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ABSTRACT 

Analyzing Germline-Specific Expression in Caenorhabditis elegans 

Samar Alkoblan   

Maintaining cells in an undifferentiated totipotent state is essential for initiating 

developmental programs that lead to a fully formed organism in each generation and for 

maintaining immortal germ cells across generations. Caenorhabditis elegans is a powerful 

genetic model organism to study early germ cell development due to the animal’s 

transparency and the ability to screen for mutant phenotypes. However, our ability to use 

standard techniques to study gene expression using fluorescent reporter genes has been 

limited due to germline-specific silencing mechanisms that repress transgenes. Therefore, we 

lack even basic knowledge of how expression is regulated in C. elegans germ cells. In this 

study, we develop methods to overcome these silencing mechanisms by using a class of non-

coding DNA, called Periodic An/Tn Clusters (PATCs), to prevent transgene silencing in the 

germline. We use these improved tools to test the proposed role of putative germline-specific 

regulatory DNA motifs and the role a periodic TT signal within germline promoters. We 

fused GFP to the promoter of a germline expressed gene (pcn-1), which is enriched for 

PATCs and contains a germline-specific motif (TTAAAG). Our results show that despite 

enrichment and phylogenetic conservation, the TTAAAG motif is not required for germline 

expression. To test additional motifs and periodic TTs, we have designed a system that will 

allow us to test synthetic gene fragments for bi-directional germline expression. These tools 

will allow us to rapidly test motif redundancy, motif spacing, and TT periodicity using gfp 

and rfp signals in the germline and will enable experiments aimed at understanding the role 

of germline regulatory elements.  
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1. Introduction 

1.1 Importance of the transcriptional regulation  
 

Different cell types in multicellular organisms exhibit striking differences in both 

their structures and functions despite their identical genetics. For instance, neuronal cells and 

muscle cells have identical DNA, but they differ dramatically in their structure and function. 

This difference can be attributed to differential gene expression, which is mainly controlled at 

the transcription level (Alberts et al., 2002). Differential gene expression starts at the early 

stages of development, where the zygote divides to produce a multicellular embryo. As the 

embryo develops, cells differentiate into different cell types by activating genetic programs in 

a spatiotemporal manner (Carroll, Grenier, & Weatherbee, 2013). Different differentiation 

programs rely on the activation of cis-regulatory elements by transcription factors (TF) 

(Aerts, 2012). Moreover, cis-regulatory elements can also maintain the state of cells after 

their terminal differentiation through TFs. For instance, enhancers and promoters are cis-

regulatory elements that correspond to protein non-coding DNA segments (Long, Prescott, & 

Wysocka, 2016). Enhancers drive the expression of genes by associating with promoters in 

an orientation independent fashion. Notably, regulatory elements play an essential role in 

regulating developmental genes in time and space by acting either collaboratively or 

individually. Also, they maintain the expression state by associating with TFs in a positive 

feedback loop and maintaining an open chromatin state, and vice versa. (Holmberg & 

Perlmann, 2012). This demonstrates the importance of transcriptional regulation in which it 

begins from the early stages of development and continues to further stages of an organism's 

life span.   
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1.2 Different model systems are used to answer various biological questions   
 

Researchers commonly use transgenic model organisms to study many biological 

processes and to dissect regulatory elements such as promoters, enhancers, and DNA motifs. 

Model organisms are usually selected based on certain features that make them suitable for 

answering specific biological questions. An example of an extensively used model organism 

in research is the fruit fly Drosophila melanogaster. Its wide use is due to its simplicity as an 

invertebrate organism that can be genetically manipulated in a variety of ways, ease of 

culture in which it feeds on simple materials such as yeast, short life cycle, and large brood 

size (Jennings, 2011).  For the most part, Drosophila melanogaster is used in genetic analysis 

and to study molecular development (Müller, 1997). A more complex system to study 

biological processes is the zebrafish, Danio rerio (Meyers, 2018). Zebrafish is considered a 

robust system to study vertebrate development (Müller, 1997; Veldman & Lin, 2008). Unlike 

mammalian vertebrates such as mice, zebrafish development is rapid, external to the animal, 

and can be visualized by the naked eye. Zebrafish embryos develop outside of the mother's 

body, which facilitates their visualization and manipulation. More importantly, its rapid 

development gives it a significant advantage over mice because it only takes two days for the 

zebrafish eggs to hatch. On the other hand, mice embryos take around 20 days to develop 

inside the uterus, which restricts their visualization and manipulation. Moreover, zebrafish 

have a large brood size, which is beneficial for genetic analysis. However, complexity comes 

at a price, zebrafish have a long generation time and life cycle in which it takes around three 

months to develop to an adult. Both zebrafish and Drosophila melanogaster have contributed 

significantly to our understanding of developmental processes in different aspects (Jennings, 

