for RNA-

seq. The data was retrieved from NCBI SRA (Leinonen, Sugawara, & Shumway, 2011). 

In total, there were 170 runs that were included (See Appendix G). We chose to focus on 

this subset of the data to explore the dynamics of SLTS as it provides evenly dispersed 

samples along the progression of embryo development.  

 
Figure 4-5  A timeline of C. elegans embryogenesis in relation to the embryonic 

time-series data. Along the x-axis, time is indicated in minutes post-
fertilization. Colored blocks indicate important stages throughout 
embryos development. Proliferation starts at 0 minutes post-
fertilization and continues until 350 minutes post-fertilization. The 
transition from in-utero to ex-utero development is indicated by a 
dotted vertical line. Gastrulation begins at 150 minutes post-
fertilization and ends at 350 minutes post-fertilization. 
Morphogenesis starts at 300-360 minutes post-fertilization and 
continues until 720-800 minutes post-fertilization, when the embryo 
hatches. Elongation occurs from 330 minutes post-fertilization until 
480 minutes post-fertilization. The embryo time-series samples are 
indicated with their timepoint labels in red. 
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Embryogenesis is an important aspect of development. Going from a single-cell 

to a multi-cellular worm that is ready to hatch involves an intricate process that is 

hallmarked by a few key stages (Figure 4-5) (Hall, Herndon, & Altun, 2017). When a C. 

elegans oocyte is fertilized, it begins development in the uterus with the proliferation 

stage. During proliferation, which lasts from fertilization until 350 minutes post-

fertilization, the single cell undergoes highly coordinated cell divisions. At approximately 

150 minutes post-fertilization, the egg is laid and embryogenesis continues outside of 

the uterus. This, additionally, marks the start of gastrulation, which occurs until around 

350 minutes post-fertilization. During this stage, pattern formation is realized through cell 

sorting, rather than sisterhood (Schnabel, et al., 2006). Additionally, the separate 

ectodermal, endodermal, and mesodermal compartments are created through cell 

sorting. Up until this point, cells are similar to each other. However, during 

morphogenesis, cells start to become more specialized and start to resemble their 

ultimate fates more closely, in structure, shape, and content. Morphogenesis, which is 

when the embryo starts to transform into a recognizable worm with fully differentiated 

tissues and organs, starts at 300-350 minutes post-fertilization and continues until 720-

800 minutes post-fertilization (Hall, Herndon, & Altun, 2017). During late morphogenesis, 

starting around 400 minutes post-fertilization, the embryo enters elongation, where it 

starts to take on a worm-like shape. Before hatching, the worm enters a state of 

quickening, where it begins to show signs of coordinated movement and eventually 

wriggles and squeezes until it hatches. Hatching takes place around 800 minutes post 

fertilization, near the end of the embryo time-series data collection.  

If we treat the data as a continuous function over time, rather than discreet 

independent samples, we can track the level of SLTS for each SLTS AS throughout 

embryo development. This allows us to identify trends in the changes in SLTS level. 

Through this approach, we can identify SLTS ASs that have dynamic SLTS levels, 

suggesting that SLTS in C. elegans may be a dynamic process.  

4.2.2. Summary of SLTS in embryonic time-series data 

In total, 82,835 out of the 101,589 SLTS ASs were covered in the embryonic 

time-series dataset, where covered means that there were reads that aligned to the 

SLTS AS. Of those, 14,286 were validated as SLTS ASs with RNA-seq evidence 

showing support for SLTS. When the embryonic time-series data was pooled by each 
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timepoint, an average of 40,961 SLTS ASs were covered. In terms of SLTS, there was 

an average of 9,259 SLTS ASs that had evidence of SLTS for each time point. Across all 

the time points, there is a fairly consistent portion of covered SLTS ASs that underwent 

SLTS (Figure 4-6). This portion was just under quarter. Interestingly, the overall portion 

of SL2 SLTS ASs, determined as those SLTS ASs with SL1 and those SLTS ASs with 

both SL1 and SL2, decreases through progression of embryo development.  

 
Figure 4-6  Portion of covered SLTS ASs with RNA-seq support for SLTS in the 

embryonic time-series data by support type. SLTS ASs that have 
only support for SL1 are shown in bright green. SLTS ASs that have 
support for both SL1 and SL2 are shown in dark green. SLTS ASs 
that have support for only SL2 are shown in dark blue. SLTS ASs 
where it is not possible to distinguish between SL1 and SL2 are 
labelled as SF, for support for, and shown in yellow.    

This provides an overall summary of the general trend of SLTS across embryo 

development. However, we also chose to investigate the behaviour of individual SLTS 

ASs across embryo development in C. elegans.   
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4.2.3. Approach for identifying dynamic SLTS AS patterns in embryo 
time-series.  

We were interested in finding SLTS ASs that exhibited dynamics in their SLTS 

pattern. Specifically, we wanted to find SLTS ASs that had changes in the relative 

proportion of SLTS through embryo development and group them according to the 

pattern that they exhibit (Figure 4-7).  

 
Figure 4-7  Overview of identification SLTS patterns in embryonic time-series 

data from quantitative SLTS data. 

 As individual genes can have changing expression patterns through embryo 

development (Levin, Hashimshony, Wagner, & Yanai, 2012), we wanted to ensure that 

the dynamic patterns we identified were due to changes in relative SLTS level and not 

due to changes in gene expression. First, we only considered the SLTS ASs that had at 

least 5 reads showing support for SLTS at every single time point and that had at least 
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100 reads showing support for SLTS across all time points for further analysis. A total of 

4,667 SLTS ASs met these criteria. Second, we normalized the SLTS read count for 

each individual SLTS ASs at each time point to the overall read count for that SLTS AS 

at that time point to give a SLTS ratio. This ensures that changes in SLTS levels are not 

due to underlying changes in gene expression.  

Next, we transformed the data into functional data that was smoothed using a 

roughness penalty, which penalizes deviations from the estimated function (Ramsay, 

Hooker, & Graves, 2009). This allowed us to reduce noise while being able to capture 

the desired patterns. Curves were generated for each one of the 4,667 SLTS ASs that 

passed the filtering step. The estimated curves were then used for clustering. To discern 

the patterns from one another, we applied K-means clustering to the estimated curves 

for each of the 4,667 SLTS ASs. The number of clusters was set to 10. The clusters 

were re-ordered such that clusters that appeared to have similar patterns were closer.  

Since each of our SLTS ASs were predicted based on a specific coding 

sequence in the annotated C. elegans genes, we can trace back from the SLTS AS to 

the corresponding gene that was used to predict it. Unless otherwise stated, additional 

gene information, such as function and gene family, was retrieved from WormBase 

(Harris, et al., 2019). We generated a gene list for each cluster. The gene list contains 

the genes that correspond to all of the SLTS ASs in that cluster. These gene lists were 

used for gene ontology (GO) analysis. We carried out over-representation enrichment 

analysis with the WormBase Enrichment Analysis Tool in the WormBase Enrichment 

Suite (Angeles-Albores D. , Lee, Chan, & Sternberg, 2016) (Angeles-Albores D. , Lee, 

Chan, & Sternberg, 2018). For each cluster, a background list of all genes that passed 

the filtering step was used for the over-representation enrichment analysis. The 

background gene list was generated by tracing back from each of the 4,667 SLTS ASs 

that passed the filtering step to the genes that were used to predict them.  
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Figure 4-8  Determining the operon status of genes. If a gene is not located 

within an annotated operon, it is counted as “NOT”, such as “gene 
a”. If a gene is the first gene in an operon, which is determined by 
both the position and the direction of transcription, it is “FIRST”, 
which is “gene b”. If a gene is the last gene in an operon, it is 
“LAST”, such as "gene d”. If a gene is in an operon, but neither first 
nor last, it is “MID”, such as “gene c”. 

The gene lists were also used to explore the operon status of the genes in each 

cluster. Genes were assigned a status of either “NOT”, “FIRST”, “MID”, or “LAST” 

depending on their relationship with an operon (Figure 4-8). Both the genomic position 

and the direction of transcription were used to determine the order of the genes in an 

operon. For example, if an operon is annotated for the positive strand, then the gene 

with the smallest genomic position is the first gene in that operon. However, if the operon 

is annotated for the negative strand, then the gene with the largest genomic position is 

the first gene in the operon, as this gene would be transcribed first.  

To enrich this analysis, we provided examples of genes found in each cluster. 

Example genes were chosen based on an evaluation of a number of criteria that 

consisted of, in no particular order: whether the shape of the curve for the gene was 

representative of the cluster shape; whether the gene was of interest to the community, 

which included having a “3 letter name” or was studied through literature; if the cluster 

had enriched GO terms, genes who shared those terms were prioritized; whether  the 

operon status of the gene reflected that of the cluster.  

4.2.4. SLTS patterns in C. elegans embryo development 

The clusters that were generated with k-means clustering displayed a variety of 

patterns (Figure 4-9). Although most SLTS ASs were grouped into clusters that 

appeared to have relatively stable SLTS levels across embryonic development, 

specifically clusters 4 and 5, there were a number of clusters that had dynamic patterns 

across embryo development. In particular, clusters 8, 9, and 10 had decreasing levels of 
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SLTS as embryo development progressed, while clusters 1 and 3 had increasing SLTS 

as embryo progressed (Figure 4-9 A). Clusters 2, 6, and 7 had variable levels of SLTS 

across embryo development. The genes found in these three clusters were more 

frequently downstream genes in operons, which are labeled as either “MID” or “LAST”, 

than the genes found in other clusters (Figure 4-9 B).  

 
Figure 4-9 SLTS level patterns as a result of k-means clustering. (A) SLTS level 

ratio across embryo-time series for 4,667 SLTS ASs grouped by 
cluster membership from k-means clustering. The y-axis indicates 
the SLTS level ratio. The x-axis indicates the minutes through 
embryo development. The number of SLTS ASs in each cluster is 
indicated as “n”. (B) Histograms of the operon status of SLTS ASs 
that belong to each cluster. Each SLTS AS was predicted from an 
annotated gene. The associated gene is used to determine the 
operon status of the SLTS AS. Note: the y-axes have different scales 
for each histogram to better represent the makeup of each cluster.  
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There were four SLTS clusters that had significantly enriched gene ontology 

terms. The clusters that had significantly enriched gene ontology terms were clusters 1, 

5, 8, and 10.  

SLTS Cluster 1  

There are 58 members in SLTS cluster 1. SLTS cluster 1 showed increasing 

levels of SLTS as embryo development progressed (Figure 4-10 A). For GO term 

analysis, there were 45 genes included in statistical testing as 13 of the 58 genes did not 

have annotated data. SLTS cluster 1 was enriched for the terms dephosphorylation 

(GO:0016311) and negative regulation of transcription by RNA polymerase II 

(GO:0000122) (Table 4-3).  

Table 4-3  SLTS Cluster 1 – table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q 

value 
dephosphorylation (GO:0016311) 0.97 5 5.1 0.00044 0.054 

negative regulation of transcription by 
RNA polymerase II (GO:0000122) 

0.69 4 5.8 0.00064 0.054 

Note: results from WormBase Enrichment Suite 

Most (58.62%: [11 + 12 + 11] /58) of the genes in SLTS cluster 1 are found within 

annotated operons (Table 4-4).  

Table 4-4  SLTS Cluster 1 - operon status table 
Status Count  

Genes not in operon 24 

Genes first in operon 11 

Genes mid operon  12 

Genes last in operon 11 
 

One example of a gene found in SLTS cluster 1 is the intestinal acid 

phosphatase gene pho-5 (B0361.7) (Figure 4-10 B). Phosphatases are involved in 

dephosphorylation of proteins. As with most of the SLTS cluster 1 members (58.62%: 

34/58), pho-5 is part of an operon (Figure 4-10 C). It is the last gene in the CEOP3426 

operon. The other two genes that make up CEOP3426 are algn-11 (B0361.8) and ykt-6 

http://www.wormbase.org/species/all/go_term/GO:0016311#013--10
http://www.wormbase.org/species/all/go_term/GO:0000122#013--10
http://www.wormbase.org/species/all/go_term/GO:0016311#013--10
http://www.wormbase.org/species/all/go_term/GO:0000122#013--10
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(B0361.10). The first gene in the operon, algn-11, is orthologous to human Asparagine 

Linked Glycosylation. The gene found in the middle of the operon, ykt-6, is an ortholog of 

YKT6 v-SNARE. This protein is highly conserved protein that is involved in the specific 

recognition required for vesicular transport (McNew, et al., 1997). Although pho-5 has 

changing levels of SLTS, the other two genes that are part of CEOP3426 had more 

stable SLTS across embryo development (Figure 4-10 D).  As expected, the first gene in 

the operon had mostly SL1 SLTS, while the second gene had a mix of SL1 and SL2 

SLTS, hinting at a possible internal promoter upstream of ykt-6. The last gene in the 

operon, pho-5, had mostly SL2 SLTS.  
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Figure 4-10  SLTS Cluster 1 (A) showed increases in SLTS across embryo 
development. (B) One example of a gene in SLTS cluster 1 is pho-5. 
The specific SLTS AS that shows the change is specified in the title. 
(C) Gbrowse screenshot displaying genomic region 7,283,100 to 
7,290,799 on Chromosome III. The SLTS AS that is shown in B is 
indicated by a pink box. Details are included about the total number 
of reads that cover the SLTS AS, the number of reads supporting 
SLTS (SF) at the SLTS AS, and the number of runs that the SLTS AS 
is validated in from all the runs for each SLTS AS displayed. The 
gene pho-5 is the last gene in an operon. (D) A balloon plot shows 
the changes in SLTS, SL1, and SL2 across all the SLTS ASs shown 
in C. Data for the balloon plot is from all of the data in the embryonic 
time series, including SLTS ASs that did not pass the filtering step 
for clustering. The ratio is the read count of SL type (SLTS, SL1, or 
SL2) normalized by total read count at that SLTS AS and is indicated 
by both the size and color.  

Interestingly, there are two SLTS ASs that have support for SLTS for pho-5, 

III:7285879, which is shown in (Figure 4-10 B and highlighted in C), and III:7285884, 

which is slightly upstream. The slightly upstream SLTS AS, III:7285884, did not pass the 

requirement for being included in clustering. The downstream SLTS AS, III: 7285879, 

has a low SLTS level ratio in early embryo, specifically until part-way through 

gastrulation (from 0 to 120 minutes) (Figure 4-10 B and D), which can be seen as the 

small yellow circles in the balloon plot. Interestingly, the upstream SLTS AS, III: 

7285884, has a high SLTS level ratio in those early time points. This might indicate 

another level of SLTS dynamics. Specifically, it raises the possibility of dynamics 

between different SLTS AS usage for certain genes.  

SLTS Cluster 2  

There are 102 members in SLTS cluster 2. SLTS cluster 2 showed variable 

SLTS level ratio across embryo development, but there was no clear increasing or 

decreasing trend (Figure 4-11 A). For GO term analysis, there were 81 genes that had 

annotated data and were included in statistical testing. However, there were no 

significantly enriched GO terms for the genes in SLTS cluster 2. About two-thirds 

(66.67%: [11+23+34]/102) of the genes in SLTS cluster 2 are found within annotated 

operons (Table 4-5). 

Table 4-5  SLTS Cluster 2 - operon status table 
Status Count  

Genes not in operon 34 
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Genes first in operon 11 

Genes mid operon  23 

Genes last in operon 34 
 

One example of a gene found in SLTS cluster 2 is the squished vulva gene sqv-7 

(C52E12.3) (Figure 4-11 B). In C. elegans, sqv-7 is involved in early embryogenesis, 

specifically in epithelial invagination, and affects hermaphrodite fertility (Berninsone, 

Hwang, Zemtseva, Horvitz, & Hirschberg, 2001). It transports multiple nucleotide sugars, 

such as UDP-galactose, into the lumen of the Golgi apparatus. The sqv-7 gene is the 

last gene in the CEOP2276 operon (Figure 4-11 C). A majority (55.88%: [23+34]/102) of 

SLTS cluster 2 is composed of genes that are downstream in operons (Table 4-5), just 

like sqv-7. The upstream gene in the CEOP2276 operon is the lateral signalling target 

gene lst-6 (C52E12.4). As expected of a gene that is in the first position in an operon, 

lst-6 is SLTS to SL1 throughout embryo development (Figure 4-11 D). Interestingly, sqv-

7 starts off with a high SLTS level ratio, which drops to a minimum level (240-360 

minutes) near the end of gastrulation before increasing again at the start of 

morphogenesis  (Figure 4-11 D). At 0 minutes, which represents the 4-cell stage, almost 

all the reads at the sqv-7 SLTS AS are SLTS to SL2. As embryogenesis progresses, the 

SLTS level ratio and the SL2 ratio both decrease, suggesting that the decrease in SLTS 

of sqv-7 seen in early embryo development is due to a decrease in the SL2 SLTS of sqv-

7. At the lowest SLTS level ratio, which is during the transition from gastrulation to 

morphogenesis (around 240-360 minutes), about half the reads show support for SLTS 

at the SLTS AS. However, after that point (360 minutes), when the SLTS level ratio 

begins to increase, the SL2 level ratio remains consistent. The increase in SLTS level 

ratio is due to the presence and increase of SL1 SLTS, rather than an increase in SL2 

SLTS. Even though the SLTS level ratio is similar at the start and end of embryo 

development, the composition of SLTS is different. At the beginning of embryo 

development, the SLTS reads are primarily SL2 containing reads, while at the end of 

embryo development the SLTS reads are about equal proportion of SL1 and SL2. In 

conjunction with the knowledge of hybrid operons (Huang, et al., 2007), this suggests 

that as embryo development progresses sqv-7 transcription is decoupled from lst-6 and 

the CEOP2276 operon.  
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Figure 4-11  SLTS Cluster 2 (A) showed a variable pattern of SLTS over embryo 

development, but had no clear trend. (B) The gene sqv-7 is an 
example of a gene found in SLTS cluster 2. (C) Gbrowse screenshot 
displaying the genomic region 7,006,600 to 7,022,699 on 
chromosome II. The SLTS AS shown in B is highlighted in pink. Sqv-
7 is the last gene in the CEOP2276 operon. (D) A balloon plot shows 
the changes in SLTS, SL1, and SL2 across two SLTS ASs. The two 
SLTS ASs are indicated in C. The ratio is the read count of SL type 
(SLTS, SL1, or SL2) normalized by total read count at that SLTS AS 
and is indicated by both the size and color.  
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SLTS Cluster 3 

There are 106 members in SLTS cluster 3. SLTS cluster 3 showed increases in 

SLTS level ratio in embryogenesis (Figure 4-12 A). Compared to SLTS cluster 1, SLTS 

cluster 3 increased to a higher SLTS level ratio. 93 of the genes had annotated data and 

were included in statistical testing for GO term analysis. However, there were no 

significantly enriched GO terms. About half (50.94%: [15+19+20]/106) of the genes in 

SLTS cluster 3 are found within annotated operons (Table 4-6).  

Table 4-6  SLTS Cluster 3 - operon status table 
Status Count  

Genes not in operon 52 

Genes first in operon 15 

Genes mid operon  19 

Genes last in operon 20 
 

One example of a gene found in SLTS cluster 3 is the UDP-Galactose 4-

epimerase gene gale-1 (C47B2.6) (Figure 4-12 B). The gale-1 protein product is 

involved in galactose metabolism (Brokate-Llanos, Monje, Murdoch, & Munoz, 2014). It 

is linked to type III galactosemia in humans. In C. elegans, gale-1 mutants that harbor a 

complete loss-of-function exhibit a lethal phenotype. Interestingly, gale-1 partial loss-of-

function mutants and sqv-7 mutants confer similar phenotypes. The gale-1 gene is the 

first gene in the CEOP1786 operon, which is comprised of 3 genes (Figure 4-12 C). Like 

other first genes in operons, gale-1 is SLTS to SL1 (Figure 4-12 D). The other two genes 

in the operon are efsc-1 (C47B2.7) and C47B2.9. The middle gene, efsc-1, is a 

eukaryotic elongation factor that is selenocysteine-tRNA-specific. The last gene in the 

operon, C47B2.9, is an ortholog to human mitochondrial transcription rescue factor 1. 