2011; Meyers, 2018). Similarly, researchers use cell cultures extensively to study various 

biological processes (Kaur & Dufour, 2012). Cell cultures eliminate the use of model 

organisms and serve as a model to study human cellular processes. However, unlike model 
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organisms, biological processes such as development cannot be accurately studied using them 

(Jackson & Lu, 2016). Cell cultures lack the local tissue environment; thus, they would not 

recapitulate biological events in vivo or a systemic context. To sum up, to utilize the 

appropriate model system for any kind of research, one must consider the biological question 

posed as well as many practical aspects. In this study I have chosen to use the nematode C. 

elegans.      

1.3 Caenorhabditis elegans 
 
  C. elegans is an invertebrate model organism that has significantly advanced our 

understanding of many biological aspects, in particular, development, aging, cellular biology, 

neuroscience, and genetics (Hodgkin, 2001). Furthermore, it has been used extensively to 

study transcriptional regulation and to dissect regulatory elements (Krause, Harrison, Xu, 

Chen, & Fire, 1994; Kuchenthal, Chen, & Okkema, 2001; Peter G Okkema, Harrison, 

Plunger, Aryana, & Fire, 1993). C. elegans is a nematode model system first introduced by 

Sydney Brenner (Brenner, 1974). It is a transparent and minuscule nematode that lives freely 

and feeds on decomposing bacteria that arise due to matters’ decomposition (Hodgkin, 2001). 

Many factors have contributed to C.elegan’s wide use in transcriptional-regulation research, 

including its transparency, which enables the visualization of many organs, cellular 

processes, and reporter genes without dissecting the animal (Corsi, Wightman, & Chalfie, 

2015; El-Din, 2019; Hodgkin, 2001). C. elegans has a rapid life cycle in which it takes 

around three days for an egg to hatch and develop into an egg-laying adult animal, at 25℃. 

This rapid life-cycle facilitates the analysis of transcription at different developmental stages. 

Moreover, C. elegans has a short generation time and large brood size, in which one animal 

can generate up to 300 progenies. Analyzing a large number of animals is advantageous for 

genetic screens to identify regulatory elements involved in transcriptional regulation. 

Furthermore, the short generation-time grants a fast experimentation. Moreover, on a 
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practical level, C. elegans is easy to maintain, does not require much for its cultivation, and 

can be cryopreserved easily for long terms. More important for my studies, transgenic 

animals can be generated easily by a variety of means. Transgenic animals can be produced 

facilely by co-injecting several DNA molecules into C. elegans distal gonads (C. Mello & A. 

Fire, 1995). The co-injected DNA molecules make the DNA mix, which contains transgene 

of interest, injection marker, and fragmented DNA (Kelly, Xu, Montgomery, & Fire, 1997).  

Upon their injection, the DNA molecules undergo non-homologous recombination and form 

large extrachromosomal arrays containing many DNA molecules. Moreover, the generation 

of transgenic animals only takes around seven to ten days. For these reasons, we have chosen 

C. elegans to understand transcriptional regulation in the germline.   

 

1.4 C. elegans invariant cell lineage  

Since we are interested in studying germline cell-specific transcriptional regulation, 

we have found C. elegans uniquely suited for this type of study due to the unique nature of its 

germline. The C. elegans germline allows visualization of all of the developmental stages 

present at the same time (from zygote to ready to lay eggs). Sulston et al. (1983) took 

advantage of such unique feature and monitored embryonic cell lineage development from 

the zygote stage to a newly hatched larval stage (Sulston, Schierenberg, White, & Thomson, 

1983). They proceeded  this study by a study that tracked living C. elegans somatic cell 

migration, division, and death from the early larval stage to the adult animal stage (Sulston & 

Horvitz, 1977). Their study revealed that C. elegans has an invariant number of somatic cells, 

959 cells. Thus, their efforts have revolutionized our understanding of the entire C. 

elegans cell lineages increased our knowledge about its development. In summary, accurate 

analysis of C. elegans germline-specific transcriptional regulation at a single-cell resolution 

is possible due to the unique nature of its germline.    
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 1.5 C. elegans was the first model organism with its whole genome sequenced  
 

Since the complete sequence of the C. elegans genome is well-established, it is 

possible to utilize it to identify the regulative role of germline-specific noncoding sequences. 