The CEOP1786 is a typical SL2-type operon, where the first gene is SLTS to SL1 and 

the downstream genes are SLTS to SL2 (Figure 4-12 D). 
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Figure 4-12  SLTS Cluster 3 (A) showed increases in SLTS during the 

progression of embryogenesis to higher levels than that of SLTS 
cluster 1. (B) The gale-1 gene is an example of a gene found in SLTS 
cluster 3. (C) Gbrowse screenshot displaying the genomic region 
12,974,700 to 12,986,999 on chromosome I. The SLTS AS shown in B 
is highlighted in pink. Gale-1 is the first gene in the CEOP1786 
operon. (D) A balloon plot shows the changes in SLTS, SL1, and SL2 
across the four SLTS ASs indicated in C. The ratio is indicated by 
both the size and color.  
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Almost half (49.06%: 52/106) of the genes in SLTS cluster 3 are not found within 

operons (Table 4-6). One of the genes in SLTS cluster 3 that is not in an operon is unc-

45 (Figure 4-13 B & C). This gene encodes a myosin chaperone that is essential for 

muscle development (Lee, Melkani, & Bernstein, 2014). Genes that are not in operons, 

like unc-45, are expected to be SLTS to SL1 similar to unc-45 (Figure 4-13 D). 

 
Figure 4-13  Another example of a gene in SLTS Cluster 3. (A) Cluster 3 showed 

increased SLTS level ratio across embryogenesis. (B) The gene unc-
45 is another example of a gene found in SLTS cluster 3. (C) 
Gbrowse screenshot displaying the genomic region 490,700 to 
503,099 on chromosome III. The SLTS AS shown in B is highlighted 
in pink. Unc-45 is not in an operon. (D) A balloon plot illustrates the 
changes in SLTS, SL1, and SL2. The ratio is the read count of SL 
type (SLTS, SL1, or SL2) normalized by total read count at the SLTS 
AS and is indicated by both the size and color.  
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SLTS Cluster 4 

There are 1,057 members in SLTS cluster 4. The pattern of SLTS Cluster 4 was 

relatively stable high levels of SLTS across embryo development (Figure 4-14 A). There 

were no significantly enriched GO terms for the 820 genes that had annotated data and 

were included in statistical testing. Slightly over half (55.25%: [194+134+256]/1057) of 

the genes in SLTS cluster 4 are within operons (Table 4-7). 

Table 4-7  SLTS Cluster 4 - operon table status 
Status Count  

Genes not in operon 473 

Genes first in operon 194 

Genes mid operon  134 

Genes last in operon 256 
 

The peptide:N-glycanase gene png-1 (F56G4.5) is an example of a gene found 

in SLTS Cluster 4 (Figure 4-14 B). It can be found, along with F56G4.4, in the 

CEOP1652 operon (Figure 4-14 C). Although not much is known about F56G4.4, other 

than predicted activity involving nucleic acid binding and zinc ion binding, the role of the 

highly conserved png-1 gene is more well understood. In general, png-1 is involved in 

endoplasmic reticulum-associated protein degradation, which is an important process 

that helps protect the cell from misfolded proteins that have been exported to the cytosol 

(Suzuki, 2007). In C. elegans it is also involved in innervation, where it regulates 

neuronal branching in the course of the morphogenesis of reproductive organs (Habibi-

Babadi, Su, de Carvalho, & Colavita, 2010).   
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Figure 4-14  SLTS Cluster 4 (A) showed stable high SLTS across embryo 

development. (B) The gene png-1 is an example of a gene found in 
SLTS cluster 4. (C) Gbrowse screenshot displaying the genomic 
region 11,374,500 to 11,389,499 on chromosome I. The SLTS AS 
shown in B is highlighted in pink. Png-1 is the last gene in the 
CEOP1652 operon. (D) A balloon plot shows the changes in SLTS, 
SL1, and SL2 across the two SLTS ASs indicated in C. The ratio is 
read count of the SL type (SLTS, SL1, or SL2) normalized by total 
read count at that SLTS AS and is indicated by both the size and 
color.  

Both genes in the CEOP1652 operon show typical SLTS patterns expected of 

genes within operons. The first gene, F56G4.4, is SLTS to SL1 at consistently high 
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levels and the last gene, png-1, is SLTS to SL2 at consistently high levels (Figure 4-14 

D). 

SLTS Cluster 5 

SLTS cluster 5 was the largest group with 2,405 members contained in it. The 

SLTS cluster 5 pattern is characterized by invariably high SLTS throughout the duration 

of embryogenesis (Figure 4-15 A). For GO term analysis, 2,052 genes had annotated 

data and were included in statistical testing. There were many significantly enriched GO 

terms, such as membrane (GO:0016020), intrinsic component of membrane 

(GO:0031224), and peptide biosynthetic process (GO:0043043) (Table 4-8).  

Table 4-8  SLTS Cluster 5 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q value 

peptide receptor activity 
(GO:0001653) 

0.55 1 1.8 0 0 

collagen trimer (GO:0005581) 0.55 1 1.8 0 0 
detection of chemical stimulus 

(GO:0009593) 
0.55 1 1.8 0 0 

structural constituent of ribosome 
(GO:0003735) 

74 102 1.4 2.6e-07 8.1e-06 

purine nucleotide metabolic process 
(GO:0006163) 

41 58 1.4 1.8e-05 0.00045 

localization of cell (GO:0051674) 36 50 1.4 7.6e-05 0.0016 
primary active transmembrane 

transporter activity (GO:0015399) 
23 33 1.5 0.00017 0.003 

cytoskeleton (GO:0005856) 97 119 1.2 0.00027 0.0042 
transmembrane transport 

(GO:0055085) 
1.1e+02 128 1.2 0.0003 0.0042 

ribose phosphate metabolic process 
(GO:0019693) 

46 61 1.3 0.00032 0.0042 

embryo development ending in birth 
or egg hatching (GO:0009792) 

1.1e+02 136 1.2 0.00041 0.0046 

actin filament-based process 
(GO:0030029) 

47 59 1.3 0.0025 0.026 

peptide biosynthetic process 
(GO:0043043) 

1.5e+02 171 1.1 0.0025 0.026 

neuron development (GO:0048666) 36 46 1.3 0.0033 0.03 
membrane (GO:0016020) 6.6e+02 709 1.1 0.0042 0.034 
supramolecular complex 

(GO:0099080) 
70 83 1.2 0.0075 0.058 

envelope GO:0031975 1.4e+02 157 1.1 0.0088 0.064 
peptidyl-serine modification 

(GO:0018209) 
15 21 1.4 0.0089 0.064 

cell body (GO:0044297) 35 43 1.2 0.012 0.079 

http://www.wormbase.org/species/all/go_term/GO:0001653#013--10
http://www.wormbase.org/species/all/go_term/GO:0005581#013--10
http://www.wormbase.org/species/all/go_term/GO:0009593#013--10
http://www.wormbase.org/species/all/go_term/GO:0003735#013--10
http://www.wormbase.org/species/all/go_term/GO:0006163#013--10
http://www.wormbase.org/species/all/go_term/GO:0051674#013--10
http://www.wormbase.org/species/all/go_term/GO:0015399#013--10
http://www.wormbase.org/species/all/go_term/GO:0005856#013--10
http://www.wormbase.org/species/all/go_term/GO:0055085#013--10
http://www.wormbase.org/species/all/go_term/GO:0019693#013--10
http://www.wormbase.org/species/all/go_term/GO:0009792#013--10
http://www.wormbase.org/species/all/go_term/GO:0030029#013--10
http://www.wormbase.org/species/all/go_term/GO:0043043#013--10
http://www.wormbase.org/species/all/go_term/GO:0048666#013--10
http://www.wormbase.org/species/all/go_term/GO:0016020#013--10
http://www.wormbase.org/species/all/go_term/GO:0099080#013--10
http://www.wormbase.org/species/all/go_term/GO:0031975#013--10
http://www.wormbase.org/species/all/go_term/GO:0018209#013--10
http://www.wormbase.org/species/all/go_term/GO:0044297#013--10
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intrinsic component of membrane 
(GO:0031224) 

4.4e+02 471 1.1 0.014 0.087 

neuron projection guidance 
(GO:0097485) 

25 32 1.3 0.016 0.093 

Note: results from WormBase Enrichment Suite 

Slightly less than half (43.90%: [516+192+348]/2405) of the genes from SLTS 

cluster 5 are part of annotated operons (Table 4-9).  

Table 4-9  SLTS Cluster 5 - operon status table 
Status Count  

Genes not in operon 1,349 

Genes first in operon 516 

Genes mid operon  192 

Genes last in operon 348 
 

One example of a gene found in SLTS cluster 5 is the zygotic epidermal 

enclosure defective gene zen-4 (M03D4.1) (Figure 4-15 B). This gene encodes a 

kinesin-like protein that is required for cytokinesis and midzone microtubule organization 

(Raich, Moran, Rothman, & Hardin, 1998). It is a key conserved component of 

centralspindlin, which works together with other proteins to form the central spindle 

(White & Glotzer, 2012). During cytokinesis, the cleavage furrow, which is the initial 

indent in the plasma membrane, proceeds to split the cell into two. In C. elegans, zen-4 

plays an important role in ensuring that the cleavage furrow is able to progress and that 

the cell is able to successfully complete cytokinesis. In zen-4 mutant worms, the 

cleavage furrow forms, but it quickly regresses and the cell is unable to successfully 

complete cytokinesis. In addition to the conserved function relating to central spindle 

formation, zen-4 plays an important role in epidermal morphogenesis in C. elegans 

specifically (Hardin, King, Thomas-Virnig, & Raich, 2008).   

 

http://www.wormbase.org/species/all/go_term/GO:0031224#013--10
http://www.wormbase.org/species/all/go_term/GO:0097485#013--10
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Figure 4-15  SLTS Cluster 5 (A) displayed a stable high SLTS pattern across 

embryo development. (B) The gene zen-4 is an example of a gene 
found in SLTS cluster 5. (C) Gbrowse screenshot displaying the 
genomic region 6,118,090 to 6,122,229 on chromosome IV. The SLTS 
AS shown in B is highlighted in a pink box. (D) A balloon plot shows 
the changes in SLTSL, SL1, and SL2 through embryo development. 
The ratio is read count of SL type (SLTS, or SL1, or SL2) normalized 
by total read count at that SLTS AS and is indicated by both the size 
and color.  

Most (56.09%: 1349/2405) of the genes in SLTS cluster 5 are not part of operons 

(Table 4-9). The gene zen-4 is, likewise, not part of an operon (Figure 4-15 C). As 

expected of genes that are not part of operons, zen-4 is SLTS to SL1 throughout 

embryogenesis (Figure 4-15 D).  
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SLTS Cluster 6 

There are 510 members in SLTS cluster 6. SLTS cluster 6 showed a relatively 

stable, high SLTS level ratio throughout embryo development (Figure 4-16). There were 

410 genes that had annotated data. However, there were no significantly enriched GO 

terms for the genes in SLTS cluster 6. A greater number (64.31%: [81+98+149]/510) of 

the genes in SLTS cluster 6 are a component of an annotated operon (Table 4-10).  

Table 4-10  SLTS Cluster 6 - operon status table 
Status Count  

Genes not in operon 182 

Genes first in operon 81 

Genes mid operon  98 

Genes last in operon 149 
 

One example of a gene found in SLTS cluster 6 is the abnormal cell lineage gene 

lin-7 (Y54G11A.10) (Figure 4-16 B). The lin-7 protein forms a complex with lin-2 and lin-

10, which work together to localize let-23 to the basolateral membrane (Kaech, Whitfiled, 

& Kim, 1998). The interaction between these protein products is highly conserved. The 

C. elegans lin-7 can form a complex with lin-2 homologs as distantly related as those of 

mammals. Further, the localization of let-23 at the basolateral membrane is important for 

the differentiation of vulval precursor cells into their proper vulval cell fate. In lin-7 mutant 

worms, the vulval precursor cells fail to differentiate into vulval cells, which leads to a 

vulvaless phenotype.  

The lin-7 gene is typical of genes found in SLTS Cluster 6 in that it is a 

component of an operon (Figure 4-16 C). The four genes that make up the CEOP2636 

operon are Y54G11A.17, lin-7, Y54G11A.9, and ddl-3 (Y4G11A.8). All the genes in 

CEOP2636 show the expected SLTS patterns for genes in typical operons. They all 

have relatively high stable levels of SLTS and the first gene, Y54G11A.17, is SLTS to 

SL1, while all the downstream genes are SLTS to SL2.  

 



76 

 



77 

Figure 4-16  SLTS Cluster 6 (A) shows a relatively constant pattern of high SLTS 
throughout embryo development. (B) The gene lin-7 is an example of 
a gene found in SLTS cluster 6. (C) Gbrowse screenshot displaying 
the genomic region 14,339,500 to 14,349,699 on chromosome II. The 
SLTS AS shown in B is highlighted in a pink box. The lin-7 gene is 
the second gene in the CEOP2636 operon. (D) A balloon plot shows 
the changes in SLTS, SL1, and SL2 across the five SLTS ASs 
indicated with boxes in C. The ratio is read count of SL type (SLTS, 
SL1, or SL2) normalized by total read count at that SLTS AS and is 
indicated by both the size and color.  

 

SLTS Cluster 7  

The SLTS cluster 7 is comprised of 242 members. The general pattern for genes 

in SLTS cluster 7 was that SLTS remained high throughout embryo development. 

Although there was some variability in the SLTS level ration, it showed no clear trend 

(Figure 4-17 A). Out of the 198 genes that had annotated data and were included in 

statistical testing, there were no enriched GO terms. A large majority (71.49%: 

[36+53+84]/242) of the genes in SLTS cluster 7 are part of an annotated operon (Table 

4-11). 

Table 4-11  SLTS Cluster 7 - operon status table 
Status Count  

Genes not in operon 69 

Genes first in operon 36 

Genes mid operon  53 

Genes last in operon 84 
 

One example of a gene found in SLTS cluster 7 is the glutamate oxaloacetate 

transaminase gene got-2.1 (C44E4.3) (Figure 4-17 B). The human ortholog of got-2.1 

gene is the mitochondrial aspartate aminotransferase, GOT2, that is important in amino 

acid metabolism (Zhou, et al., 1998). Similar to most (56.61%: [53+84]/242) genes in 

SLTS cluster 7, got-2.1 is a downstream gene in the CEOP1196 operon (Table 4-11) 

(Figure 4-17 C).  
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Figure 4-17  SLTS Cluster 7 (A) Showed a variable pattern of SLTS over embryo 
development, but it had no clear trend. (B) The gene got-2.1 is an 
example of a gene found in SLTS cluster 7. (C) Gbrowse screenshot 
displaying the genomic region 4,634,300 to 4,646,999 on 
chromosome I. The SLTS AS shown in B is highlighted in pink. The 
got-2.1 gene is the third gene in the CEOP1196 operon. (D) A balloon 
plot shows the changes in SLTS, SL1, and SL2, across the five SLTS 
ASs indicated in C. The ratio is indicated by both the size and color. 

The CEOP1196 operon is made up of four genes: rpl-4 (B0041.4), Y119C1A.1, 

got-2.1, and acbp-1 (C44E4.6). The SLTS pattern of got-2.1 is consistent with what is 

expected of a gene downstream in an operon, specifically it is SLTS to SL2 (Figure 4-17 

D). Most of the genes in the CEOP1196 operon exhibit the SLTS pattern expected. The 

first gene, rpl-1, is SLTS to SL1. The downstream genes, got-2.1 and acbp-1, are SLTS 

to SL2. Interestingly, although the second gene, Y119C1A.1, has consistent overall 

SLTS throughout embryo development, it shows dynamics between SL1 and SL2 usage 

(Figure 4-17 D). In the beginning of embryo development, Y119C1A.1 is mostly SLTS to 

SL2. However, this decreases as embryo develops. Conversely, SLTS to SL1 increases 

as embryo progresses. Most notably, at around midway through gastrulation (120-180-

minute), there is a switch in the relative portion of SL1 and SL2 SLTS for Y119C1A.1. 

Although not much is known about the function of Y119C1A.1, the SLTS pattern would 

suggest that there is a gene-specific promoter that decouples the SLTS of Y119C1A.1 

from the rest of the CEOP1196 operon during embryo development. 

 

SLTS Cluster 8 

In SLTS cluster 8, there are 59 members. SLTS cluster 8 showed a decreasing 

SLTS through the progression of embryo development (Figure 4-18). There were 44 

genes that had annotated data and were included in statistical testing for GO term 

analysis. SLTS cluster 8 was enriched for three terms: sensory perception of smell 

(GO:0007608), small GTPase binding (GO:0031267), and sensory perception 

(GO:0007600) (Table 4-12). 

Table 4-12  SLTS Cluster 8 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q 

value 
sensory perception of smell 

(GO:0007608) 
0.018 1 54 8.5e-05 0.01 

http://www.wormbase.org/species/all/go_term/GO:0007608#013--10
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small GTPase binding 
(GO:0031267) 

0.57 4 7 0.00027 0.017 

sensory perception 
(GO:0007600) 

0.064 1 16 0.0017 0.071 

Note: results from WormBase Enrichment Suite 

Less than half (47.46%: [10+9+9]/59) of the genes in SLTS cluster 8 are part of 

an operon (Table 4-13). This means that most (52.54%: 31/59) of the genes in SLTS 

cluster 8 are not in annotated operons (Table 4-13). 

Table 4-13  SLTS Cluster 8 - operon status table 
Status Count  

Genes not in operon 31 

Genes first in operon 10 

Genes mid operon  9 

Genes last in operon 9 
 

The cell death abnormality gene ced-12 (Y106G6E.5) is an example of a gene in 

SLTS cluster 8 (Figure 4-18 B). It is the middle gene found in the three-gene operon 

CEOP1592 (Figure 4-18 C). The human ortholog of ced-12 is ELMO1. In C. elegans, 

ced-12 is involved in a conserved GTPase signaling pathway and plays a role in both 

apoptosis and necrosis (Wu, Tsai, Cheng, Chou, & Weng, 2001). The first gene in the 

operon is csnk-1 (Y106G6E.6), which is a casein kinase. The csnk-1 gene is a gene that 

is important in helping to establish asymmetric cell division (Panbianco, et al., 2008). 

The last gene in the CEOP1592 operon is Y106G6E.4, which is not well characterized. 

Although the SLTS level of ced-12 decreases as embryo progresses, it is SLTS to SL2, 

as expected of the second gene in an operon (Figure 4-18 D). Likewise, both csnk-1 and 

Y106G6E.4 have consistently high levels of SLTS, with csnk-1 being SLTS to SL1 and 

Y106G6E.4 being SLTS to SL2. All the genes in the CEOP1592 operon are SLTS as 

expected in terms of SL1 and SL2 usage. 

http://www.wormbase.org/species/all/go_term/GO:0031267#013--10
http://www.wormbase.org/species/all/go_term/GO:0007600#013--10
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Figure 4-18  SLTS Cluster 8 (A) showed a pattern of decreasing SLTS through 

embryo development. The gene ced-12 is an example of a gene 
found in SLTS cluster 8. (B) Gbrowse screenshot displaying the 
genomic region 10,219,500 to 10,231,499 on chromosome I. The 
SLTS AS shown in B is highlighted with a pink box. The gene ced-12 
is the middle gene in the CEOP1592 operon. (D) A balloon plot 
shows the changes in SLTS, SL1, SL2 across the three SLTS ASs 
indicated in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by total read count at the SLTS AS and is indicated by 
both the size and color.  
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SLTS Cluster 9  

There are 81 members in SLTS cluster 9. SLTS cluster 9 showed a decreasing 

level of SLTS across embryo development, with a sharp decline in early embryogenesis 

(Figure 4-19 A). For GO term analysis, there were no significantly enriched GO terms of 

the 71 genes that had annotated SLTS data and were included in statistical testing. Just 

over half (54.32%: [12+17+15]/81) of the genes in SLTS cluster 9 are annotated within 

operons (Table 4-14).   

Table 4-14  SLTS Cluster 9 - operon status table 
Status Count  

Genes not in operon 37 

Genes first in operon 12 

Genes mid operon  17 

Genes last in operon 15 
 

One example of a gene found in SLTS cluster 9 is the yeast CCR4 associated 

factor family gene ccf-1 (Y56A3A.20) (Figure 4-19 B). The CCR4-NOT complex is 

conserved and involved in many aspects of gene regulation (Collart & Panaseko, 2012). 