Interestingly, C. elegans is the first eukaryotic-multicellular organism with its whole genome 

sequenced and publicly released (Consortium, 1998). Its genome is 100 megabases, and 

contains around 20,444 protein-coding genes distributed among six pairs of chromosomes 

(five autosomes and the X chromosome). Consequently, knowledge about various C. 

elegans developmental programs and cellular processes was determined by reverse (try to 

identify phenotypes resulted from genes) and forward (try to identify genes involved in a 

particular phenotype) genetics (Corsi, Wightman, & Chalfie, 2015). Its complete sequence 

has been particularly fruitful for tissue-specific expression studies. Thus, we were motivated 

to carry the analysis further and look at the germline cell-specific transcriptional regulation. 

 
1.6 Reporter gene assays  

  Cell-type-specific expression studies have been conducted extensively in the past 

decades. Such studies have shed light on regulatory elements involved in the transcriptional 

regulation. Earlier studies were largely dependent on lacZ fusion assay to dissect the 

regulatory elements. The lacZ fusion assay depends on the catalytic activity of β-

galactosidase, which is encoded by the E. coli gene, LacZ (Fire, Harrison, & Dixon, 1990). 

Despite being powerful in allowing the visualization at a single cell level, LacZ fusion assay 

rely on the catalysis of X-gal, which is a compound usually applied on fixed animals, in the 

case of C. elegans. Thus, real-time transcriptional analysis was not applicable before the 

introduction of the green fluorescent protein (GFP), which replaced lacZ fusion assay in 

recent years (Chalfie, Tu, Euskirchen, Ward, & Prasher, 1994). GFP is very convenient when 

studying cis-regulatory elements, in which their effect on reporter gene (GFP) can be 
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visualized in living animals and in real time. Thus, in this study we have used GFP to analyze 

the role of germline-specific regulatory elements.    

1.7 The dissection of somatic tissue-specific regulatory elements   

   Somatic cell-type-specific expression studies have pioneered the dissection of cis-

regulatory elements  (Krause, Harrison, Xu, Chen, & Fire, 1994; Kuchenthal, Chen, & 

Okkema, 2001). Early studies have revealed a common theme among cis-regulatory 

elements, in which they act in a modular fashion to control transcription. Moreover, they tend 

to be conserved through evolution due to their essential function. For instance, Okkema et al. 

(1993) used lacZ fusion assay to identify regulatory elements required for the expression of 

four myosin heavy chain isoforms (Peter G Okkema, Harrison, Plunger, Aryana, & Fire, 

1993) . myo-1 and myo-2 genes are expressed in pharyngeal muscles, while the other two 

isoforms myo-3 and unc-54 are expressed in all body muscles, except for pharyngeal muscles 

(Figure 1.1). They identified each of the four genes' promoters by their ability to drive 

muscle type-specific expression of β-galactosidase (Figure 1.2). Identification of promoter 

elements was carried out by injecting different constructs that contain different parts of the 

promoters of each of the four genes and analyzing their ability to drive reporter gene 

expression. Furthermore, they identified muscle-type specific enhancers of the four genes by 

their ability to augment both muscle-specific and nonspecific (minimal promoter, glp-

1 promoter) promoters (Figure 1.3). Further analysis of myo-2 enhancer revealed that it has 

three sub-elements regulating enhancer activity cooperatively: sub-element A, B, and C 

(Figure 1.3) (P. G. Okkema & Fire, 1994). Markedly, the three sub-elements have failed to 

act individually. However, they can function in pairs. A pair of sub-element B can 

exclusively activate the reporter gene's expression in pharyngeal muscles; thus, it is 

equivalent to the specificity of the full enhancer. In contrast, a pair of C sub-elements were 

organ-specific, expressed in pharyngeal muscle cells and non-muscle cells, rather than being 
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specific to pharyngeal muscle. It is worth noting that in their study, they assayed enhancers' 

activity by cloning them upstream of either the body wall muscle-specific promoter, myo-3, 

or a minimal promoter. Accordingly, a pair of sub-elements A have been found to direct 

reporter gene expression under the myo-3 promoter's control, but not by the minimal 

promoter. Similarly, the dissection of the unc-54 gene enhancer revealed that it contains four 

elements essential for its activity (Figure 1.3) (Jantsch-Plunger & Fire, 1994). Interestingly, 

mutations in sequences flanking the four elements have significantly reduced the enhancer 

activity. Moreover, they showed that enhancer activity was dependent on the spacing 

between the four sites and independent of the sequence in between. Remarkably, many 

regulatory elements tend to be conserved in different nematode species. For instance, despite 

tens of millions of years of evolution, C. elegans and C. briggsae have homologous non-

coding motifs upstream of their hlh-1 translation start site (Krause et al., 1994). Strikingly, 

such motifs have maintained their order and spacing in the two species. These observations 

show that transcription depends on multiple regulatory elements that function independently 

or cooperatively to control gene expression. Moreover, many of the regulatory elements tend 

to have conserved sequences in different nematode species, due to their crucial function.  

 Similar to muscle tissue, neuronal tissue-specific regulatory elements have shown 

modularity and conservation. For instance, the pair of AIY interneurons have a set of eight 

genes (a “gene battery”) that are exclusively co-expressed in these two cells (Wenick & 

Hobert, 2004) (Wenick & Hobert, 2004). In their study, they used a GFP fusion assay to 

identify cis-regulatory elements associated with the AIY gene battery. Their analysis revealed 

general modularity and characterized subregions that drive the expression in AIY 

interneurons. A comparative analysis of AIY gene battery subregions, led to the identification 

of an AIY specific motif, which consists of 16 bp. The AIY specific motif alone was able to 

drive the expression of a reporter gene in the AIY interneurons when used with a minimal 
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promoter (Figure 1.4). Furthermore, the AIY specific motif is phylogenetically conserved. 

Nonetheless, cis-regulatory elements characterization is not an easy task due to motifs 

modularity and redundancy. For instance, cis-regulatory elements of a pan-neuronal gene 

battery show redundant and parallel acting motifs that direct gene expression throughout the 

C. elegans nervous system (Stefanakis, Carrera, & Hobert, 2015). All of which indicates the 

importance of cis-regulatory elements and put a considerable emphasis on their 

characterization.  
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Figure 1.1. GFP expressed in C. elegans pharyngeal muscles and body wall muscles. A. 
Pharyngeal muscles expressing GFP. B. C. elegans body wall muscles showing GFP 
expression in their nuclei. Reprinted from WormAtlas, Altun, Z.F., Herndon, L.A., Wolkow, 
C.A., Crocker, C., Lints, R. and Hall, D.H. (ed.s) 2002-2020. http://www.wormatlas.org.     

 
Figure 1.2. lacZ fusion constructs for different muscle-type specific promoters. Without a 
promoter, there no expression of ß-galactosidase is observed. In contrast, each of the muscle-
type promoters direct the expression of ß-galactosidase in different muscle types, such as 
pharyngeal and body-wall muscles.     
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Figure 1.3. lacZ fusion constructs of both promoters and enhancers. Generally, enhancers 
work on augmenting the activity of promoters. Here, the expression specificity of ß-
galactosidase has been driven by enhancers rather than promoters. Within the enhancer of 
unc-54 and myo-2 gene, there are sub-elements that are important for the activity of the 
enhancer.   
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Figure 1.4. AIY motif driven expression of gfp reporter gene in AIY interneuron. The AIY 
motif has been found as a common motif among most of AIY gene batterie.       
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Figure 1.5. Silencing of the extrachromosomal array by the germline. C. elegans is 
characterized by an intrinsic mechanism that distinguishes self from non-self DNA and 
silences the later. Somatic tissues do not silence multi-copy transgenes (extrachromosomal 
array) faithfully as the germline tissue. Pan neuronal refers to a group of genes that are 
expressed in nearly all neurons (Etchberger et al., 2007).         
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 1.8 The importance of C. elegans in studying various events taking place in the 
germline  