In C. elegans, ccf-1 encodes a subunit of the CCR4-NOT complex (Molin & Puisieux, 

2005). Although the exact function of ccf-1 is not completely understood, it is a very 

important gene in embryonic development and worms that have a ccf-1 loss-of-function 

mutation exhibit an embryonic lethal phenotype. The ccf-1 gene is the first gene in the 

CEOP3740 operon (Figure 4-19 C). As expected of the first gene in an operon, ccf-1 is 

SLTS to SL1 (Figure 4-19 D). Interestingly, there are two SLTS ASs that have strong 

support for SLTS of ccf-1. The SLTS ASs that shows the decreasing SLTS pattern of 

SLTS cluster 9, III:11920238, is consistently SLTS to SL1. In addition to this, another 

SLTS AS, III:11920232, is also SLTS to SL1. However, that SLTS AS shows an 

increasing level of SLTS as embryo progresses. This seems to suggest a change in 

which SLTS AS is used for ccf-1 through embryogenesis. Although not much is known 

about the downstream gene in the CEOP3740 operon, Y56A3A.18, it is predicted to 

have ribosomal large subunit binding activity. Further, it exhibits the expected pattern of 

a gene that is found downstream in an operon. In particular, it is SLTS to SL2 (Figure 

4-19 D). 
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Figure 4-19  SLTS Cluster 9 (A) showed a decreasing pattern of SLTS across 

embryogenesis, with a sharp decline in early embryo development. 
(B) The gene ccf-1 is an example of a gene found in SLTS cluster 9. 
(C) Gbrowse screenshot displaying the genomic region 11,917,350 
to 11,920,279 on chromosome III. The SLTS AS shown in B is 
highlighted in a pink box. Ccf-1 is the first gene in the CEOP3740 
operon. (D) A balloon plot shows the changes in SLTS, SL1, and SL2 
across the four SLTS ASs indicated in C. The ratio is read count of 
SL type (SLTS, SL1, or SL2) normalized by total read count at that 
SLTS AS and is indicated by both the size and color.  
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SLTS Cluster 10  

SLTS cluster 10 is comprised of 47 members. SLTS cluster 10 had relatively low 

levels of SLTS across embryo development, with some decreasing levels (Figure 4-20 

A). For GO term analysis, 39 genes were included in statistical testing as they had 

annotated data. SLTS cluster 10 was enriched for the term sensory perception of smell 

(GO:0007608) (Table 4-15).  

Table 4-15  SLTS Cluster 10 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q 

value 
sensory perception of smell 

(GO:0007608) 
0.022 1 46 0.00012 0.014 

Note: results from WormBase Enrichment Suite 

Most (59.57%: [12+9+7]/47) of the genes in SLTS cluster 10 are found within 

annotated operons (Table 4-16). 

Table 4-16  SLTS Cluster 10 - operon status table 
Status Count  

Genes not in operon 19 

Genes first in operon 12 

Genes mid operon  9 

Genes last in operon 7 
 

One example of the examples of a gene in SLTS cluster 10 is the odorant 

response abnormal gene odr-4 (Y102E9.1) (Figure 4-20 B). It is a membrane protein 

that is responsible for the folding and localization of odorant receptors (Dwyer, 1998). It 

is expressed in chemosensory neurons and it is evolutionarily conserved (Chen, Itakura, 

Weber, Hedge, & de Bono, 2014). Unlike most genes found in SLTS cluster 10, odr-4 is 

not in an operon (Figure 4-20 C). There are two SLTS ASs for odr-4 that have support 

for SLTS (Figure 4-20 D). As expected of genes that are not part of operons, they are 

SLTS to SL1.  

http://www.wormbase.org/species/all/go_term/GO:0007608#013--10
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Figure 4-20  SLTS Cluster 10 (A) showed a low level of SLTS across embryo 

development. There was a slight decreasing pattern. (B) The gene 
odr-4 is an example of a gene found in SLTS cluster 10. (C) Gbrowse 
screenshot displaying the genomic region 6,730,680 to 6,734,139 on 
chromosome III. The SLTS AS sown in B is indicated in a pink box. 
(D) A balloon plot shows the changes in SLTS, SL1, and SL2 across 
embryo development for the two SLTS ASs indicated in C. The ratio 
is read count of SL type (SLTS, SL1, or SL2) normalized by total read 
count at that SLTS AS and is indicated by both the size and color. 
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4.2.5. SL1 patterns in C. elegans embryo development  

The same approach used to identify SLTS patterns was used to identify SL1 

patterns as described in 4.2.3, with the adjustment that SL1 read count was used rather 

than the count of all reads that show support for SLTS. As with the clustering of SLTS 

level, the clusters that were generated with k-means clustering of SL1 ratio level 

displayed a variety of pattern (Figure 4-21).  

 
Figure 4-21  SL1 level patterns as a result of k-means clustering. (A) SL1 level 

ratio across embryo-time series for 4,667 SLTS ASs grouped by 
cluster membership from k-means clustering on SL1 level ratio. (B) 
Histograms of the operon status of SLTS ASs that belong to each 
cluster. Note: the y-axes are different for each histogram to better 
represent the makeup of each cluster. 

There were two clusters, cluster 2 and cluster 3, with clear increasing SL1 SLTS 

(Figure 4-21 A). Clusters 8 and 9 had decreasing levels of SL1 SLTS as embryo 

progressed through development. A few clusters, specifically cluster 4, cluster 5, cluster 
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6, and cluster 7, had relatively high levels of SL1 SLTS, while cluster 1 and cluster 10 

had low levels of SL1 SLTS. The clusters with high SL1 SLTS level contained smaller 

portions of genes that were downstream in operons (Figure 4-21 B).  

Four SL1 clusters had significantly enriched gene ontology terms. The clusters 

that had significantly enriched gene ontology terms were clusters 1, 4, 5, and 8. 

SL1 Cluster 1 

There are 941 members in SL1 cluster 1. SL1 cluster 1 had consistently low SL1 

SLTS across embryo development (Figure 4-22 A). There were 737 genes that had 

annotated GO terms and hence were included in statistical testing for GO term analysis. 

The genes in SL1 cluster 1 were enriched for 10 GO terms. These included cellular 

components, such as the nucleus (GO:0005634), molecular functions, such as organic 

cyclic compound metabolic process (GO:1901360), and biological processes, such as 

rRNA metabolic process (GO:0016072). 

Table 4-17  SL1 Cluster 1 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q 

value 
transferase activity transferring one-

carbon groups (GO:0016741) 
16 37 2.4 2.1e-08 2.6e-

06 
rRNA metabolic process 

(GO:0016072) 
22 46 2.1 3.5e-08 2.6e-

06 
membrane-enclosed lumen 

(GO:0031974) 
1.1e+02 161 1.5 1.1e-07 4.4e-

06 
cellular aromatic compound 

metabolic process (GO:0006725) 
1.9e+02 256 1.3 2.4e-07 7.5e-

06 
heterocycle metabolic process 

(GO:0046483) 
1.9e+02 256 1.3 3.4e-07 8.4e-

06 
organic cyclic compound metabolic 

process (GO:1901360) 
1.9e+02 256 1.3 7.7e-07 1.6e-

05 
nucleolus (GO:0005730) 27 50 1.9 1.4e-06 2.4e-

05 
nucleus (GO:0005634) 2.3e+02 281 1.2 0.00024 0.0037 

nucleoplasm (GO:0005654) 38 56 1.5 0.00092 0.013 
organelle (GO:0043226) 4.6e+02 510 1.1 0.0027 0.033 

Note: results from WormBase Enrichment Suite 

Overwhelmingly, most (98.72%: [9+352+568]/941) genes in SL1 cluster 1 were 

part of operons (Table 4-18). Interestingly, out of the genes in operons, they were almost 

entirely (99.03%: [352+568]/ [9+532+568]) downstream genes in operons. This is 

expected of genes that are primarily SL2 SLTS. Since the genes in SL1 cluster 1 have 

http://www.wormbase.org/species/all/go_term/GO:0016741#013--10
http://www.wormbase.org/species/all/go_term/GO:0016072#013--10
http://www.wormbase.org/species/all/go_term/GO:0031974#013--10
http://www.wormbase.org/species/all/go_term/GO:0006725#013--10
http://www.wormbase.org/species/all/go_term/GO:0046483#013--10
http://www.wormbase.org/species/all/go_term/GO:1901360#013--10
http://www.wormbase.org/species/all/go_term/GO:0005730#013--10
http://www.wormbase.org/species/all/go_term/GO:0005634#013--10
http://www.wormbase.org/species/all/go_term/GO:0005654#013--10
http://www.wormbase.org/species/all/go_term/GO:0043226#013--10
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very low levels of SL1, these genes might be genes that are SLTS primarily to SL2 (see 

Appendix H).  

Table 4-18  SL1 Cluster 1 - operon status table 
Status Count  

Genes not in operon 12 

Genes first in operon 9 

Genes mid operon  352 

Genes last in operon 568 
 

One example of a genes found in SL1 cluster 1 is suppressor of presenilin defect 

gene spr-5 (Y40B1B.6) (Figure 4-20 B). It is an ortholog of human lysine demethylase 1, 

specifically it is a histone H3 lysine 4 dimethyl (H3K4me2) demethylase (Nottke, et al., 

2011). It functions in removing methylation from the di-methylated 4th lysine of histone 

H3. It is dependent on the presence of flavin adenosine dinucleotide (FAD) as a cofactor 

(Hino, et al., 2012). FAD is an important cofactor for many proteins. It is an aromatic 

compound which links spr-5 to cellular aromatic compound metabolic process 

(GO:0006725), organic cyclic compound metabolic process (GO:1901360), and 

heterocycle metabolic process (GO:0046483). As expected of a histone modifying 

protein, spr-5 is found in the nucleus (GO:0005634) (Katz, Edwards, Reinke, & Kelly, 

2009). Histone modification is an important aspect of epigenetics. Proper regulation of 

epigenetic marks, such as histone methylation, are an important aspect of gene 

expression. Moreover, mutant spr-5 worms have a progressive transgenerational 

increase in sterility, which is an important implication in understanding how epigenetic 

changes can have transgenerational effects. This increase in sterility is accompanied by 

an increase in H3K4me2, as the cell is unable to demethylate it. On top of this, mutant 

spr-5 worms exhibit a transgenerational longevity phenotype (Greer, Becker, Latza, 

Antebi, & Shi, 2016). Similar to the overwhelming majority (97.77%: [352+568]/941) of 

genes found in SL1 cluster 1, spr-5 is a downstream gene in an operon (Figure 4-20 C). 

It is found, along with eif-3.J (Y40B1B.5), in the CEOP1700 operon. SL1 cluster 1 shows 

stably low levels of SL1 SLTS throughout embryo development. Since spr-5 is the 

second gene in the operon, it is expected that it would have high levels of SLTS, which 

would be accounted for by high levels of SL2 SLTS. The pattern of SLTS of both SLTS 
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ASs shown for spr-5 is as expected, where most of the SLTS is accounted for by SL2 

SLTS (Figure 4-20 D). The first gene in the operon is the eukaryotic initiation factor gene 

eif-3.J. It is predicted to have translation initiation factor activity (Rhoads, Dinkova, & 

Korneeva, 2006). As expected of a first gene in an operon, eif-3.J is SLTS to high levels 

of SL1 (Figure 4-20 D).  
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Figure 4-22 SL1 Cluster 1 (A) showed invariably low SL1 SLTS level across 
embryo development. (B) The spr-5 gene is an example of a gene 
found in SL1 cluster 1. (C) Gbrowse screenshot displaying the 
genomic region 13,434,900 to 13,450,899 on chromosome I. The 
SLTS AS shown in B is highlighted in pink. Spr-5 is the second gene 
in the CEOP1700 operon. (D) A balloon plot shows the changes in 
SLTS, SL1, and SL2 across two SLTS ASs. The two SLTS ASs are 
indicated in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by the total read count at that SLTS AS and is indicated 
by both the size and color.  

SL1 Cluster 2 

There are 121 members in SL1 cluster 2. TSL1 cluster 2 showed an increasing 

level of SL1 SLTS as embryo developed (Figure 4-23 A). Out of the 98 genes that had 

annotated data and were included in statistical testing for GO term analysis, there were 

no enriched GO terms for the genes in SL1 cluster 2. A strong majority (82.64%: 

[13+26+61]/121) of the genes in SL1 cluster 2 are found within annotated operons 

(Table 4-19). 

Table 4-19  SL1 Cluster 2 - operon status table 
Status Count  

Genes not in operon 21 

Genes first in operon 13 

Genes mid operon  26 

Genes last in operon 61 
 

One example of a gene found in SL1 cluster 2 is bag-1 (F57B10.11) (Figure 4-23 

B). The bag-1 gene is one of two genes in C. elegans that is part of the Bcl-2 associated 

anthanogene (BAG) family of chaperones (Rahmani, Rogalski, & Moerman, 2015). BAG 

family genes have a variety of functions, with the human ortholog, BAG-1, working with 

Bcl-2 to confer apoptotic resistance (Takayama, et al., 1995). It is the second gene in the 

CEOP1340 operon (Figure 4-23 C). The level of SLTS remains constant throughout 

embryo development for bag-1 (Figure 4-23 D). Interestingly, the level of SL1 increases 

as embryo develops, while the level of SL2 decreases. This pattern suggests the 

existence of a bag-1 specific promoter upstream of bag-1 that allows bag-1 to be 

expressed independently of the CEOP1340 operon.  
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Figure 4-23  SL1 Cluster 2 (A) showed an increasing trend of SL1 SLTS through 

embryo development. (B) The bag-1 gene is an example of a gene 
found in SL1 cluster 2. (C) Gbrowse screenshot displaying the 
genomic region 6,563,580 to 6,566,009 on chromosome I. The SLTS 
AS shown in B is indicated in a pink box. Bag-1 is the second gene 
in the CEOP1340 operon. (D) A balloon plot shows the changes in 
SLTS, SL1, and SL2 across the two SLTS ASs indicated in C. The 
ratio is read count of SL type (SLTS, SL1, or SL2) normalized by total 
read count at the SLTS AS and is indicated by both the size and 
color.  

The upstream gene in the operon is mei-2 (F57B10.12) (Figure 4-23 C).  It has a 

typical SLTS pattern of the first gene in an operon, with almost entirely SL1 SLTS 

(Figure 4-23 D). In C. elegans, mei-2 forms a complex with mei-2 that severs 

microtubules, which is an important function that is required for meiosis (Srayko, Buster, 

Bazirgan, McNally, & Mains, 2000). 
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SL1 Cluster 3 

There are 106 members in SL1 cluster 3. SL1 cluster 3 showed increasing levels 

of SL1 SLTS as embryo progressed through development. This increase was higher 

than that seen in SL1 cluster 2. For GO term analysis, there were 90 genes that had 

annotated data and were included in statistical testing. However, there were no 

significantly enriched GO terms for the genes in SL1 cluster 3. Most (64.15%: 

[9+27+32]/106) of the genes in SL1 cluster 3 are part of annotated operons (Table 4-20).  

Table 4-20  SL1 Cluster 3 - operon status table 
Status Count  

Genes not in operon 38 

Genes first in operon 9 

Genes mid operon  27 

Genes last in operon 32 
 

One of the examples of a gene found in SL1 cluster 3 is the worm apoptosis 

inducing factor homolog gene wah-1 (Y56A3A.32) (Figure 4-24 B). It is involved in the 

regulation of mitochondrial oxidative phosphorylation and functions in DNA degradation 

during caspase-dependent cell death (Troulinaki, et al., 2018). Ultimately, this impacts 

the longevity of C. elegans and leads to a shortened lifespan in worms with RNAi 

silenced wah-1. In particular, deficiencies in wah-1 lead to mitochondrial stress response 

activation independent of any increase in actual oxidative stress. The wah-1 gene is 

found downstream of Y56A3A.31 in the CEOP3748 operon (Figure 4-24 C). Y56A3A.31 

is predicted to be an ortholog of human Chromosome 7 open reading frame 24. 

Although not much is known about Y56A3A.31, it has the SLTS pattern that is typical of 

the first gene in an operon. Specifically, it is SLTS to SL1 (Figure 4-32 D).  
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Figure 4-24  SL1 Cluster 3 (A) showed increased SL1 SLTS level as embryo 

progressed. (B) The gene wah-1 is an example of a gene found in 
SL1 cluster 3. (C) Gbrowse screenshot displaying the genomic 
region 11,981,100 to 12,000,399 on chromosome III. The SLTS AS 
shown in B is highlighted in pink. Wah-1 is the last gene in the 
CEOP3748 operon (D) A balloon plot shows the changes in SLTS, 
SL1, and SL2 across the three SLTS ASs indicated in C. The ratio is 
read count of SL type (SLTS, SL1, or SL2) normalized by total read 
count at that SLTS AS and is indicated by both the size and color.  
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The SLTS pattern for wah-1 was interesting. Although there was consistently 

high SLTS across embryo development, there were changes in SL1 and SL2 SLTS 

(Figure 4-32 B & D). In early embryo, up until early gastrulation (about 120 minutes), 

wah-1 is predominantly SL2 SLTS. However, as embryo develops, there is an increase 

in the portion of reads that are SLTS to SL1, along with the accompanying decrease in 

the portion of reads that are SLTS to SL2. Near the end of the embryo time series (720 

minutes), the portions of SL1 and SL2 are almost the opposite of what they were at the 

beginning of embryo development. The SLTS AS that was used to identify wah-1 as 

belonging to SL1 cluster 3 (III:11990165) is the SLTS AS for the longer isoform of wah-1 

(Y56A3A.32a) (Figure 4-24 C). Interestingly, the SLTS AS for the shorter isoform of wah-

1 (Y56A3A.32b), which is (III:11994057), has very weak evidence of SLTS in the embryo 

time series, even though it has evidence supporting SLTS in a similar number of runs as 

the SLTS AS for Y56A3A.31 (Figure 4-24 C & D). This might suggest that the shorter 

isoform is expressed in other developmental stages or adult worms, rather than in 

embryo.  

SL1 Cluster 4 

There are 1,031 members in SL1 cluster 4. The pattern of SL1 SLTS was 

consistently high throughout embryo development in SL1 cluster 4 (Figure 4-25). There 

were 876 genes included in statistical testing as they had annotated terms. There were 

22 significantly enriched terms (Table 4-21).  

Table 4-21  SL1 Cluster 4 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q value 

structural constituent of ribosome 
(GO:0003735) 

33 60 1.8 1e-07 1.3e-05 

peptide biosynthetic process 
(GO:0043043) 

66 98 1.5 4.3e-06 0.00027 

cytoskeleton (GO:0005856) 43 66 1.5 3.7e-05 0.0015 
cell projection organization 

(GO:0030030) 
23 39 1.7 8.2e-05 0.0026 

localization of cell (GO:0051674) 16 28 1.8 0.00029 0.0071 
primary active transmembrane 

transporter activity (GO:0015399) 
10 19 1.9 0.00061 0.013 

cellular developmental process 
(GO:0048869) 

84 106 1.3 0.0033 0.058 

neuron development (GO:0048666) 16 25 1.6 0.0039 0.06 
response to biotic stimulus 

(GO:0009607) 
15 24 1.6 0.004 0.06 

http://www.wormbase.org/species/all/go_term/GO:0003735#013--10
http://www.wormbase.org/species/all/go_term/GO:0043043#013--10
http://www.wormbase.org/species/all/go_term/GO:0005856#013--10
http://www.wormbase.org/species/all/go_term/GO:0030030#013--10
http://www.wormbase.org/species/all/go_term/GO:0051674#013--10
http://www.wormbase.org/species/all/go_term/GO:0015399#013--10
http://www.wormbase.org/species/all/go_term/GO:0048869#013--10
http://www.wormbase.org/species/all/go_term/GO:0048666#013--10
http://www.wormbase.org/species/all/go_term/GO:0009607#013--10
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extracellular region (GO:0005576) 11 19 1.7 0.0047 0.06 
response to topologically incorrect 

protein (GO:0035966) 
27 38 1.4 0.0051 0.06 

defense response (GO:0006952) 15 23 1.5 0.0069 0.071 
neurogenesis (GO:0022008) 24 34 1.4 0.0079 0.076 
cell projection (GO:0042995) 31 42 1.4 0.0088 0.078 

Membrane (GO:0016020) 2.9e+02 328 1.1 0.01 0.084 
transmembrane transport 

(GO:0055085) 
47 60 1.3 0.011 0.084 

cell part morphogenesis 
(GO:0032990) 

18 26 1.5 0.011 0.084 

small GTPase mediated signal 
transduction (GO:0007264) 

19 27 1.4 0.013 0.087 

aging (GO:0007568) 34 45 1.3 0.013 0.087 
IRE1-mediated unfolded protein 

response (GO:0036498) 
17 25 1.4 0.014 0.089 

post-embryonic development 
(GO:0009791) 

61 76 1.2 0.015 0.089 

supramolecular complex 
(GO:0099080) 

31 41 1.3 0.017 0.095 

Note: results from WormBase Enrichment Suite 

A minority (29.49%: [288+5+11]/1031) of the genes in SL1 cluster 4 are found 

within operons (Table 4-22). Of the genes that are found in operons, they are almost 

entirely (94.74%: 288/ [288+5+11]) are the first gene in an operon. 

Table 4-22  SL1 Cluster 4 - operon status table 
Status Count  

Genes not in operon 727 

Genes first in operon 288 

Genes mid operon  5 

Genes last in operon 11 
 

One example of a gene found in SL1 cluster 4 is the cytokinesis, apoptosis, 

RNA-associated gene car-1 (Y18D10A.17) (Figure 4-25 B). The car-1 gene is not found 

within an operon (Figure 4-25 B), in accord with most of the genes in SL1 cluster 4. It is 

an RNA-binding protein involved in a conserved RNA-protein complex (Boag, 

Nakamura, & Blackwell, 2005). It plays a critical role in regulating apoptosis and is 

required for oogenesis. The pattern of SL1 SLTS for car-1 was consistently high SL1 

SLTS, which is expected of a gene that is not found within an operon (Figure 4-25 D).  

http://www.wormbase.org/species/all/go_term/GO:0005576#013--10
http://www.wormbase.org/species/all/go_term/GO:0035966#013--10
http://www.wormbase.org/species/all/go_term/GO:0006952#013--10
http://www.wormbase.org/species/all/go_term/GO:0022008#013--10
http://www.wormbase.org/species/all/go_term/GO:0042995#013--10
http://www.wormbase.org/species/all/go_term/GO:0016020#013--10
http://www.wormbase.org/species/all/go_term/GO:0055085#013--10
http://www.wormbase.org/species/all/go_term/GO:0032990#013--10
http://www.wormbase.org/species/all/go_term/GO:0007264#013--10
http://www.wormbase.org/species/all/go_term/GO:0007568#013--10
http://www.wormbase.org/species/all/go_term/GO:0036498#013--10
http://www.wormbase.org/species/all/go_term/GO:0009791#013--10
http://www.wormbase.org/species/all/go_term/GO:0099080#013--10
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Figure 4-25  SL1 Cluster 4 (A) showed a stable high pattern of SL1 SLTS 

throughout embryo development. (B) The car-1 gene is an example 
of a gene found in SL1 cluster 4. (C) Gbrowse screenshot displaying 
the genomic region 12,904,414 to 12,906,413 on chromosome I. The 
SLTS AS shown in B is highlighted in pink. (D) A balloon plot shows 
the changes in SLTS, SL1, and SL2 across embryo development for 
the SLTS AS indicated in C. The ratio is read count of SL type (SLTS, 
SL1, or SL2) normalized by total read count at that SLTS AS and is 
indicated by both the size and color.  
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SL1 Cluster 5 

SL1 Cluster 5 has 1,004 members. The pattern is high SL1 SLTS across embryo 

development (Figure 4-26 A). Of the genes in SL1 cluster 5, 839 had annotated terms 

and were included in statistical testing. There were five significantly enriched GO terms 

in SL1 cluster 5 (Table 4-23). 

Table 4-23  SL1 Cluster 5 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P 

value 
Q 

value 
peptide receptor activity 

(GO:0001653) 
0.22 1 4.5 0 0 

collagen trimer (GO:0005581) 0.22 1 4.5 0 0 
detection of chemical stimulus 

(GO:0009593) 
0.22 1 4.5 0 0 

structural constituent of cuticle 
(GO:0042302) 

0.67 3 4.5 0 0 

identical protein binding 
(GO:0042802) 

16 25 1.6 0.0037 0.092 

Note: results from WormBase Enrichment Suite 

Only 31.08% ([277+11+24]/1,004) of the genes in SL1 cluster 5 are annotated as 

part of an operon (Table 4-24). Moreover, the majority (88.78%: 277/ [277+11+24]) of 

the genes that are in operons are the first genes in the operon.  

Table 4-24  SL1 Cluster 5 - operon status table 
Status Count  

Genes not in operon 692 

Genes first in operon 277 

Genes mid operon  11 

Genes last in operon 24 
 

An example of a gene found in SL1 cluster 5 is the heat shock protein gene hsp-

90 (C47E8.5) (Figure 4-26). It is also known as daf-21 in C. elegans. Hsp90 is an 

important molecular chaperone that plays a key role in the maturation of a variety of 

proteins, which include proteins involved in DNA repair, hormone receptors, and kinases 

(McClellan, et al., 2007). For Hsp90 to function in vivo, it needs to dimerize (Wayne & 

Bolon, 2007). This means that it is involved in identical protein binding (GO:0042802). 

http://www.wormbase.org/species/all/go_term/GO:0001653#013--10
http://www.wormbase.org/species/all/go_term/GO:0005581#013--10
http://www.wormbase.org/species/all/go_term/GO:0009593#013--10
http://www.wormbase.org/species/all/go_term/GO:0042302#013--10
http://www.wormbase.org/species/all/go_term/GO:0042802#013--10
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Similar to most genes in SL1 cluster 5 (Table 4-24), daf-21 is not found within an operon 

(Figure 4-26 C), Moreover, the SL1 SLTS pattern is typical of a gene that is not located 

in an operon (Figure 4-26 D). The SL1 level is consistently high throughout embryo 

development.  

 
Figure 4-26  SL1 Cluster 5 (A) showed a stable high SL1 level across embryo 

development. (B) The gene daf-21, the hsp-90 ortholog in C. elegans, 
is a gene found in SL1 cluster 5. (C) Gbrowse screen shot displaying 
genomic region 14,684,860 to 14,688,609 on chromosome V. The 
SLTS AS shown in B is indicated with a pink box. (D) A balloon plot 
shows the pattern of SLTS, SL1, and SL2 across embryo 
development for the SLTS AS indicated in C. The ratio is read count 
of SL type (SLTS, SL1, or SL2) normalized by total read count at that 
SLTS AS and is indicated by both the size and color. 
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SL1 Cluster 6 

SL1 cluster 6 has 757 members. SL1 cluster 6 had variable, but high, levels of 

SL1 SLTS through embryo development (Figure 4-27 A). Although the pattern of SL1 

SLTS was consistently high for SL1 cluster 6, it was lower than the levels of SL1 SLTS 

that were seen in SL1 cluster 5 (Figure 4-26 A) and SL1 cluster 4 (Figure 4-25 A). For 

GO term analysis, there were 605 genes that had annotated data and were included in 

statistical testing. However, there were no significantly enriched terms. High levels of 

SL1 SLTS is expected of genes that are either not in operons or are the first gene in an 

operon. Less than one-third (31.57%: [199+17+23] /757) of the genes in SL1 cluster 6 

are annotated as being transcribed as part of an operon (Table 4-25). Of those that are 

found within operons, most (83.26%: 199/ [199+17+23]) are the first gene in the operon. 

Only 3% ([17+23]/757) of the genes in SL1 cluster 6 are downstream genes in operons. 

We expect most genes that  

Table 4-25  SL1 Cluster 6 - operon status table 
Status Count  

Genes not in operon 518 

Genes first in operon 199 

Genes mid operon  17 

Genes last in operon 23 
 

One example of a gene found in SL1 cluster 6 is the dorsal intercalation and 

elongation defect gene die-1 (C18D1.1) (Figure 4-27 B). It is not part of an operon 

(Figure 4-27 C), similar to most genes in SL1 cluster 6. SL1 SLTS accounted for all of 

the SLTS for die-1 (Figure 4-27 D). The die-1 gene encodes a C2H2 zinc finger protein 

that functions as a transcription factor (Heid, et al., 2001). In the embryo, die-1 is 

required for dorsal intercalation, which is an important step in C. elegans morphogenesis 

where there is a rearrangement of dorsal epidermal cells after specification. Mutant die-1 

worms have defective epidermal morphology and fail to elongate, similar to the 

phenotype seen in other mutants which are defective in cell positioning or early 

morphogenesis (Wang, et al., 2019).  
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Figure 4-27  SL1 Cluster 6 (A) had a variable, but high SL1 level across embryo 

development that was lower than the level of SL1 cluster 5 and SL1 
cluster 4. (B) The die-1 gene is an example of a gene found in SL1 
cluster 6. (C) Gbrowse screenshot displaying the genomic region 
10,061,373 to 10,074,443 on chromosome II. The SLTS AS shown in 
B is highlighted in pink. (D) A balloon plot shows the changes in 
SLTS, SL1, and SL2 across embryo development of the SLTS AS 
indicated in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by total read count at the SLTS AS and is indicated by 
both the size and color.  

Moreover, die-1 is important component of the regulatory networks that establish 

both the chemosensory and olfactory systems in C. elegans (Cochella, et al., 2014).  In 

the chemosensory system, the ASE left (ASEL) and ASE right (ASER) chemosensory 

neurons are functionally distinct and have asymmetric expression of a chemoreceptor. 
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This asymmetric expression is patterned through the regulatory cascade involving die-1, 

where it acts to spatially control the expression of a miRNA gene involved in 

downregulating the chemoreceptor (Chang, Johnston Jr, Frokjaer-Jensen, Lockery, & 

Hobert, 2004). 

SL1 Cluster 7 

There are 275 members in SL1 cluster 7. SL1 cluster 7 showed relatively high 

levels of SL1 SLTS throughout the embryonic time series (Figure 4-28 A). However, this 

cluster had lower levels of SL1 SLTS than that of SL1 cluster 6 (Figure 4-27 A), SL1 

cluster 5 (Figure 4-26 A), and SL1 cluster 4 (Figure 4-25 A). Of the 244 genes with 

annotated data that were included in statistical testing, there were no significantly 

enriched GO terms. Over one-third (37.82%: [64+20+20]/275) of the genes in SL1 

cluster 7 are constituents of operons (Table 4-26). This is slightly more than the portion 

of genes in operons found in the other clusters that have high SL1 SLTS across embryo 

development, which were SL1 cluster 6, SL1 cluster 5, and SL1 cluster 4. However, the 

portion of genes in operons in SL1 cluster 7 is less than portion of genes found in 

operons from the clusters that had either low or increasing levels of SL1 SLTS, which 

were SL1 cluster 3, SL1 cluster 2, and SL1 cluster 1. Of the genes found in operons in 

SL1 cluster 7, over half (57.69%: 64/ [64+20+20) are the first gene in their respective 

operon. Additionally, only 14.71% ([20+20]/275) of the genes in SL1 cluster 7 are a 

downstream gene in an operon. 

Table 4-26  SL1 Cluster 7 - operon status table 
Status Count  

Genes not in operon 171 

Genes first in operon 64 

Genes mid operon  20 

Genes last in operon 20 
 

One of the examples of a gene found in SL1 cluster 7 is the yeast budding 

uninhibited by benzimidazole (bub) homolog gene bub-1 (R06C7.8) (Figure 4-28 B). The 

bub-1 gene is not found within an operon, as expected of genes that are SL1 SLTS 
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(Figure 4-28 C). Moreover, it displays the expected SLTS pattern, almost entirely SL1 

SLTS, that is expected of genes that are not within operons (Figure 4-28 D).  

 
Figure 4-28  SL1 Cluster 7 (A) showed a variable SL1 level across embryo 

development, which was slightly lower than SL1 cluster 6. (B) The 
bub-1 gene is an example of a gene found in SL1 cluster 7. (C) 
Gbrowse screenshot displaying the genomic region 7,251,840 to 
7,255,349 on chromosome I. The SLTS ASs shown in B is indicated 
with a pink box. (D) A balloon plot shows the changes in SLTS, SL1, 
and SL2 across embryo development for the SLTS AS indicated in 
C. The ratio is read count of SL type (SLTS, SL1, or SL2) normalized 
by total read count at that SLTS AS and is indicated by both the size 
and color. 

Functionally, bub-1 is involved in cell cycle regulation and serves as a conserved 

spindle checkpoint protein (Wang, et al., 2009). It further contributes to cell cycle 
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regulation by aiding the onset of anaphase during cell division, where it is localized to 

kinetochores (Kim, et al., 2015). 

SL1 Cluster 8 

SL1 cluster 8 consists of 100 members. As embryo development progresses, 

SL1 level steadily decreases for members of SL1 cluster 8 (Figure 4-29 A). For GO term 

analysis, 75 genes had annotated data and were included in statistical testing. SL1 

cluster 8 was enriched for the terms cell projection (GO:0042995) and sensory 

perception of smell (GO:0007608) (Table 4-27).  

Table 4-27  SL1 Cluster 8 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q 

value 
cell projection (GO:0042995) 2.6 9 3.4 0.00031 0.038 
sensory perception of smell 

(GO:0007608) 
0.041 1 24 0.00043 0.038 

Note: results from WormBase Enrichment Suite 

Almost half (47.00%: [21+8+18]/100) of the genes in SL1 cluster 8 were part of 

an operon (Table 4-27). Likewise, almost half (44.68%: 21/ [8+18]) of the genes found 

within operons in SL1 cluster 8 were the first gene in the operon. Around one-quarter 

(26.00%: [8+18]/100) of the genes in SL1 cluster 8 were genes that were downstream in 

operons.  

Table 4-28  SL1 Cluster 8 - operon status table 
Status Count  

Genes not in operon 53 

Genes first in operon 21 

Genes mid operon  8 

Genes last in operon 18 
 

One example of a gene found in SL1 cluster 8 is the myotubularin family gene 

mtm-1 (Y110A7A.5) (Figure 4-29 B). Unlike most members in SL1 cluster 8, mtm-1 is 

the last gene in the CEOP1220 operon (Figure 4-29 C). The CEOP1220 operon is a 

four-gene operon with prp-31 (Y110A7A.8), Y110A7A.7, pfkb-1.1 (Y110A7A.6), and 

mtm-1 as the first, second, third, and fourth genes, respectively.  

http://www.wormbase.org/species/all/go_term/GO:0042995#013--10
http://www.wormbase.org/species/all/go_term/GO:0007608#013--10
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Figure 4-29  SL1 Cluster 8 (A) shows a steady decreasing SL1 SLTS level 
through embryogenesis. (B) The mtm-1 gene is an example of a 
gene found in SL1 cluster 8. (C) Gbrowse screenshot displaying the 
genomic region 5,127,700 to 5,137,999 on chromosome I. The SLTS 
AS shown in B is indicated with a pink box. Mtm-1 is the last gene in 
the CEOP1220 operon. (D) A balloon plot depicts the changes in 
SLTS, SL1, and SL2 across embryo development for the five SLTS 
ASs indicated in C. The ratio is read count of SL type (SLTS, SL1, or 
SL2) normalized by total read count at that SLTS AS and is indicated 
by both the size and color.  

The first gene in the CEOP1220 operon, prp-31, is orthologous to human pre-

mRNA processing factor 31, which is a U4 small nuclear ribonucleoprotein (Rubio-Pena, 

et al., 2015). Silencing of prp-31 via dsRNA injection lead to an embryonic lethal 

phenotype. However, worms that were silenced with prp-31 RNAi through feeding 

developed to adulthood, but were sterile. The SLTS pattern displayed by prp-31 is high 

levels of SLTS across development, with SL1 accounting for almost all of the SLTS 

(Figure 4-29 D). This is the SLTS pattern that is expected of the first gene in an operon.  

The second gene in the CEOP1220 operon, Y110A7A.7, has predicted hydrolase 

activity, however not much is known about it. However, in coherence with the type of 

SLTS expected of the second or downstream gene in an operon, Y110A7A.7 has high 

levels of SL2 SLTS and rarely any SL1 SLTS throughout embryo development (Figure 

4-29 D).  

Third gene in the CEOP1220 operon, pfkb-1.1, is orthologous to human 6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3). It is a key component 

of glycolysis regulation and has been implicated in cancer in humans (Shi, Pan, Liu, Zie, 

& Han, 2017). There are two SLTS ASs that have strong support for SLTS of pfkb-1.1 

(Figure 4-29 C & D). Interestingly, there seem to be many layers of dynamics both 

between the two SLTS ASs and within the individual SLTS ASs (Figure 4-29 D). Firstly, 

early on in embryo development, before the middle of gastrulation (up to 150 minutes), 

the upstream pfkb-1.1 SLTS AS (I:5131518) has high levels of SLTS, while the 

downstream pfkb-1.1 SLTS AS (I:5131529) has very low levels of SLTS. As time goes 

on in embryo development, SLTS at the upstream pfkb-1.1 SLTS AS decreases to a 

minimal amount near the end of gastrulation (240 minutes), after which point SLTS starts 

to increase. Meanwhile, at the downstream pfkb-1.1 SLTS AS, the level of SLTS, which 

started off low, increases dramatically until the middle of gastrulation (180 minutes), at 
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which point it plateaus until it starts decreasing again approximately midway through 

elongation (410 minutes). Although the upstream pfkb-1.1 SLTS AS has changes in 

SLTS, the proportion of SLTS to SL1 and SL2 remains relatively consistent. SL2 SLTS 

constitutes the majority of SLTS at the upstream pfkb-1.1 SLTS AS at all time points. In 

other words, the level of SL2 SLTS is higher than the level of SL1 SLTS at the upstream 

pfkb-1.1 SLTS AS throughout the entirety of embryo development. However, the 

downstream pfkb-1.1 SLTS AS is a slightly more complicated case. Not only does the 

downstream pfkb-1.1 SLTS AS have changing SLTS level, there is a change in which SL 

is contributing to the majority of the SLTS as embryo progresses. Before the end of 

gastrulation (240 minutes), SL2 constitutes the majority of the SLTS at the downstream 

pfkb-1.1 SLTS AS. At 240 minutes there is equal proportions of SL1 and SL2 SLTS. 

However, near the end of gastrulation (240 minutes), the portion of SL1 SLTS increases, 

while the portion of SL2 decreases. This example shows a multitude of types dynamics 

in SLTS including SL usage and SLTS AS usage, for a single gene through embryo 

development indicating that SLTS is a more complicated regulatory mechanism than 

previously considered.  

The last gene, mtm-1, in the CEOP1220 operon, is a phosphoinositide 

phosphatase that functions as a regulator of cell corpses clearance (Neukomm, et al., 

2011). One of the functions of mtm-1 is to limit the activity of a signaling cascade at the 

phagocytotic cup. The phagocytotic cup is a type of cell projection (GO:0042995) that is 

involved in the process of phagocytosis. The mtm-1 gene was one of the genes 

associated with the GO term cell projection (GO:0042995) that was enriched for in SL1 

cluster 8 (Table 4-27). Interestingly, mtm-1 has decreasing levels of SL1 SLTS (Figure 

4-29 D). Surprisingly, this decrease is not accompanied by a reciprocal increase in SL2 

SLTS. Instead the level of SLTS decreases along with the decrease in SL1 SLTS. This 

is unexpected for a gene that is downstream in an operon, as they are expected to be 

SLTS to primarily SL2.  

The third and fourth genes in the CEOP1220 operon showed curious SLTS 

patterns. The third gene, pfkb-1.1 had many different forms of dynamics, including SL 

usage and SLTS AS usage. The fourth gene, mtm-1, showed unanticipated SL1 SLTS at 

a downstream gene in an operon. 
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SL1 Cluster 9 

There are 121 members in SL1 Cluster 9. SL1 cluster 9 had slightly decreasing 

and consistently low levels of SL1 SLTS throughout the embryo time series (Figure 4-30 

A). For GO term analysis, 109 genes had annotated data and were included in statistical 

testing. However, there were no significantly enriched GO terms in SLTS cluster 9. Most 

(76.86%: [11+23+59]/121) of the genes in SL1 cluster 9 are members of operons (Table 

4-29). Moreover, over two-thirds (67.77%: [23+59]/121) of the genes in SL1 cluster 9 are 

downstream genes in their respective operons.  

Table 4-29  SL1 Cluster 9 - operon status table 
Status Count  

Genes not in operon 28 

Genes first in operon 11 

Genes mid operon  23 

Genes last in operon 59 
 

One example of a that is part of SL1 cluster 9 is the SKp1 related ubiquitin ligase 

complex component gene skr-18 (F56B3.12) (Figure 4-30 B). Although not much is 

known about skr-18, skr-18 expression increases after spaceflight and RNAi knockdown 

of skr-18 results in modified movement (Higashibat, et al., 2006). It is the second gene 

located in the CEOP4036 operon (Figure 4-30 C). Not much is known about the two 

other genes, F56B3.11 and F56B4.4, that are found in the same operon as skr-18.  