 
C. elegans has served a remarkable role in comprehending cellular and molecular 

events taking place in the germline, such as meiosis, development, and stem cell maintenance 

and regulation. Germ cells within the gonads are organized in proliferative and meiotic zones, 

relative to their distance from the distal tip cells (DTC) (Hansen & Schedl, 2013). Germ cells 

close to DTC signals are mitotically active, while germ cells far away from them can start 

their meiotic program and become haploid gametes. The transparency of C. elegans gonads 

has made it possible to visualize factors involved in meiosis and their localization at different 

meiosis stages. For example, the assembly of the synaptonemal complex (SC) on 

chromosomes and its kinetics during meiosis was observed using a fluorophore fusion with 

one of SC factors (Rog & Dernburg, 2015). Similarly, (Wignall & Villeneuve, 2009) have 

made use of C. elegans transparency and visualized the association between the microtubules 

and its non-centromeric chromosomes during meiosis. Furthermore, C. elegans germline-

stem cells have served as a substantial system for studying stem cell regulation, taking into 

consideration that many of the major factors involved in stem cell regulation are conserved 

(Kimble & Seidel, 2013). All of which emphasizes the importance of C. elegans in studying 

various molecular and cellular events taking place in the germline.   

 

 1.9 C. elegans germline silencing mechanism   
 
 Unlike any other tissue, germline tissue can pass genetic materials to the subsequent 

generations; thus, any change made in the gametes, through the germline lineage, is inherited. 

However, C. elegans germline tissue manipulation and analysis are still restricted due to an 

intrinsic mechanism that distinguishes self from non-self genetic materials and silence the 

later (Kelly & Fire, 1998; Kelly et al., 1997). It is worth noting that this mechanism is 

specific for germ cells (Kelly et al., 1997), in which somatic tissue does not silence multi-
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copy transgenes faithfully as the germline (Peter G Okkema et al., 1993) (Figure 1.5). The 

RNAi pathway is one of the main proposed pathways that discriminate the non-self DNA, 

transgenes, and silences it (Kim et al., 2005). RNAi pathway works in silencing the transgene 

by degrading its mRNA (Martienssen & Moazed, 2015). After their biogenesis, small RNAs 

targeting the transgene associate with AGO proteins and silence the targeted transgene by 

degrading its mRNA. Moreover, the piRNA pathway has been found to play a role in 

transgenes silencing. piRNAs identify transgene transcript and induce its silencing by 

inducing the synthesis of secondary small interfering RNAs (siRNA). The siRNAs, trigger 

epigenetic silencing of the transgene itself by associating with an Argonaute (Ozata, 

Gainetdinov, Zoch, O'Carroll, & Zamore, 2019). Thus, to study germline transcriptional 

regulation, we need to bypass its silencing mechanism.   

 

 1.10 Methods to circumvent the C. elegans silencing mechanism   
 

 Various methods could circumvent the C. elegans transgene-silencing mechanism. 

For instance, silencing can be bypassed by single-copy transgene insertion into the worm’s 

genome. The most efficient methods to avoid the silencing and establish stable transgenic 

lines are Mos1-mediated Single Copy Insertion (MosSCI) (Frokjaer-Jensen et al., 2008) or 

CRISPR/CAS9 system (Dickinson, Ward, Reiner, & Goldstein, 2013). MosSCI inserts a 

single copy of the transgene of interest at a specific site in the worm’s genome. It depends on 

transposase activity to excise a transposon located at a particular site in the genome and insert 

the transgene via synthesis-dependent strand annealing pathway. This method produces stable 

transgenic lines with transgene expression resembling endogenous expression levels. 

However, it is time-consuming compared with transgenic lines produced conventionally by 

injecting multi-copy transgenes (extrachromosomal arrays). Interestingly, extrachromosomal 

array expression in germline can be obtained by employing periodic non-coding DNA known 
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as periodic An/Tn clusters (PATCs) (Fire, Alcazar, & Tan, 2006); Frøkjær-Jensen, Aljohani, 

Priyadarshini& Velazquez, 2020, unpublished data). Those clusters constitute clusters of As 

and Ts separated by 10 bp. Such An/Tn periodicity is thought to define self-DNA from non-

self, and “safeguard” endogenous genes from the silencing mechanism. PATCs are enriched 

in introns and intergenic regions of the C. elegans genome, and are estimated to constitute 

10% of the genome (Frokjaer-Jensen et al., 2016). Thus, it is convenient to inject PATCs 

enriched transgenes as extrachromosomal arrays to study the germline transcriptional 

regulation.       