As expected of the first gene in the operon, F56B3.11 is SLTS to SL1 at high 

levels during embryo development (Figure 4-30 D). Interestingly, the second and third 

genes, skr-18 and F56B3.4 respectively, exhibit an interesting and similar SLTS pattern 

through embryo development. For both genes, overall the level of SLTS remains high 

throughout embryogenesis. From the beginning of embryogenesis, the level of SL1 

SLTS is lower than the level of SL2 SLTS. As embryo progresses, this difference is 

magnified as SL1 continually decreases and SL2 continually increases. For skr-18, the 

level of SL1 starts to sharply decreases during the middle of gastrulation (180 minutes), 

while for F56B3.4 the SL1 level has decreased to an almost non-existent level at that 
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point (180 minutes). This is an interesting example of both downstream genes in the 

operon having similarly decoupled expression patterns form the operon expression.  
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Figure 4-30  SL1 Cluster 9 (A) showed a slightly decreasing low pattern of SL1 

across embryo development. (B) The gene skr-18 is an example of a 
gene found in SL1 cluster 9. (C) Gbrowse screenshot displaying the 
genomic region 784,300 to 796,799 on chromosome IV. The SLTS AS 
shown in B is indicated by a pink box. Skr-18 is the second gene in 
CEOP4036. (D) A balloon plot shows the changes in SLTS, SL1, and 
SL2 across the three SLTS ASs indicated in C. The ratio is read 
count of SL type (SLTS, SL1, or SL2) normalized by total read count 
at that SLTS AS and is indicated by both the size and color.  
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SL1 Cluster 10 

SL1 cluster 10 is comprised of 211 members. There is persistently low SL1 SLTS 

throughout embryo development (Figure 4-31 A). Out of the 211 genes, 181 had 

annotated data for GO analysis. There were no significantly enriched GO terms for SL1 

cluster 10. An overwhelming majority (95.26%: [7+77+117]/211) of the genes in SL1 

cluster 10 were genes that were a part of operons (Table 4-30). Of those genes that 

were found in operons, only 3.48% (7/ [7+77+117]) were the first gene in an operon. As 

the first gene in an operon is expected to be SLTS to primarily SL1, it is unsurprising that 

there are not many first genes in operons that are SLTS to low levels of SL1.   

Table 4-30  SL1 Cluster 10 - operon status table 
Status Count  

Genes not in operon 10 

Genes first in operon 7 

Genes mid operon  77 

Genes last in operon 117 
 

One example of a gene found in SL1 cluster 10 is the Cation transporting 

ATPase gene catp-8 (C10C6.6) (Figure 4-31 B). It is an ortholog of human ATPase 

13A1 and it is found, along with multiprotein bridging factor transcriptional coactivator 

gene mbf-1 (H21P03.1), in the CEOP4444 operon (Figure 4-31) C. The first gene in the 

operon, mbf-1, has SL1 SLTS at high levels throughout the duration of embryo 

development (Figure 4-31 D). Although the second gene in the operon, catp-8, is SLTS 

to high levels of SL2, there is a consistent low level of SL1 SLTS throughout the duration 

of embryogenesis (Figure 4-31 D). These patterns are both expected of genes in their 

respective positions within operons.  
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Figure 4-31  SL1 Cluster 10 (A) shows a low level of SL1 SLTS all throughout 

embryo development. (B) The gene catp-8 is an example of a gene 
found in SL1 cluster 10. (C) Gbrowse screenshot displaying the 
genomic region 11,473,100 to 11,480,399 on chromosome IV. The 
SLTS AS shown in B is indicated with a pink box. The catp-8 gene is 
the second gene in the CEOP4444 operon. (D) A balloon plot shows 
the changes in SLTS, SL1, and SL2 across the two SLTS ASs 
indicated in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by total read count at that SLTS AS and is indicated by 
both the size and color.  
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4.2.6. SL2 patterns in C. elegans embryo development 

The same approach used to identify SLTS patterns was used to identify SL2 

patterns as described in 4.2.3, with the adjustment that SL2 read count was used rather 

than the count of all reads that show support for SLTS. A number of SL2 patterns were 

identifiable through this approach (Figure 4-32 A).  

 
Figure 4-32  SL2 level patterns as a result of k-means clustering. (A) SL2 level 

ratio across embryo-time series for 4,667 SLTS ASs grouped by 
cluster membership from k-means clustering on SL2 level ratio. (B) 
Histograms of the operon status of SLTS ASs that belong to each 
cluster. Note: the y-axes are different for each histogram to better 
represent the makeup of each cluster.  

In particular, clusters 2, 3, and 4 had increasing SL2 SLTS with the progression 

of embryo development (Figure 4-32 A). Meanwhile, in clusters 7, 8, and 9, the level of 

SL2 SLTS with advancing embryo development. The largest cluster, which was cluster 

1, had strikingly low consistent levels of SL2 SLTS. Additionally, it was the only cluster 
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that had a large portion of the genes either as those outside of operons or the first gene 

in an operon (Figure 4-32 B).   

There were four SL2 clusters that had significantly enriched gene ontology terms. 

The clusters that had significantly enriched gene ontology terms were cluster 1, 6, 7, and 

9.  

SL2 Cluster 1 

SL2 cluster 1 was the largest SL2 cluster with 3,190 members. The SL2 SLTS 

pattern of SL2 cluster 1 was invariably low SL2 throughout the entirety of embryo 

development (Figure 4-33 A). If there is a high SLTS level for these cases, it is likely that 

these are cases in which the low SL2 SLTS level is due to a high SL1 SLTS.  For GO 

term analysis, there were 2,584 genes that had annotated data. Many GO terms were 

enriched for in SL2 clusters (Table 4-31).  

Table 4-31  SL2 Cluster 1 - table of significantly enriched GO terms 
Term Expected Observed Enrichment 

Fold Change 
P value Q value 

neuropeptide signaling pathway 
(GO:0007218) 

1.4 2 1.4 0 0 

peptide receptor activity 
(GO:0001653) 

0.7 1 1.4 0 0 

potassium ion transmembrane 
transport (GO:0071805) 

4.2 6 1.4 0 0 

structural constituent of cuticle 
(GO:0042302) 

2.1 3 1.4 0 0 

detection of chemical stimulus 
(GO:0009593) 

0.7 1 1.4 0 0 

collagen trimer (GO:0005581) 0.7 1 1.4 0 0 
sensory perception of smell 

(GO:0007608) 
1.4 2 1.4 0 0 

cellular developmental process 
(GO:0048869) 

2.4e+02 282 1.2 3.4e-07 5.3e-06 

neurogenesis (GO:0022008) 69 86 1.3 9.1e-06 0.00012 
response to biotic stimulus 

(GO:0009607) 
43 56 1.3 2.9e-05 0.00035 

defense response (GO:0006952) 43 55 1.3 3.8e-05 0.00043 
neuron development (GO:0048666) 46 58 1.3 5.6e-05 0.00058 

cell part morphogenesis 
(GO:0032990) 

51 64 1.3 0.0001 0.00098 

cell projection organization 
(GO:0030030) 

66 80 1.2 0.00021 0.0018 

extracellular region (GO:0005576) 33 42 1.3 0.00039 0.0032 

http://www.wormbase.org/species/all/go_term/GO:0007218#013--10
http://www.wormbase.org/species/all/go_term/GO:0001653#013--10
http://www.wormbase.org/species/all/go_term/GO:0071805#013--10
http://www.wormbase.org/species/all/go_term/GO:0042302#013--10
http://www.wormbase.org/species/all/go_term/GO:0009593#013--10
http://www.wormbase.org/species/all/go_term/GO:0005581#013--10
http://www.wormbase.org/species/all/go_term/GO:0007608#013--10
http://www.wormbase.org/species/all/go_term/GO:0048869#013--10
http://www.wormbase.org/species/all/go_term/GO:0022008#013--10
http://www.wormbase.org/species/all/go_term/GO:0009607#013--10
http://www.wormbase.org/species/all/go_term/GO:0006952#013--10
http://www.wormbase.org/species/all/go_term/GO:0048666#013--10
http://www.wormbase.org/species/all/go_term/GO:0032990#013--10
http://www.wormbase.org/species/all/go_term/GO:0030030#013--10
http://www.wormbase.org/species/all/go_term/GO:0005576#013--10
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neuron projection guidance 
(GO:0097485) 

32 41 1.3 0.00052 0.004 

immune system process 
(GO:0002376) 

21 27 1.3 0.0021 0.015 

biological adhesion (GO:0022610) 28 35 1.2 0.0026 0.018 
cytoskeleton (GO:0005856) 1.2e+02 139 1.1 0.0028 0.018 

response to endogenous stimulus 
(GO:0009719) 

38 46 1.2 0.003 0.018 

embryo development ending in birth 
or egg hatching (GO:0009792) 

1.4e+02 160 1.1 0.0038 0.023 

RNA polymerase II regulatory region 
DNA binding (GO:0001012) 

43 52 1.2 0.0039 0.023 

ribonucleoprotein granule 
(GO:0035770) 

48 57 1.2 0.0056 0.03 

small GTPase mediated signal 
transduction (GO:0007264) 

54 63 1.2 0.0063 0.033 

cell projection (GO:0042995) 88 100 1.1 0.0068 0.033 
cell body (GO:0044297) 44 52 1.2 0.0078 0.037 

post-embryonic development 
(GO:0009791) 

1.8e+02 193 1.1 0.0081 0.037 

transcription regulatory region 
sequence-specific DNA binding 

(GO:0000976) 

47 55 1.2 0.0083 0.037 

peptide biosynthetic process 
(GO:0043043) 

1.9e+02 206 1.1 0.0088 0.037 

regulation of neuron differentiation 
(GO:0045664) 

25 30 1.2 0.0091 0.038 

supramolecular complex 
(GO:0099080) 

89 100 1.1 0.01 0.041 

regulation of protein metabolic 
process (GO:0051246) 

2e+02 217 1.1 0.011 0.044 

localization of cell (GO:0051674) 46 53 1.2 0.012 0.045 
extracellular space (GO:0005615) 13 16 1.3 0.014 0.052 

kinase binding (GO:0019900) 45 52 1.2 0.014 0.052 
regulation of metabolic process 

(GO:0019222) 
5.3e+02 559 1 0.015 0.053 

aging (GO:0007568) 97 108 1.1 0.017 0.056 
primary active transmembrane 

transporter activity (GO:0015399) 
29 34 1.2 0.019 0.063 

identical protein binding 
(GO:0042802) 

49 56 1.1 0.022 0.069 

response to topologically incorrect 
protein (GO:0035966) 

76 85 1.1 0.024 0.076 

calcium ion binding (GO:0005509) 31 36 1.2 0.026 0.077 
structural constituent of ribosome 

(GO:0003735) 
95 104 1.1 0.028 0.081 

regulation of cellular amide metabolic 
process (GO:0034248) 

76 84 1.1 0.028 0.081 

post-embryonic animal organ 
development (GO:0048569) 

70 78 1.1 0.029 0.081 

http://www.wormbase.org/species/all/go_term/GO:0097485#013--10
http://www.wormbase.org/species/all/go_term/GO:0002376#013--10
http://www.wormbase.org/species/all/go_term/GO:0022610#013--10
http://www.wormbase.org/species/all/go_term/GO:0005856#013--10
http://www.wormbase.org/species/all/go_term/GO:0009719#013--10
http://www.wormbase.org/species/all/go_term/GO:0009792#013--10
http://www.wormbase.org/species/all/go_term/GO:0001012#013--10
http://www.wormbase.org/species/all/go_term/GO:0035770#013--10
http://www.wormbase.org/species/all/go_term/GO:0007264#013--10
http://www.wormbase.org/species/all/go_term/GO:0042995#013--10
http://www.wormbase.org/species/all/go_term/GO:0044297#013--10
http://www.wormbase.org/species/all/go_term/GO:0009791#013--10
http://www.wormbase.org/species/all/go_term/GO:0000976#013--10
http://www.wormbase.org/species/all/go_term/GO:0043043#013--10
http://www.wormbase.org/species/all/go_term/GO:0045664#013--10
http://www.wormbase.org/species/all/go_term/GO:0099080#013--10
http://www.wormbase.org/species/all/go_term/GO:0051246#013--10
http://www.wormbase.org/species/all/go_term/GO:0051674#013--10
http://www.wormbase.org/species/all/go_term/GO:0005615#013--10
http://www.wormbase.org/species/all/go_term/GO:0019900#013--10
http://www.wormbase.org/species/all/go_term/GO:0019222#013--10
http://www.wormbase.org/species/all/go_term/GO:0007568#013--10
http://www.wormbase.org/species/all/go_term/GO:0015399#013--10
http://www.wormbase.org/species/all/go_term/GO:0042802#013--10
http://www.wormbase.org/species/all/go_term/GO:0035966#013--10
http://www.wormbase.org/species/all/go_term/GO:0005509#013--10
http://www.wormbase.org/species/all/go_term/GO:0003735#013--10
http://www.wormbase.org/species/all/go_term/GO:0034248#013--10
http://www.wormbase.org/species/all/go_term/GO:0048569#013--10
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regulatory region nucleic acid binding 
(GO:0001067) 

59 66 1.1 0.03 0.083 

passive transmembrane transporter 
activity (GO:0022803) 

21 25 1.2 0.03 0.083 

regulation of nucleobase-containing 
compound metabolic process 

(GO:0019219) 

2.7e+02 287 1.1 0.031 0.083 

Note: results from WormBase Enrichment Suite 

Only 29.66% ([879+25+42]/3190) of the genes from SL2 cluster 1 were genes 

that reside in an operon (Table 4-32). Furthermore, almost all (92.92%: 879/ 

[879+25+42]) were the first gene in an operon. This is expected if we assume the low 

level of SL2 SLTS is due to a high level of SL1 SLTS as genes that are either not in 

operons or are the first gene in an operon are expected to be SLTS to SL1 (see 

Appendix H).  

Table 4-32  SL2 Cluster 1 - operon status table 
Status Count  

Genes not in operon 2,244 

Genes first in operon 879 

Genes mid operon  25 

Genes last in operon 42 
 

One example of a gene found in SL2 cluster 1 is the mitogen-activated protein 

kinase gene mpk-1 (F43C1.2) (Figure 4-33 B). It participates in a small GTPase 

mediated signal transduction (GO:0007264) pathway involved in defining vulval cell 

fates, which are part of an organ, the vulva, that develops post-embryonically 

(GO:0048569 and GO:0009791) in C. elegans (Lackner, Kornfeld, Miller, Horvitz, & Kim, 

1994).  

As with most of the genes in SL2 cluster 1, mpk-1 is not found within an operon 

(Figure 4-33 C). Interestingly, there are two SLTS ASs that have support for SLTS of 

mpk-1. The upstream SLTS AS, III:4228109, indicates SLTS of the longer mpk-1 isoform 

(F34C1.2b). The downstream SLTS AS, III:4219644, which categorized mpk-1 into SL2 

cluster 1, indicates SLTS of the shorter mpk-1 isoform (F34C1.2a). The longer isoform 

(F34C1.2b) had high levels of SL1 SLTS in embryo stages (Figure 4-33 D). The shorter 

http://www.wormbase.org/species/all/go_term/GO:0001067#013--10
http://www.wormbase.org/species/all/go_term/GO:0022803#013--10
http://www.wormbase.org/species/all/go_term/GO:0019219#013--10
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isoform (F34C1.2a) had essentially non-existent SL2 SLTS in embryo (Figure 4-33 D). 

However, there was high levels of SL1 SLTS of the shorter mpk-1 isoform that increased 

from a relatively low amount in early embryo (F34C1.2a). This might suggest that in 

early embryo the long mpk-1 isoform (F34C1.2b) is the isoform that is expressed to a 

greater extent, while later in embryo development expression of the short mpk-1 isoform 

increases (F34C1.2a).  

 
Figure 4-33  SL2 Cluster 1 (A) had an invariably low SL2 level across embryo 

development. (B) The gene mpk-1 is an example of a gene found in 
SL2 cluster 1. (C) Gbrowse screen shot displaying the genomic 
region 4,216,600 to 4,228,599 on chromosome III. The SLTS AS 
shown in B is highlighted in pink. (D) A balloon plot shows the 
changes in SLTS, SL1, and SL2 across the two SLTS ASs indicated 
in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by total read count at that SLTS AS and is indicated by 
both the size and color.  



118 

 

SL2 Cluster 2 

There were 48 members in SL2 cluster 2. The SL2 pattern was low across 

embryo development, but did show some changes (Figure 4-34 A). There were 35 

genes that had annotated information in SL2 cluster 2 for GO term analysis, but there 

were no significantly enriched terms. Almost all (97.92%: [3+17+27]/48) of the genes in 

SL2 cluster 2 were those that were in operons (Table 4-5). Moreover, of those found in 

operons, only 3 were the first gene in an operon.  

Table 4-33  SL2 Cluster 2 - operon status table 
Status Count  

Genes not in operon 1 

Genes first in operon 3 

Genes mid operon  17 

Genes last in operon 27 

 

The fucosyltransferases gene, fut-3 (F59E12.13), is an example of a gene found 

in SL2 cluster 2 (Figure 4-34 B). Fucosyltransferases produce fucosylated glycans, 

which are involved in an assortment of important functions including cell recognition and 

signal transduction (Nguyen, van Die, Grundahl, Kawar, & Cummings, 2007). The fut-3 

gene is a member of the of the C. elegans fucosyltransferase family, each of which has 

a distinct acceptor specificity and developmental stage expression. The fut-3 gene is the 

second gene in the CEOP2204 operon, along with C25H3.12 (Figure 4-34 C). C25H3.12 

is the C. elegans intraflagellar transport, ift-43, homolog and functions in regulating 

dynein movement in cilia (Yi, Li, Dong, & Ou, 2017). The first gene in the operon, 

C25H3.12, had SL1 SLTS (Figure 4-34 D). The second gene in the operon, fut-3, had 

two SLTS ASs that had evidence for SLTS in the embryonic time series dataset. The 

upstream SLTS AS, II:5659776, had variable levels of SLTS, but was primarily SLTS to 

SL2 (Figure 4-34 D). The downstream SLTS AS, II:5659768, showed low, but slightly 

increasing, levels of SLTS that was primarily SL2 SLTS across embryo development 

(Figure 4-34 D). 
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Figure 4-34  SL2 Cluster 2 (A) had low levels of SLTS across embryo 

development, but showed some changes. (B) The fut-3 gene is an 
example of a gene found in SL2 cluster 2. (C) Gbrowse screenshot 
displaying the genomic region 5,657,520 to 5,660,919 on 
chromosome II. The SLTS AS shown in B is highlighted in pink. Fut-
3 is the second gene in the CEOP2204 operon. (D) A balloon plot 
shows the changes in SLTS, SL1, and SL2 across the three SLTS 
ASs indicated in C. The ratio is read count of SL type (SLTS, SL1, or 
SL2) normalized by total read count at that SLTS AS and is indicated 
by both the size and color.  
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SL2 Cluster 3 

There are 43 members in SL2 cluster 3. SL2 cluster 3 showed intermediate 

levels of SL2 SLTS with a pattern of increasing SL2 SLTS across embryo development 

(Figure 4-35 A). Although there were no significantly enriched GO terms, 39 genes were 

included in GO term analysis. All of the genes from SL2 cluster 3 were those that were 

part of operons (Table 4-34). Only one gene was the first gene in an operon. Since 

genes that have SL2 SLTS are expected to be downstream genes in operons, this is 

unsurprising.  

Table 4-34  SL2 Cluster 3 - operon status table 
Status Count  

Genes not in operon 0 

Genes first in operon 1 

Genes mid operon  15 

Genes last in operon 27 
 

An example of a gene found in SL2 cluster 3 is the vaccinia-related kinase gene 

vrk-1 (F28B12.3) (Figure 4-35 B). It functions in mitosis to facilitate nuclear envelope 

disassembly during mitotic entry and promote nuclear reformation during mitotic exit 

though phosphorylation and dephosphorylation of a chromatin-binding protein that is 

highly conserved (Asencio, et al., 2012). There are two genes in the CEOP2747 operon, 

of which vrk-1 is one (Figure 4-35 C). The other gene in the operon is the protein 

tyrosine phosphatase gene ptp-2 (F59G1.5). The ptp-2 gene a conserved gene that 

plays an important role in signal transduction during oocyte development (Yang, Han, & 

Miller, 2010). Mutant ptp-2 worms have abnormally large oocytes.   
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Figure 4-35  SL2 Cluster 3 (A) showed a pattern of increasing SL2 SLTS across 

embryo development at intermediate levels of SL2 SLTS. (B) the vrk-
1 gene is an example of a gene found in SL2 cluster 3. (C) Gbrowse 
screenshot displaying the genomic region 5,918,500 to 5,924,999 on 
chromosome II. The SLTS AS shown in B is highlighted in pink. Vrk-
1 is the last gene in the CEOP2747 operon. (D) A balloon plot shows 
the changes in SLTS, SL1, and SL2 across three SLTS ASs indicated 
in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by total read count at that SLTS AS and is indicated by 
both the size and color.  

As expected of the first gene in an operon, ptp-2 has SL1 SLTS throughout 

embryo development (Figure 4-35 D). Interestingly, vrk-1 has two SLTS ASs with 

evidence for SLTS. The upstream SLTS AS (II:5921965), which sorted vrk-1 into SL2 
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cluster 3, has high levels of SLTS throughout embryo development. It showed an 

increase in SL2 SLTS and an accompanying decrease in SL1 SLTS, with SL2 

surpassing SL1 after the end of elongation (510 minutes) (Figure 4-35 D). 

SL2 Cluster 4 

The SL2 cluster 4 had 117 members in it. The pattern of SL2 SLTS in SL2 cluster 

4 was high increasing levels of SL2 SLTS (Figure 4-36 A). For GO term analysis, 94 

genes were included in statistical testing as they had relevant data. However, there were 

no statistically significant enriched terms from SL2 cluster 4. Like many of the SL2 

clusters, a strong majority (98.29%: [2+44+69]/117) of the genes in SL2 cluster 4 were 

members of operons (Table 4-35).  Only 2 of the genes within operons were the first 

gene in that operon.   

Table 4-35  SL2 Cluster 4 - operon status table 
Status Count  

Genes not in operon 2 

Genes first in operon 2 

Genes mid operon  44 

Genes last in operon 69 
 

One example of a gene found in SL2 cluster 4 is the ribosomal protein, large 

subunit gene rpl-27 (C53H9.1) (Figure 4-36 B). Loss of function mutations in the human 

ortholog, RPL27 are responsible for Diamond-Blackfan anemia, which is a congenital 

disease affecting the ability of bone marrow to produce adequate red blood cells (Wang, 

et al., 2014). The rpl-27 gene is part of an operon. There are two genes in the 

CEOP1024 operon (Figure 4-36 C). Not much is known about the first gene in the 

operon, C53H9.2, but it is predicted to be an ortholog of human large 60S subunit 

nuclear export GTPase 1. As expected of a first gene in an operon, C53H9.2 has 

consistently high levels of SL1 SLTS (Figure 4-36 D). The rpl-27 gene, which is the 

second gene in the operon, likewise has high levels of SLTS throughout the progression 

of embryo development. However, even though SL2 SLTS level is higher than the SL1 

SLTS level throughout embryo development, the difference between the two SLs 

becomes more drastic as embryo progresses. Specifically, SL2 SLTS increases and SL1 
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SLTS decreases as the embryo time series advances. This might indicate that early in 

embryo development rpl-27 is transcribed both as part of the operon and independently 

of the operon, but as embryo progresses there is less of a need to transcribe rpl-27 

independently of the operon. In this case, as embryo progresses, rpl-27 transcription is 

recoupled with the CEOP1024 operon transcription.  

 
Figure 4-36  SL2 Cluster 4 (A) had increasingly high levels of SL2 SLTS through 

the progression of embryo development. (B) The rpl-27 gene is an 
example of a gene found in SL2 cluster 4. (C) Gbrowse screenshot 
displaying the genomic region 1,832,690 to 1,835,599 on 
chromosome I. The SLTS AS shown in B is highlighted in pink. Rpl-
27 is the last gene in the CEOP1024 operon. (D) A balloon plot 
shows the changes in SLTS, SL1, and SL2 across the two SLTS ASs. 
That are indicated in C. The ratio is read count of SL type (SLTS, 
SL1, or SL2) normalized by total read count at that SLTS AS and is 
indicated by both the size and color. 
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SL2 Cluster 5 

There are 318 members in SL2 cluster 5. SL2 cluster 5 shows high levels of SL2 

SLTS throughout embryogenesis (Figure 4-37 A). Out of the 250 genes that had data 

and were included in statistical testing for GO term analysis, there were no significantly 

enriched terms. Nearly all (99.37%: [3+115+198]/318) of the genes found in SL2 cluster 

5 are members of operons (Table 4-36). Only 3 genes were the first gene in an operon. 

Table 4-36  SL2 Cluster 5 - operon status table 
Status Count  

Genes not in operon 2 

Genes first in operon 3 

Genes mid operon  115 

Genes last in operon 198 
 

One example of a gene found in SL2 cluster 5 is the gut granule loss gene glo-2 

(F57C9.3) (Figure 4-37 B). It encodes a homolog of human Pallidin, which functions in 

the biogenesis of lysosome related organelles, and is a subunit of the conserved 

biogenesis of lysosome-related organelle complex (BLOC-1) involved in trafficking to gut 

granules (Hermann, et al., 2012). As with most of the genes in SL2 cluster 5, glo-2 is 

part of an operon. There are five genes in the CEOP1204 operon, glo-2 being the third 

(Figure 4-37 C).  

The first gene in the operon is the him-three paralog gene htp-3 (F57C9.5). The 

htp-3 gene plays an important role in meiosis, where it is involved in chromosomal 

segregation through cohesion and axis assembly (Severson, Ling, van Zuylen, & Meyer, 

2009). It had persistently high levels of SL1 SLTS through embryo development (Figure 

4-37 D). The second gene, F57C9.4, encodes an uncharacterized protein and had high 

levels of SLTS, with increasing SL1 SLTS and decreasing SL2 SLTS as embryo 

development progressed (Figure 4-37 D). SL2 levels decrease to almost non-existent by 

180 minutes. This suggests that the second gene in the operon is transcribed from a 

gene specific promoter in mid to late embryo development.  
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The third gene in the operon is glo-2, which has high levels of SL2 SLTS and 

barely any SL1 SLTS in embryo stages (Figure 4-37 D). The fourth gene in the operon is 

the C-type lectin gene clec-90 (F57C9.2), which had insufficient evidence for SLTS in 

embryo. The last gene in the operon, F57C9.1, is predicted to be a homolog of human 

pyridoxal kinase. All through embryo development, it had surprisingly low levels of SL2 

SLTS and high levels of SL1 SLTS for a gene that is the last gene in an operon (Figure 

4-37 D). This might indicate that F57C9.1 is needed in levels higher than that provided 

through transcription by the operon during embryo development.  
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Figure 4-37  SL2 Cluster 5 (A) had high levels of SL2 SLTS throughout 

embryogenesis. (B) The glo-2 gene is an example of a gene found in 
SL2 cluster 5. (C) Gbrowse screenshot displaying the genomic 
region 4,827,050 to 4,858,500 on chromosome I. The SLTS AS shown 
in B is highlighted in pink. Glo-2 is the third gene in the CEOP1204 
operon. (D) A balloon plot shows the changes in SLTS, SL1, and SL2 
across the four SLTS ASs that are indicated in C. The ratio is read 
count of SL type (SLTS, SL1, or SL2) normalized by total read count 
at that SLTS AS and is indicated by both the size and color. 



127 

SL2 Cluster 6 

Within SL2 cluster 6, there are 643 members. SL2 cluster 6 had very high 

consistent levels of SL2 SLTS during embryogenesis (Figure 4-38 A). Out of the 643 

genes in SL2 cluster 6, 530 genes had annotated information which allowed them to be 

included in statistical testing for GO term analysis. There were 10 terms that were 

enriched for in SL2 cluster 6, such as organelle (GO:0043226), nucleus (GO:0005634), 

and cellular aromatic compound metabolic process (GO:0006725) (Table 4-37). 

Table 4-37  SL2 Cluster 6 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q value 

membrane-enclosed lumen 
(GO:0031974) 

81 128 1.6 3.4e-08 4.2e-06 

rRNA metabolic process 
(GO:0016072) 

16 37 2.3 1.1e-07 6.7e-06 

nucleolus (GO:0005730) 20 42 2.1 3.2e-07 1.3e-05 
transferase activity transferring one-

carbon groups (GO:0016741) 
11 28 2.4 9.9e-07 3.1e-05 

cellular aromatic compound 
metabolic process (GO:0006725) 

1.4e+02 189 1.3 7.9e-06 0.0002 

heterocycle metabolic process 
(GO:0046483) 

1.4e+02 189 1.3 1e-05 0.00021 

organic cyclic compound metabolic 
process (GO:1901360) 

1.4e+02 189 1.3 1.8e-05 0.00032 

nucleus (GO:0005634) 1.7e+02 210 1.2 0.00058 0.0089 
organelle (GO:0043226) 3.4e+02 378 1.1 0.0047 0.064 

nucleoplasm (GO:0005654) 28 40 1.4 0.0077 0.095 
WormBase Enrichment Suite 

Very close to all (99.69%: [3+241+397]/ 643) of the genes in SL2 cluster 6 were 

those that are constituents of an operon (Table 4-38). Additionally, only 3 genes were 

the first gene in their respective operon.  

Table 4-38  SL2 Cluster 6 - operon status table  
Status Count  

Genes not in operon 2 

Genes first in operon 3 

Genes mid operon  241 

Genes last in operon 397 
 

http://www.wormbase.org/species/all/go_term/GO:0031974#013--10
http://www.wormbase.org/species/all/go_term/GO:0016072#013--10
http://www.wormbase.org/species/all/go_term/GO:0005730#013--10
http://www.wormbase.org/species/all/go_term/GO:0016741#013--10
http://www.wormbase.org/species/all/go_term/GO:0006725#013--10
http://www.wormbase.org/species/all/go_term/GO:0046483#013--10
http://www.wormbase.org/species/all/go_term/GO:1901360#013--10
http://www.wormbase.org/species/all/go_term/GO:0005634#013--10
http://www.wormbase.org/species/all/go_term/GO:0043226#013--10
http://www.wormbase.org/species/all/go_term/GO:0005654#013--10
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In SL2 cluster 6, one example is the conserved arsenite-translocating ATPase 

family gene asna-1 (ZK637.5) (Figure 4-38 B). In other organisms, the asna-1 homolog 

has been linked to a number of organelles (GO:0043226) through involvement in vesicle 

trafficking, localization to the endoplasmic reticulum, and localization to the Golgi 

apparatus (Kao, et al., 2007).  

There are four genes in the CEOP3552 operon, asna-1 being the fourth and final 

gene (Figure 4-38 C). There was insufficient SLTS data in the embryo time series to 

elucidate the SLTS pattern of the third gene in the operon, ZK637.4, which was an 

uncharacterized protein. There was sufficient SLTS data to determine the SLTS pattern 

across the embryonic time series for the other three genes in the CEOP3552 operon.  

As expected of a downstream gene in an operon asna-1 has consistently high 

levels of SLTS with almost entirely SL2 SLTS (Figure 4-38 D). The first gene in the 

operon, ZK327.2, which is an uncharacterized protein, as well had the expected SLTS 

pattern for a gene in that position, specifically SLTS to SL1 is expected for the first gene 

in an operon (Figure 4-38 D). The second gene in the operon was the conserved 

transmembrane adhesion protein involved in linking cells together, lnkn-1 (ZK637.3). It 

plays an important role in development by ensuring the maintenance of cell-cell 

adhesion and tissue polarity (Kato, Chou, Yu, DeModena, & Sternberg, 2014). 

Throughout the entirety of embryogenesis, lnkn-1 had consistently high levels of SLTS 

(Figure 4-38 D). Interestingly, it had an increasing level of SL1 SLTS, suggesting that 

lnkn-1 expression is decoupled from transcription of the CEOP3552 operon as embryos 

develop. This increase in SL1 SLTS was accompanied by a complementary decrease in 

SL2 SLTS.  
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Figure 4-38  SL2 Cluster 6 (A) had a pattern of invariably high SL2 SLTS in 

embryos. (B) The gene asna-1 is an example of a gene found in 
SLTS cluster 2. (C) Gbrowse screenshot displaying the genomic 
region 8,887,600 to 8,897,799 on chromosome III. The SLTS AS 
shown in B is indicated by a pink box. Asna-1 is the last gene in the 
CEOP3552 operon. (D) A balloon plot shows the changes in SLTS, 
SL1, and SL2 across the three SLTS ASs that are indicated in C. The 
ratio is read count of SL type (SLTS, SL1, or SL2) normalized by total 
read count at that SLTS AS and is indicated by both the size and 
color. 
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SL2 Cluster 7 

There are 59 members in SL2 cluster 7. In SL2 cluster 7, there is a gradually 

decreasing level of SL2 SLTS as embryo progresses (Figure 4-39 A). For GO term 

analysis, there were 53 genes that had annotated information and were included in 

statistical testing. SL2 cluster 7 was enriched for genes involved in nucleoside 

phosphate metabolic process (GO:0006753) (Table 4-39).  

Table 4-39  SL2 Cluster 7 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P 

value 
Q value 

nucleoside phosphate metabolic 
process (GO:0006753) 

1.3 8 6.2 6.5e-
06 

0.00081 

Note: results from WormBase Enrichment Suite 

A high percent (96.61%: [0+13+44]/59) of the genes in SL2 cluster 7 are found in 

annotated operons (Table 4-40). Of those genes found in operons, none were the first 

gene in their operon.  

Table 4-40  SL2 Cluster 7 - operon status table 
Status Count  

Genes not in operon 2 

Genes first in operon 0 

Genes mid operon  13 

Genes last in operon 44 
 

One example of a gene found in SL2 cluster 7 is the abnormal cell migration 

gene mig-23 (R07E4.4) (Figure 4-39 B). The gene encodes a nucleoside diphosphatase 

that is important in glycosylation and distal tip cell migration (Nishiwaki, et al., 2003). As 

it encodes a nucleoside diphosphatase, it is directly involved in the nucleoside 

phosphate metabolic process (GO:0006753). Of the two genes in the CEOPX068 

operon, which includes mig-23, R07E4.5 is the first (Figure 4-39 C). R07E4.5 encodes a 

currently uncharacterized protein and has consistent SL1 SLTS (Figure 4-39 D). The 

overall level of SLTS of mig-23, the second and last gene in the operon, stays relatively 

constant during embryo development (Figure 4-39 D). Curiously, there are changes in 

SL1 and SL2 SLTS. In early embryo, mig-23 is almost entirely SL2 SLTS. However, as 

http://www.wormbase.org/species/all/go_term/GO:0006753#013--10
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embryo development progresses, there is a decrease in the level of SL2 SLTS. 

Accordingly, there is an increasing level of SL1 SLTS, which overtakes SL2 as the major 

SL in the latter half of morphogenesis (570 minutes).  

 
Figure 4-39  SL2 Cluster 7 (A) showed a gradually decreasing level of SL2 SLTS 

as embryo development progressed. (B) The gene mig-23 is an 
example of a gene found in SL2 cluster 7. (C) Gbrowse screenshot 
displaying the genomic region 5,945,700 to 5,953,299 on 
chromosome X. The SLTS AS shown in B is indicated with a pink 
box. Mig-23 is the last gene in the CEOPX068 operon. (D) A balloon 
plot shows the changes in SLTS, SL1, and SL2 across embryo 
development at the two SLTS ASs that are indicated in C. The ratio 
is read count of SL type (SLTS, SL1, or SL2) normalized by total read 
count at that SLTS AS and is indicated by both the size and color.  

 



132 

SL2 Cluster 8  

There are 72 members in SL2 cluster 8. The pattern exhibited by SL2 cluster 8 is 

decreasing SL2 SLTS, with a sharp decline in early embryo (Figure 4-40 A). For GO 

term analysis, there were 65 genes that had annotated information and were therefore 

included in statistical testing. However, there were no significantly enriched GO terms for 

the genes in SL2 cluster 8. Close to all (97.22%: [0+24+46]) of the genes in SL2 cluster 

8 were annotated as belonging to an operon (Table 4-41). None of the genes that were 

in operons were the first gene in their operon.  

Table 4-41  SL2 Cluster 8 - operon status table 
Status Count  

Genes not in operon 2 

Genes first in operon 0 

Genes mid operon  24 

Genes last in operon 46 
 

In SL2 cluster 8, one of the genes is the citrate synthase gene cts-1 (T20G5.2), 

involved in the citric acid cycle, that likely affects mitotic progression in the one-cell stage 

embryo (Figure 4-40 B) (Rahman, Rosu, Joseph-Strauss, & Cohen-Fix, 2014).  

There are three genes in the CEOP3660 operon in which cts-1 is a member 

(Figure 4-40 C). The first gene in the operon, the RNAi defective gene rde-4 (T20G5.11), 

shows persistent strong SL1 SLTS completely through embryo development (Figure 

4-40 D). It is a protein that binds double stranded RNA and initiates the process of RNAi 

silencing (Raman, Zaghab, Traver, & Jose, 2017). Along with cts-1, blos-1 (T20G5.10) is 

the other downstream gene in the CEOP3660 operon. The blos-1 gene is a subunit of 

the conserved BLOC-1 complex that is involved in trafficking pathways and required for 

biogenesis of lysosome-related organelles (Hermann, et al., 2012).  
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Figure 4-40  SL2 Cluster 8 (A) had a sharp decline in SL2 SLTS in early embryo to 

intermediately low levels of SL2 SLTS. The cts-1 gene is an example 
of one found in SL2 cluster 8. (C) Gbrowse screenshot displaying 
the genomic region 10,209,900 to 10,218,699 on chromosome III. The 
SLTS AS shown in B is indicated by a pink box. Cts-1 is the second 
gene in the CEOP3660 operon. (D) A balloon plot shows the changes 
in SLTS, SL1, and SL2 across the three SLTS ASs that are indicated 
in C. The ratio is read count of SL type (SLTS, SL1, or SL2) 
normalized by total read count at that SLTS AS and is indicated by 
both the size and color. 
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The two downstream genes, cts-1 and blos-1, have very similar SLTS patterns 

(Figure 4-40 D). Both have consistently high SLTS during embryo development. 

Additionally, both cts-1 and blos-1 have increasing levels of SL1 SLTS and decreasing 

levels of SL2 SLTS. For cts-1, SL1 becomes the dominant SL at the end of gastrulation 

(240 minutes), while for blos-1 this shift occurs earlier with SL1 becoming the dominant 

SL around the time that the egg is laid outside the uterus and the beginning of 

gastrulation (90 minutes). This suggests that both downstream genes in the operon 

considerably decouple their expression from the operon transcription for most of embryo 

development. 

SL2 Cluster 9  

In SL2 cluster 9, there are 73 members.  SL2 SLTS declines steeply in early 

embryo from intermediate levels to very low levels of SL2 SLTS in SL2 cluster 9 (Figure 

4-41 A). For GO term analysis, 58 genes had annotated data and were included in 

statistical testing. The term organic acid metabolic process (GO:0006082) was enriched 

in SL2 cluster 9 (Table 4-42).  

Table 4-42  SL2 Cluster 9 - table of significantly enriched GO terms 
Term Expected Observed Enrichment Fold 

Change 
P value Q 

value 
organic acid metabolic process 

(GO:0006082) 
2.9 9 3.1 0.00074 0.092 

Note: results from WormBase Enrichment Suite 

A strong majority (95.89%: [2+30+38]/78) of the genes in SL2 cluster 9 are genes 

that are a part of an operon (Table 4-43). Only 2 of the genes within operons were the 

first gene in their operon.  