 

 1.11 The dissection of C. elegans germline-specific regulatory elements     
 
 Due to the constraints mentioned above, the dissection of germline regulatory 

elements has only rarely been possible. Nevertheless, there are a few exceptions where 

transgene insertion was used to analyze and characterize germline-specific regulatory 

elements. For instance, Merritt et al. (2008) used biolistic integration to insert the transgene 

into the genome to study the 3' UTR's regulatory role on multiple germline-specific genes 

(Merritt, Rasoloson, Ko, & Seydoux, 2008). They found that the 3’ UTR limits reporter gene 

expression to specific stages in germ cells (Figure 1.6, A). In contrast, germline promoters 

were shown to have a generally permissive role in germline expression, except for promoters 

associated with spermatogenesis. Similarly, transgene insertion via MosSCI, was used to 

dissect the 3’ and 5’ UTR of genes encompassing GLD-1 binding motifs (Theil, Herzog, & 

Rajewsky, 2018). In their analysis, the two regulatory regions were flanking a reporter gene 

and under control of the gld-1 germline promoter (Figure 1.6, B). In this case, translational 

repression mediated by GLD-1 binding is independent of the GLD-1 motif position relative 

to the start codon and independent of the number of motifs in 3’ and 5’ UTR. Moreover, it 

appears that one GLD-1 motif is capable of inducing repression and that motifs in both UTRs 
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can mask each other. These studies were focused on gene regulation by untranslated regions. 

Currently, we know very little about how transcription factors control germline transcription 

by binding germline-specific motifs.      

 

1.12 DNA motifs and periodic TTs in C. elegans germline promoters    
 
 Recently, genome-wide RNA-seq and ATAC-seq analysis of genes and their 

corresponding regulatory elements was conducted (Serizay et al., 2020). Their study showed 

that germline-specific promoters have a specific architecture that distinguishes them from 

somatic promoters. Germline specific promoters generally appear to have two distinct 

features: bi-directionality, and a TT periodicity that associates with nucleosomes positioning. 

Similar to PATCs, the periodic TTs are spaced by 10 basepairs. Also, PATCs have been 

reported previously to be associated with germline-specific genes (Fire et al., 2006), which 

confirms the significance of such periodicity. Moreover, (Serizay et al., 2020) analysis 

revealed various DNA motifs enriched in germline promoters. These datasets were the 

starting point for our studies. 

 

 To identify regulatory motifs that drive robust germline expression and to determine 

the role of TT periodicity, we tested the role of bioinformatically characterized germline-

promoter motifs in germline expression (Serizay et al., 2020). Unexpectedly, we have found 

that the germline- promoter enriched motif, TTAAAG, is not required for germline 

expression. We analyzed this motif by dissecting a promoter containing the motif and placing 

variants of the promoter in front of a reporter gene (gfp). Despite enrichment for the 

TTAAAG motif in germline promoters, its loss did not affect GFP expression. This indicates 

that germline expression is not simply governed by a single motif and it is possible that there 

is a redundancy of motifs. To test this possibility in more detail, we have designed a system 
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that allows us to monitor bi-directional germline expression from extrachromosomal arrays. 

The system allows rapid cloning of synthetic DNA fragments that are easily engineered to 

remove TT periodicity, motifs or change the spacing between motifs. Nonetheless, due to 

COVID-19 pandemic our lab was shut down and we could not properly test our system. This 

study sets the stage for understanding germline regulatory elements and elucidating their role 

in controlling germline expression.  
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Figure 1.6. The regulatory role of 3’ and 5’ UTR in gene expression. (A) Germline genes’ 3’ 
UTR have been found to control at what stage GFP is expressed in germ cells (Merritt et al., 
2008). (B)The GLD-1 motif in germline genes' 3' and 5' UTRs show negative regulation of 
the reporter gene (Theil et al., 2018). GLD-1 is expressed in the middle portion of the gonad.  
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2. Results 