Table 4-43  SL2 Cluster 9 - operon status table 
Status Count  

Genes not in operon 3 

Genes first in operon 2 

Genes mid operon  30 

Genes last in operon 38 
 

http://www.wormbase.org/species/all/go_term/GO:0006082#013--10
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An example of a gene found in SL2 cluster 9 is the tryosinyl (Y) amino-acyl tRNA 

synthetase gene yars-2 (K08F11.4) (Figure 4-41 B). The primary function of amino-acyl 

tRNA synthetases is to synthesize amino-acyl tRNA. These are the molecule that ensure 

that the codon-appropriate amino acid, based on the mRNA sequence, is incorporated 

into the polypeptide chain during translation (Havrylenko, Legouis, Negrutskii, & 

Mirande, 2011). The yars-2 gene is involved in an organic acid metabolic process 

(GO:0006082) due to the important role it plays in protein synthesis in direct relation with 

incorporation of the amino acid tyrosine. The yars-2 gene is the second gene in the 

CEOP4140 operon, which has four genes (Figure 4-41 C).  
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Figure 4-41  SL2 Cluster 9 (A) showed a very steep decline in SL2 SLTS to very 
low levels of SL2 SLTS early in embryo development. (B) The gene 
yars-2 is an example of a gene found in SL2 cluster 9. (C) Gbrowse 
screenshot displaying the genomic region 4,696,800 to 4,716,699 on 
chromosome IV. The SLTS AS shown in B is indicated with a pink 
rectangle. yars-2 is the second gene in the CEOP4140 operon. (D) A 
balloon plot shows the changes in SLTS, SL1, and SL2 throughout 
embryo development for the five SLTS ASs that are indicated in C. 
The ratio is read count of SL type (SLTS, SL1, or SL2) normalized by 
total read count at that SLTS AS and is indicated by both the size 
and color. 

There are four genes in the CEOP4140 operon miro-1 (K08F11.5), yars-2 

(K08F11.4), cif-1 (K08F11.3), and ogdh-1 (T22B11.5) The first gene in the CEOP4140 

operon, miro-1, is a mitochondrial Rho GTPase involved in mitochondrial transport, 

which leads to extended life span in mutant worms (Shen, et al., 2016). In the embryo 

stages, miro-1 has high levels of SL1 SLTS (Figure 4-41 D).  

The second gene in the operon, yars-2, is the member of SL2 cluster 9. It has 

decreasing levels of SLTS, which are attributed to the decrease in SL2 SLTS without a 

complimentary increase in SL1 SLTS (Figure 4-41 D). The downstream gene, cif-1, is a 

subunit of both a protein complex that is involved in controlling the degradation of 

microtubule-severing protein and the eukaryotic initiation factor 3 complex, providing a 

potential link between protein translation and degradation (Luke-Glaser, et al., 2007). In 

terms of SLTS, cif-1 has unchanging SLTS throughout the embryo time points. There is 

high SLTS, which is composed of predominantly SL2 SLTS, with persistently low levels 

of SL1 SLTS all throughout the embryonic stages (Figure 4-41 D).  

The last gene in the operon is the oxoglutarate dehydrogenase gene ogdh-1, 

which is a central control point of the citric acid cycle (Chin, et al., 2014). Knockdown of 

ogdh-1 leads to an extended lifespan. There are two SLTS ASs for ogdh-1, but the 

upstream SLTS AS, IV:4704012, is the one that has consistent support for SLTS in the 

embryo time series data (Figure 4-41 D). Although it has consistently high levels of 

SLTS across embryo development, there is higher levels of SL2 SLTS than SL1 SLTS in 

early embryo. As embryo development progresses, there is a decrease in SL2 SLTS and 

an increase in SL1 SLTS. SL1 overtakes SL2 as the dominant SL as the embryo 

progresses to late morphogenesis (570 minutes).  
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SL2 Cluster 10  

In SL2 cluster 10, there are 104 members. SL2 SLTS decreases in early embryo 

from a relatively low level in SL2 cluster 10 (Figure 4-42 A). Out of the 104 genes in SL2 

cluster 10, 89 genes had annotated information and were included in statistical testing. 

However, there were no significantly enriched GO terms. A majority (88.46%: [5+42+45]) 

of the genes found in SL2 cluster 10 were those that are in operons, with only 5 genes 

being the first gene in an operon (Table 4-44). 

Table 4-44  SL2 Cluster 10 - operon status table 
Status Count  

Genes not in operon 12 

Genes first in operon 5 

Genes mid operon  42 

Genes last in operon 45 
 

One example of a gene in SL2 cluster 10 is the abnormal embryogenesis gene 

emb-8 (K10D2.6) (Figure 4-42 B). The protein product of emb-8 is a NADPH-cytochrome 

P450 reductase involved in establishing cell polarity during embryo development 

(Rappleye, Tagawa, Le Bot, Ahringer, & Aroian, 2003). It is located in the last position of 

the CEOP3848 operon that additionally includes syx-16 (ZC155.7) and morc-1 

(ZC155.3) (Figure 4-42 C).  

The first gene in the operon, syx-16, is a syntaxin-16 that encodes a t-SNARE, 

which is a molecule involved in recognition of the target membrane in vesicular 

trafficking (Simonsen, Bremnes, Ronning, Aasland, & Stenmark, 1998). When knocked 

down, syx-16 leads to slow growth in C. elegans (Luo, et al., 2011). Throughout embryo 

development, syx-16 had relatively high levels of SLTS to SL1 (Figure 4-42 D).  
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Figure 4-42  SL2 Cluster 10 (A) had a pattern of decreasing SL2 SLTS from a 

relatively low level in early embryo. (B) The gene emb-8 is an 
example of a gene found in SL2 cluster 10. (C) Gbrowse screenshot 
displaying the genomic region 5,196,600 to 5,209,499 on 
chromosome III. The SLTS AS shown in B is highlighted with a pink 
box. Emb-8 is the last gene in the CEOP3848 operon. (D) A balloon 
plot shows the changes in SLTS, SL1, and SL2 across embryo 
development in the three SLTS ASs that are indicated in C. The ratio 
is read count of SL type (SLTS, SL1, or SL2) normalized by total read 
count at that SLTS AS and is indicated by both the size and color. 

The second gene in the operon, morc-1, is involved in organization of germline 

chromatin and transgenerational epigenetic inheritance (Weiser, et al., 2017). It has high 
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levels of SLTS (Figure 4-42 D). In early embryo, until early gastrulation (150 minutes), 

there are higher levels of SL1 SLTS than SL2 SLTS. However, from the start of embryo 

development, SL1 SLTS is decreasing and SL2 SLTS is increasing for morc-1, with SL2 

levels catching up to SL1 levels near the beginning of gastrulation (120 minutes). After 

which point there are higher levels of SL2 SLTS than SL1 SLTS. This means that as 

embryo progresses, morc-1 transcription is switching from being controlled 

predominantly through a gene-specific promoter to being transcribed as predominantly 

part of the operon.  

The emb-8 gene is the last gene in the CEOP3848 operon. Although emb-8 has 

high levels of SLTS and changes in SLTS in embryo development, these changes 

different than those seen in morc-1 (Figure 4-42 D). Firstly, at the start of embryo 

development there are comparable levels of SL1 and SL2. As embryo develops, there is 

an increase in SL1 SLTS level. Additionally, SL2 SLTS decreases to insubstantial levels 

by mid-gastrulation (180 minutes). This suggests that emb-8 has increased transcription 

through a gene specific promoter as embryo progresses, which is the opposite of the 

change that morc-1 exhibits.  

4.3. Discussion of SLTS dynamics 

In C. elegans, more SL1 SLTS is presumed to occur than SL2 SLTS. Although, 

the number of SL containing reads from our analysis fell into the expected break down, 

with SL1 making up 74% of the reads, there was a surprisingly large amount of SLTS 

ASs with SL2 SLTS. However, when SLTS ASs that had support for both SL1 and SL2 

were classified as either predominantly SL1 or predominantly SL2 SLTS ASs, the 

number of SL1 SLTS ASs and the number of SL2 SLTS ASs more closely resembled 

the expected numbers. In particular, out of the 11,940 SLTS ASs that had both SL1 and 

SL2 containing reads, 8,395 were predominantly SL1 SLTS ASs and 2,485 were 

predominantly SL2 SLTS ASs. This suggests that there might be a basal level of SL2 

SLTS noise at SL1 SLTS ASs, which complements previous hypotheses that suggest 

there is competition between SL1 and SL2 in SLTS reactions.  

Adding another dimension to the complexity of SLTS is time. We were able to 

characterize SLTS patterns in C. elegans embryos. Some interesting patterns included 

those where the dominant SL switched during embryo development and those where 
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there is an increase in the difference of the relative proportion of SL1 and SL2 during 

embryo development. This suggests that SLTS is a dynamic process. Additionally, this 

supplements the understanding of contributors to relative proportion of SL1 and SL2 at 

SLTS ASs. In particular, since the distance of the intercistronic region remains the same 

through embryo development, the observation that there are changes in the percent of 

SL1 and SL2 SLTS suggests that there are additional factors contributing to the percent 

of SL2 at SLTS ASs on top of the distance to the upstream gene (Allen, Hillier, 

Waterston, & Blumenthal, 2011). Moreover, the observation of multiple entangled 

patterns of SL1 and SL2 at many SLTS ASs in operons indicates the presence of 

internal gene-specific promoters for downstream genes in operons (Allen, Hillier, 

Waterston, & Blumenthal, 2011), which further supports previous assertations that 

internal promoters in downstream genes in operons are more common than previously 

reported (Huang, et al., 2007). Further investigation into the intersection of different SL1 

and SL2 patterns could expand our understanding of SLTS patterns. For example, 

treating SLTS ASs that have an increasing SL1 level and decreasing SL2 level as 

differing from SLTS ASs that have an increasing SL1 level and constant SL2 level may 

help further categorize the different SLTS dynamics. Moreover, even when limiting to 

only the SLTS ASs that have an increasing SL1 level and decreasing SL2 level across 

embryo development, there are notable differences (Figure 4-43). 
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Figure 4-43  Intersection of a few SL1 and SL2 clusters. For each pair of clusters 

indicated, all the SLTS ASs that are found within that cluster 
intersections are represented with one line for SL1 level ratio (green) 
and one line for SL2 level ratio (blue). The number of SLTS ASs 
within each cluster intersection is indicated as “n”. The cluster pairs 
displayed are (A) SL1 cluster 3 and SL2 cluster 10, (B) SL1 cluster 3 
and SL2 cluster 9, (C) SL1 cluster 2 and SL2 cluster 8, and SL1 
cluster 9 and SL2 cluster 7.  

For some SLTS ASs that have an increasing SL1 level and decreasing SL2 level, 

the SL1 level is always higher than the SL2 level throughout embryo development 

(Figure 4-43 A). Other SLTS ASs may start with higher SL2 level at the beginning of 

embryo development, but end with higher SL1 level at the end (Figure 4-43 B & C). 

Those can be further segregated by when the SL1 level surpasses the SL2 level, such 

as the beginning of gastrulation (Figure 4-43 B) versus midway through gastrulation 

(Figure 4-43 C), or whether the levels of SL1 and SL2 remain balanced (Figure 4-43 C) 

versus being dominated by SL1 (Figure 4-43 B). Alternatively, another possibility is that 

the increasing SL1 level and decreasing SL2 level converge near the end of 

morphogenesis ((Figure 4-43 C). This highlights the intricacy of SLTS dynamics in C. 
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elegans and offers an opportunity for further exploration. Although these cases do not 

represent the majority, the 139 cases (Figure 4-43) were identified from the limited 4,667 

SLTS ASs set that passed the filtering step. For further investigation, the 11,940 SLTS 

ASs that have RNA-seq evidence for both SL1 and SL2 SLTS can serve as a starting 

point for determining the prevalence of these changing SLTS ASs. In addition, post-

embryonic development might shed more light onto this phenomenon.  
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Chapter 5.  
 
Conclusion, discussion, and future directions 

Along with cis-splicing, trans-splicing is a transcript maturation process that is 

important in many organisms. In a growing number of organisms, including C. elegans, a 

conserved short spliced leader sequence is trans-spliced to the 5’ end of mRNA 

transcripts. This phenomenon is referred to as Spliced Leader Trans-Splicing (SLTS). In 

some organisms, such as Trypanosomes, 100% of the mRNA messages undergo SLTS. 

In other organisms, such as C. elegans, this number is lower, with first estimates placing 

it around 70%, but more recent estimates predicting that up to 84% of the mRNA 

messages in C. elegans undergo SLTS. It is speculated to play a role in translational 

efficiency or resolving alternative ATG start codons. Although it is important in C. 

elegans, and many other organisms, the developmental role of SLTS is yet to be 

characterised. Here, we predicted a set of putative SLTS ASs from the genomic 

reference sequence and annotations of protein coding genes using the understanding 

we gained from single molecule sequencing reads of full-length transcripts. We used 

over 1,000 publicly available RNA-seq datasets to validate real SLTS ASs in the C. 

elegans genome. We used this data to quantify the overall SLTS level in C. elegans and 

to study SLTS through development.  

Although we were able to get confirmation of previous quantification of SLTS at 

70% of genes, this is lower than some more recent estimates (Tourasse, Millet, & 

Dupuy, 2017). Our method is likely an underestimate of the level of SLTS in C. elegans. 

There are several factors that contribute to our method underestimating SLTS. Firstly, 

our method depends on the annotation of protein coding genes, which means that it 

relies on the quality of the annotations. Misannotated or unannotated genes can 

contribute to missing SLTS using our approach. However, C. elegans has one of, if not 

the, best annotated genome, which means this is less of a concern than it would be with 

other non-model organisms. Secondly, we only look for SLTS in the 100bp window 

upstream of the ATG start codon, which means that there could be SLTS that we omit 

that occurs outside that window, such as SLTS occurring more than 100bp upstream of 

the ATG start codon. This would include cases of SLTS in downstream regions of genes, 

such as at cis-splicing acceptor sites, and SLTS in misannotated genes, such as those 
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with improperly annotated start codons. Additionally, we created a strict protocol and 

only considered exact matches to SL sequences. Although other methods allow 

mismatches and RNA-seq can have sequencing errors, the SL sequences are highly 

conserved which justifies that using exact matches is appropriate. Further, we may be 

underestimating SLTS because we are selective about the quality of data that we 

allowed. Namely, we only considered paired-end reads of a certain length, which 

disqualifies a large volume of data. Understandably, allowing data of lower quality would 

impact our analysis and might introduce more false positives. Although, we may be 

underestimating the overall level of SLTS in C. elegans, our stringent approach was 

required to allow us the capability to analyze the dynamics of SLTS. Furthermore, using 

SLTS ASs as anchor points for determining SLTS events helped ensure downstream 

analysis was clear and that we were able to appropriately compare different SL usage 

through development.  

This quantitatively resolved big data set of SLTS was used to investigate SLTS in 

development. Specifically, we investigated the dynamics of SLTS in C. elegans embryos 

using the time resolved transcriptome (Boeck, et al., 2016). Through this approach, we 

were able to elucidate a number of changing SLTS patterns during embryogenesis. We 

documented changes in the relative levels of SL1 and SL2 SLTS in embryo 

development, supporting that SLTS is a dynamic process in C. elegans. This dynamic 

process suggests that the expression of many genes can be either regulated as parts of 

operons, or as individual genes independent of operons. This provides a mechanism for 

tight regulation of important genes.  

This research adds to previous understanding of the regulation of SLTS and 

operons in C. elegans. Previously, there has been indication that some genes can use 

SLTS differentially, specifically in different tissues (Huang, et al., 2007). We show that 

there is temporal regulation of SLTS, on top of the previously suggested spatial 

regulation, through our analysis of SLTS in embryonic development. Moreover, the 

identification of numerous changing patterns of SL1 and SL2 SLTS at single SLTS ASs 

further supports previous findings that suggest that hybrid operons are common in the C. 

elegans genome (Huang, et al., 2007). Additionally, although previous studies have 

correlated the portion of SL2 SLTS to the distance of the upstream gene (Allen, Hillier, 

Waterston, & Blumenthal, 2011), the existence of dynamics in SL usage in the embryo 

time series suggests that there are other factors controlling the portion of SL2 and SL1 
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usage. Specifically, the distance from the SLTS AS to the upstream gene does not 

change during embryo development, even though there are cases where the portion of 

SL2 and SL1 SLTS does change. Further investigation is needed into understanding the 

driving force behind changing SL usage during development in C. elegans.  

Ultimately, operons provide an additional level of organization found in the 

genomic structure that further add to the plasticity of gene expression. As our 

understanding develops, it might be advantageous to consider operons as dynamic, 

rather than static, units. Similar to exons in a gene model, where individual exons can be 

included or excluded as part of the resulting transcript, in an “operon model”, individual 

genes can be included or excluded as part of the “operon transcript”, where the “operon 

transcript” would consist of the individually resolved genes that are transcribed from the 

operon unit. Moreover, SLTS plays a critical role in driving our understanding of operons. 

Further study into the intersection of SL1 and SL2 patterns in embryos would 

provide deeper understanding into the specific SLTS patterns in C. elegans 

embryogenesis. Additionally, future efforts in studying SLTS in C. elegans would benefit 

from focus on post-embryonic developmental stages, which were not covered in this 

research, such as L1, L2, L3, dauer, and adult worms. This would shed further light on 

SLTS in development. Moreover, it would provide insight into SLTS of genes that might 

not be expressed in embryonic stages. Additionally, comparing the SLTS in wildtype 

worms and mutant worms with aberrant splicing might provide further insight into SLTS.  

Although RNA-seq data provides high-throughput transcriptomic data, their 

drawback is the short length. Future studies on SLTS would benefit from the use of long 

read sequencing technologies, such as the Oxford Nanopore Technology (ONT) and 

PacBio technologies (PacBio). Currently, as long-read sequencing is still a new 

development, the scope of available data is incomplete in covering the range of 

developmental stages and mutants that RNA-seq covers. As these technologies are 

developing quickly with higher throughput and lower cost, we expect an increasing 

availability of full-length transcript reads for different stages and mutants of C. elegans in 

the future. This larger availability will provide the opportunity to make much progress 

towards quantitatively defining trans-splicing events for specific full-length transcripts, 

which will lead to better understanding of the role of SLTS in gene expression and in 

development.  
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Appendix A 
 
Operon composition of PacBio Iso-Seq reads 

Out of the 1095 full-length PacBio Iso-Seq reads, there are 677 with SL2 SLTS 

and 418 with SL1 SLTS. In the C. elegans WS250 genome, there are 3,471 genes 

distributed across 1,388 operons. Interestingly, 769 full-length transcript reads aligned to 

genes that are within operons and only 326 aligned to genes not in operons. The large 

number of genes in operons accounts for the high number of SL2 SLTS events in the 

PacBio Iso-seq reads.  

Table A-1 Table showing composition of Iso-Seq reads by SL type and operon 
status 

Category Non-operon Operon Total 

SL1 273 145 418 

SL2 53 624 677 

Total 326 769 1095 
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Appendix B 
 
Choosing an appropriate splice aware aligner for 
SLTS analysis 

This appendix was provided from the committee meeting summary document. 

With genomic and transcriptomics data being generated at an unprecedented 

rate, there have been many recent advances in the methods used to analyze these data. 

RNA-seq data have been paramount in our ability to study transcriptomes. However, 

traditional alignment software encounter difficulties when attempting to align RNA-seq 

data to the genome. This is due to the splicing out of introns. The convergence of 

biology and computer science has brought about innovative approaches to analyze and 

interpret RNA-seq data and overcome these challenges with innovations, such as “splice 

aware” aligners.  

Different aligners put a different weight on certain aspects of the alignment. For 

example, some aligners are very strict with how many mismatches they allow, while 

others are more forgiving. Since no aligner was developed specifically with SLTS in 

mind, choosing an appropriate aligner for RNA-seq data is critical for analyzing SLTS in 

C. elegans.  

Detecting SLTS at a whole-genome level presents a unique challenge, even with 

the use of splice aware aligners. Since the SL originate from a different part of the 

genome than the transcript that is SL Trans-Spliced, a read with evidence for SLTS will 

be heavily penalized for the SL sequence. In effect, the alignment is penalized for having 

the data that we are looking for. This might cause the read in question to be thrown out 

or have a poor alignment score. Fortunately, some aligners provide information about 

soft-clipped bases (Figure B1). Soft-clipping occurs when the end or ends of a read do 

not match the reference genome where the read aligns. The aligner will penalize the 

alignment of the read less heavily than if the soft-clipped bases were considered to be 

mismatches. It is important to note that soft-clipped bases are not considered to be part 

of the alignment, but the information (including the sequence of the soft clipped bases) is 

still kept with the read. Soft-clipping is valuable for analyzing SLTS because the SL will 

not match the reference genome where the read aligns.  
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Figure B1.  Illustration of a read with soft-clipping aligned to the genome. The 

grey horizontal line represents the reference genome. The green 
vertical lines show matches between the reference genome and the 
read. The yellow portion of the read is aligned. The red/orange 
portion of the read shows the soft-clipped bases. The start position 
of the alignment is indicated with an arrow. The start position of the 
alignment is located where the yellow portion of the read starts.  

We adjusted our approach to include soft-clipped bases for determining SLTS 

events in C. elegans. We applied our analysis of SLTS, while incorporating soft-clipping, 

to the alignments from TopHat, STAR, and HISAT2. Using the TopHat alignment, we 

were able to identify SLTS events at 10,031 genome-predicted candidate SLTS ASs. 

Using the HISAT2 alignment, we were able to identify SLTS events at 13,036 genome-

predicted candidate SLTS ASs. Finally, using the STAR alignment, we were able to 

identify SLTS events at 14,214 genome-predicted candidate SLTS ASs (Figure B2 a). 

Since TopHat does not align reads with more than two mismatches, it finds far fewer 

SLTS events. The alignment from the two aligners that provided information about soft-

clipped bases, HISAT2 and STAR, outperform TopHat in terms of number of sites with 

reads supporting SLTS that we were able to find. In addition, using the HISAT2 or STAR 

alignments, we were able to find longer subsequences supporting evidence for SLTS 

(Figure B2 b). However, there is no significant difference between the two in terms of the 

length of the subsequences that show support for SLTS events. The aligners that 

provide information about soft-clipped bases, STAR and HISAT2, perform better for 

downstream analysis of SLTS in C. elegans.  
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Figure B2.  Comparison of Splice Aware Aligners for SLTS analysis. TopHat 

(blue), STAR (pink), and HISAT2 (purple) were compared for 
application to SLTS analysis from RNA-seq data. (a) Venn diagram 
showing the number of sites that had support for a SLTS event. (b) 
Boxplots showing the length of the supporting subsequence for 
each aligner.  

When comparing between HISAT2 specific calls and STAR specific calls of SLTS 

events, we noticed that STAR performed as expected (Figure B3). Meanwhile, HISAT2 

initiates an intron, rather than soft-clipping bases or aligning as mismatches, and aligns 

the SL fragment upstream. This causes SLTS to be identified at an upstream site, which 

is a false positive. We determined that STAR outperforms both TopHat and HISAT2 for 

aligning RNA-seq reads for downstream analysis of SLTS events across a variety of 

metrics, including number of sites, length of supporting subsequence, and depth of 

reads. Further, STAR appropriately induces either soft-clipping or aligns the fragment of 

the read that corresponds to the SL as mismatches, rather than initiating an intron.  
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Figure B3  Rather than soft-clipping or aligning as mismatches as STAR does, 

HISAT2 initiates an intron in some case of SLTS. Gbrowse 
screenshots of Chromosome III from positions 842,841 to 842,961 
are shown with tracks displaying the predicted putative SLTS ASs, 
genomic DNA, gene models, and aligned reads. A panel is included 
on the left that has a zoomed-out view. (A) In STAR aligned reads, 
the portion of the read that contains the SL sequence is soft-clipped 
or aligned as mismatches to the proper SLTS AS. (B) In some 
HISAT2 reads, instead of soft-clipping or aligning as mismatches, an 
intron is inserted and the portion of the read that contains the SL 
sequence is aligned farther upstream. This causes SLTS to be 
identified at the upstream site, which is a false positive. The intron is 
not inserted if the portion of the SL containing portion of the read is 
short, which means that using HISAT2 causes SLTS to be identified 
at two SLTS ASs, rather than correctly only identifying SLTS at the 
downstream SLTS AS that is closer to the ATG start codon. 
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STAR was chosen as the best aligner for downstream SLTS analysis. 

Parameters for intron size were determined based on empirical evidence from iso-seq 

data and the number of output alignments from multi-mapping reads was limited to 1 to 

address the issues that arise from multi-mapped reads, including one read being sued to 

support multiple SLTS events.  
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Appendix C 
 
Quality Control of RNA-Seq Data 

This appendix was provided from the committee meeting summary document. 

When a base call is made in an RNA-seq experiment, the sequencer assigns a 

quality score to the base. This indicates how accurate the base call is and helps infer the 

quality of the sequencing data. Low quality bases can negatively impact genomic and 

transcriptomic analysis. Specifically, they can lead to misinterpretation of data by 

introducing inaccuracy, noise, and false positives. Performing quality filtering and 

trimming on reads can have a significant impact on downstream analysis. Appropriate 

quality control of sequencing data can improve analysis by ensuring accurate results and 

improving interpretation of results.  

 
Figure C1.  Gbrowse displaying the impact that performing quality trimming can 

have in downstream analysis. Two panels displaying separate 
genomic regions are displayed: (A) positions 5,340,874 to 5,341,002 
on chromosome IV and (B) positions 8,794,065 to 8,794,172 on 
chromosome II. The same tracks are displayed for each region. 
There are two tracks displaying aligned reads in each panel. Reads 
are displayed in grey with mismatched bases in red. Reads were 
aligned with STAR and only reads that were soft-clipped at both 
ends and their mates are displayed here. The top track of aligned 
reads displays reads that were trimmed stringently with 
Trimmomatic using leading/trailing quality cut off value of 20, sliding 
window quality cut off value of 30 with window size 4, and minimum 
length of 50bp before alignment with STAR. The bottom track of 
aligned reads displays reads that were not trimmed before 
alignment with STAR. Additionally, tracks showing reference 
genome sequence, WormBase WS250 gene models, putative 
predicted SLTS ASs, and SLTS ASs validated with at least two reads 
in all datasets are displayed.  



172 

One popular approach to address this issue is to trim low-quality bases from the 

reads. With the ramp up of sequencing experiments, many tools have been created to 

address quality control of sequencing data. Trimmomatic is a commonly used read-

trimming program (Bolger, Lohse, & Usadel, 2014). Trimming cleans up the reads, which 

will prevent misinterpreting low-quality noise as meaningful results (Figure C1). 

However, if the parameters for quality trimming are too stringent, useful data will be 

discarded (Figure C1). No quality trimming leads to noise, which can be misinterpreted 

as significant results. Strong trimming leads to a significant loss of data volume, which 

can negatively affect quantification efforts, especially in transcripts with low expression. 

To achieve the best results, there needs to be a balance between stringent quality 

control for optimal quality of data and lenient quality control for optimal quantity of data.  

Table C1.  Trimmomatic Quality Parameters. Minimum length of 50bp applied 
to all levels. 

Leading/Trailing Q 0 1 2 5 6 10 12 15 16 20 24 
Sliding Window 1.5*Q 0 1.5 3 7.5 9 15 18 22.5 24 30 36 
“Quality Level”  0_0 1_1.5 2_3 5_7.5 6_9 10_15 12_18 15_22.5 16_24 20_20 24_36 

 

To determine what quality cut off is appropriate for trimming and filtering low 

quality reads in our analysis, we tested a range of quality control levels by using different 

parameters with Trimmomatic (Table C1). Sliding window size of 4bp and minimum read 

length of 50bp were constant for all quality control levels. Reads and mates of reads that 

did not meet the minimum length of 50bp were filtered out.  
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Figure C2.  Outcome of a range of quality trimming levels applied to RNA-seq 

data. The x-axis is the quality control level applied. (A) Read fates by 
quality trimming cut off level and (B) Mapped read counts by quality 
trimming cut off level. 

The intensity of quality control affects the fates of the reads, with higher cut off 

values filtering out and trimming more reads, as expected (Figure C2 A). All reads were 

discarded at the most extreme tested quality control level of 24_36. The most evident 

difference is seen between 1_1.5 and 2_3, with a sharp drop in the number of mates that 

are both full-length. Additionally, there is very little change between the 2_3 and 6_9 

levels. Further, this pattern was not unique to the individual data set that we tested 

(Figure C3). The intensity of quality control also affects how many reads are mapped 

(Figure C2 B). However, more stringent filtering does not lead to a higher percentage of 

the input reads being uniquely aligned. This might be due to the reads originating from 

complex/duplicated regions of the genome, which cause difficulty when aligning reads. 

 
Figure C3.  Read fates as a result of a range of quality trimming levels applied to 

5 RNA-seq datasets. The x-axis is the quality control level applied. 

In terms of downstream SLTS analysis, applying harsher quality control levels 

had a modest effect on the number of SLTS ASs found to have support for SLTS events 
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and a more pronounced effect on the coverage, specifically for sites that had evidence 

both for and against SLTS events (Figure C4). 

 
Figure C4.  Effect of different quality control levels on SLTS analysis. The x-axis 

is the quality control level applied. The numbers in the bars 
represent the average read count per site. onlySA includes sites that 
only have support against SLTS events. bothSFandSA includes 
sites that have both support for and support against SLTS events. 
onlySF includes sites that only have support for SLTS events. 

A quality control level of 5_7.5, specifically a leading and trailing quality cut off of 

5, a sliding window quality cut off of 7.5 for a window of 4bp, and a minimum read length 

of 50bp, is appropriate for our SLTS analysis and is a good balance between data 

quality and data quantity. This is supported by previous studies that suggest to use 

“more gentle” quality trimming, as opposed to the aggressive trimming that is commonly 

used.   
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Figure C5  Comparison of spectrum of results of lenient to stringent quality 
control filtering shown through Gbrowse screenshots of aligned 
reads. 
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Appendix D 
 
Upstream site interference – Resolving read 
assignment. 

 
Figure D1.  Internal SL sequences can contribute to false positive in SLTS 

analysis. The table on the left shows the SL sequences that are 
implicated, including the specific internal sequence (bolded and 
underlined) that can cause a false SLTS call at an upstream site if it 
matches up with the AG of the internal sequence. On the right is an 
illustration of how the sequence can contribute to mistakenly 
assigning a SLTS call at the upstream site. The SL sequence is 
shown in orange. The problematic internal sequence is highlighted 
with red. The rest of the read is a neutral color; in this case the rest 
of the read is displayed as ambiguous bases because the sequence 
is not essential to illustrate the point. 

In some SLs, there are internal sequences that resemble the 3’ end of some SL 

variants, the specific problematic internal sequence is “CCAAG” (Figure D1). A read can 

mistakenly be assigned to support SLTS events at two SLTS ASs, when an upstream 

SLTS AS aligns with the AG in the problematic internal sequence (Figure D2).  
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Figure D2.   Gbrowse screen shot showing an example of how internal SL 

sequence can contribute to false positive in SLTS analysis. Multiple 
reads in this example can lead to the issue described in Figure D1. 
Displayed tracks include genome sequence based predicted 
putative SLTS ASs, WS250 Gene Models form WormBase, and 
trimmed RNA-seq reads aligned with STAR. The genomic region 
displayed is on chromosome III between positions 7,814,364 and 
7,814,384. 

To address this, we developed a method to resolve read assignment in those 

specific cases (Figure D3). First, for each read that we investigate for a given SLTS AS, 

we check if there are any downstream SLTS ASs within 23bp of the current SLTS AS. 

We use a cut-off of 23bp because that is the length of the longest SL sequence. Next, if 

there are any downstream SLTS ASs, we decide if the current read belongs to the 

current SLTS AS or a downstream SLTS AS. If it belongs to the current SLTS AS, we 

continue determining the type of evidence that the read shows for the current SLTS AS. 

Otherwise, we skip the read for the current SLTS AS and the type of evidence that the 

read shows will be determined at the downstream SLTS AS.   



178 

 
Figure D3.  Approach to resolve read assignment and reduce false positives. 
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Appendix E 
 
Appropriate threshold for determining support for 
SLTS 

This appendix was provided from the committee meeting summary document. 

To determine an appropriate threshold to apply to SLTS analysis, 50 random 

predicted SLTS ASs were assessed to determine the performance of the classification of 

the call that was made (Figure E1). A threshold requiring at least 2 reads provides the 

best balance of false positive rate, false negative rate, sensitivity, specificity, false 

discovery rate, and accuracy (Figure E2). 

 
Figure E1. Example of one of the SLTS ASs used to determine an appropriate 

threshold for read requirement for True Positive SLTS calls. 
Gbrowse screenshot on the right illustrating the example. 
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Figure E2.  Summary for the false positive rate, false negative rate, sensitivity, 

specificity, false discovery rate, and accuracy of SLTS evidence 
classification. 
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Appendix F 
 
Comparison of SLTS recent quantification methods 

Recently, a method was developed, SL quant, for quantifying SLTS (Yague-Sanz 

& Hermand, 2018). The method uses BLAST+ to identify SL sequences in unmapped 

reads. Next, the SL sequence is trimmed from the reads, which are re-mapped to the 

genome. This is used to quantify SLTS. They compared their method to another method 

(Tourasse, Millet, & Dupuy, 2017) and determined that SL quant was less sensitive, but 

more specific. They determined that SL quant was less sensitive because it found fewer 

SL containing reads. They considered SL quant to be more specific because a higher 

percent of the SLTS ASs that they identified used the “AG” acceptor sequence. By their 

metrics, our SLTS AS analysis method is both more sensitive and more specific than the 

SL quant and Tourasse et al methods (Table F1).  

Table F1  Table comparing different methods for quantifying SLTS 

Dataset Method Mapped SL-
containing reads SLTS ASs 

Site is “AG” 
consensus 

(%) 

SRR1585277 SL-quant 65,126 6,301 6,149 (98) 

 SL-quant -p 61,451 6,539 6,402 (98) 

 SL-quant -s 120,542 8,770 8,254 (94) 

 SL-quant -s -p 114,948 8,436 7,957 (94) 

 Tourasse 120,710 8,932 8,260 (92) 

 SLTS AS analysis* 323,065 9,088 9,088 (100) 
*SLTS AS analysis is our method (for details refer to details starting on page 24. 
Table adopted from Table 2 in (Yague-Sanz & Hermand, 2018). The parameters are -p for “paired end” mode and -s 
for “sensitive” mode 

When comparing lengths of the SL sequences that were obtained by each 

method, the three methods perform similarly for each given length (Figure F1). 
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Figure F1  Comparison between read lengths of (A) SLTS AS analysis, (B) SL-
quant, and (C) Tourasse methods on SRR1585277 dataset.  

 

Our method likely is able to capture more mapped SL-containing reads because 

we use our predicted SLTS ASs as anchor points. Since the SL-quant method relies on 

evaluating unmapped reads for SL sequences, any SL-containing read that maps in the 

first pass of alignment will not be considered for evaluation of SL in their method. This 

means that reads with shorter portions of SL sequences or where the SL sequence is 

very similar to the genomic sequence will not be considered for identification as SL-

containing reads. Furthermore, their method relies on BLAST+, which impacts analysis 

in three ways. First, they are only able to identify SL sequences that meet the minimum 

query length required for BLAST+, which based Figure F1 is 8bp. Second, using 

BLAST+ means that they can have mismatches or indels in their SL sequence when 

they are considered a match. Third, as BLAST+ is a local alignment method, it only 

requires a subsequence of the query to align to a subsequence of the target sequence. 

This can impact alignment by identifying a match where the SL sequence aligns to an 

internal region of the read, rather than to the 5’ end of the read. Our method is able to 

identify reads that contain SL sequences, even when it only contains a short portion of 

the SL sequence. Further, we identify exact matches to the SL sequence. Finally, our 

method identifies SL sequences strictly at the 5’ end of reads.  
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Appendix G 
 
Embryonic Time Series Data Sets 

Table summarizing the number of runs for each time point, including the SRR, 

which is the SRA run accession unique identifier.  

Timepoint 
(mins) 

Count 
of runs 

Run (SRA Run Accession) 

0 mins 9 SRR2012783, SRR2012784, SRR2012785, SRR2015312, SRR2015313, 
SRR332921, SRR332922, SRR359063, SRR478539 

30 mins 8 SRR2012779, SRR2012780, SRR2012781, SRR2015330, SRR2015331, 
SRR332923, SRR332924, SRR359065 

60 mins 7 SRR2012787, SRR2012788, SRR2012789, SRR2015310, SRR2015311, 
SRR316196, SRR317083 

90 mins 11 SRR2012791, SRR2012792, SRR2012793, SRR2015322, SRR2015323, 
SRR2015332, SRR2015333, SRR332925, SRR332926, SRR332927, SRR359066 

120 mins 10 SRR2012769, SRR2012770, SRR2012771, SRR2015316, SRR2015317, 
SRR2015473, SRR2015474, SRR316753, SRR317082, SRR350977 

150 mins 9 SRR2012775, SRR2012776, SRR2012777, SRR2015314, SRR2015315, 
SRR2015475, SRR2015476, SRR351023, SRR351024 

180 mins 8 SRR2015284, SRR2015285, SRR2015286, SRR2015318, SRR2015319, 
SRR2015477, SRR2015478, SRR351009 

210 mins 7 SRR2015255, SRR2015256, SRR2015257, SRR351025, SRR351026, 
SRR351027, SRR359067 

240 mins 10 SRR2015247, SRR2015248, SRR2015249, SRR2015320, SRR2015321, 
SRR2015479, SRR2015480, SRR351010, SRR351011, SRR359069 

270 mins 5 SRR2015251, SRR2015252, SRR2015253, SRR2015481, SRR2015482 

300 mins 9 SRR2015276, SRR2015277, SRR2015278, SRR2015326, SRR2015327, 
SRR2015483, SRR2015484, SRR352279, SRR352280 

330 mins 7 SRR2015260, SRR2015261, SRR2015262, SRR2015485, SRR2015486, 
SRR351000, SRR351001 

360 mins 9 SRR2015264, SRR2015265, SRR2015266, SRR2015324, SRR2015325, 
SRR2015487, SRR2015488, SRR351002, SRR351003 

390 mins 6 SRR2015268, SRR2015269, SRR2015270, SRR351004, SRR351005, 
SRR478540 

420 mins 7 SRR2015272, SRR2015273, SRR2015274, SRR2015489, SRR2015490, 
SRR351007, SRR351008 

450 mins 7 SRR2015280, SRR2015281, SRR2015282, SRR2015491, SRR2015492, 
SRR351034, SRR351035 

480 mins 6 SRR2015288, SRR2015289, SRR2015290, SRR351013, SRR351014, 
SRR359090 

510 mins 6 SRR2015292, SRR2015293, SRR2015294, SRR351036, SRR351037, 
SRR359091 

540 mins 6 SRR2015298, SRR2015299, SRR2015300, SRR351017, SRR351018, 
SRR359087 
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570 mins 6 SRR2015307, SRR2015308, SRR2015309, SRR350987, SRR350988, 
SRR359089 

600 mins 8 SRR2015303, SRR2015304, SRR2015305, SRR2015328, SRR2015329, 
SRR350990, SRR350991, SRR359088 

630 mins 3 SRR350994, SRR350995, SRR350996 

660 mins 2 SRR350997, SRR350998 

690 mins 2 SRR351021, SRR351022 

720 mins 2 SRR351040, SRR351041 
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Appendix H 
 
SL type of SL1 cluster 1 and SL2 cluster 1 members 

SL1 cluster 1 has very low levels of SL1 SLTS. This could indicate that the SLTS 

ASs in this cluster are predominantly or only SL2 SLTS. Similarly, SL2 cluster 1 has very 

low levels of SL2 SLTS. This could indicate that the SLTS ASs in this cluster are 

predominantly or only SL1 SLTS. We looked at the SLTS ASs in SL1 cluster 1 and SL2 

cluster 2 and looked at the SL type as determined in section 4.1. We found that 

overwhelmingly, the majority of SLTS ASs in SL1 cluster 1 were either SL2 only or 

predominantly SL2 SLTS, which is expected of genes that are primarily SL2 SLTS 

(Table H1). Further, most SLTS ASs in SL2 cluster 1 were either SL1 only or 

predominantly SL1 SLTS, which is expected of genes that are primarily SL1 SLTS 

(Table H1). 

Table H1 SL type for SLTS ASs in SL1 Cluster 1 and SL2 Cluster 1.  
 SL1 Cluster 1† SL2 Cluster 1† 

 SL1 only or Predominantly SL1* 8 (0.85%) 3,185 (99.85%) 

other 1 (0.11%) 2 (0.06%) 

SL2 only or Predominantly SL2* 932 (99.04%) 3 (0.09%) 

Total 941 3,190 
*Predominantly SL1 type and predominantly SL2 type as described in section 4.1.  
†SL1 Cluster 1 from SL1 Cluster 1 section on page 87 and SL2 Cluster 1 from SL2 Cluster 1 on page 114. 
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