 
2.1 The use of pcn-1 promoter to understand germline regulation   
 
 In order to study how germline expression is regulated, we searched for a candidate 

gene that satisfies several criteria, including strong expression in the germline. The promoter 

must have at least one of the previously identified germline-promoter motifs (Serizay et al., 

2020), PATCs, and TTs periodicity. Based on these criteria, we have selected the promoter 

from the proliferating cell nuclear antigen gene, pcn-1. A recent study reported that the pcn-

1 gene is highly expressed in the germline tissue (Serizay et al., 2020) as well as among the 

top 20 genes expressed in oocytes (Stoeckius et al., 2014). Kocsisova et al. (2018) showed 

that the PCN-1 protein accumulated in the progenitor zone nuclei of C. elegans germline 

(Kocsisova, Kornfeld, & Schedl, 2018). None of the studies have reported pcn-1 expression 

in somatic tissues, indicating that the gene is likely specific to the germline. In addition to 

that, the pcn-1 gene and its upstream region are enriched by PATCs and periodic TTs 

(Figure 2.1). Also, its upstream region has the germline-promoter motif TTAAAG. All 

together, pcn-1 is a suitable candidate promoter for analyzing germline-specific expression.  

 To test the role of the germline-promoter enriched motif TTAAAG in germline 

expression, we dissected the upstream region of the pcn-1 gene. We carried out this analysis 

by initially taking 685 bp upstream of the translation start site of pcn-1 and cloning this DNA 

fragment upstream of a gfp reporter gene. This promoter region contains the TTAAAG motif. 

To study the role of the TTAAAG motif in germline expression, we generated three 

constructs that have the wildtype TTAAAG, a scrambled TTAAAG, or a deleted TTAAAG 

motif, respectively (Figure 2.2). We injected these three constructs as an extrachromosomal 

array into mutant animals to select for transgenic animals based on phenotypic rescue (unc-

119 selection). We generated three transgenic lines per DNA construct. Wildtype motif =  

iSMK1.1, iSMK1.2, and iSMK1.8. Scrambled motif = iSMK3.1, iSMK3.3, and iSMK3.5. 
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And deleted motif = iSMK4.1, iSMK4.2, and iSMK4.4. We observed GFP expression in all 

produced lines indicating that the expression constructs were functional (Figure 2.3). We 

have observed GFP expression in the germline and somatic tissue in all of the generated 

lines. GFP somatic expression was in the intestinal nuclei, and the embryos. Interestingly, 

some of the animals had GFP expression in all three tissues, while some had it in only one 

tissue type. 

Mosaic reporter gene expression is common when extrachromosomal arrays are utilized 

for C. elegans transgenesis (Evans, 2006; Craig Mello & Andrew Fire, 1995). Thus, we have 

decided to quantify GFP expression in a binary fashion, in which we would consider it as 

either expressed or not (Figure 2.4). We performed our analysis by randomly picking 

animals from each line and mounting them on a microscope slide. Then, we checked 11 

consecutive animals for GFP expression by fluorescence microscopy at 20x magnification. 

We scored iSMK1.1, iSMK1.2, and iSMK1.8 lines with 7 ±	3.5 animals showing germline 

fluorescence and 9.3 ± 0.6 animals showing somatic fluorescence, out of 11 animals. 

Moreover, iSMK3.1, iSMK3.3, and iSMK3.5 lines were scored with 6.3 ±  2 and 6 ± 1 

animals showing germline and somatic fluorescence, respectively. Lastly, we scored 9.33±  

0.58 and 9 ± 2 animals having germline and somatic GFP expression, respectively, in 

iSMK4.1, iSMK4.2, and iSMK4.4 lines. Importantly, we have found no significant difference 

between the three pcn-1 promoters in terms of somatic and germline expression, p= 0.1000 

and 0.2679, respectively (Kruskal Wallis test), suggesting that TTAAAG motif is not 

required for germline expression.        
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Figure 2.1.The difference between PATCs and periodic TTs. PATCs and TTs enrichment in 
a representative segment of pcn-1 promoter. pcn-1 promoter constitutes a region of 685 bp 
upstream of pcn-1 coding region. 
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Figure 2.2.The role of TTAAAG motif on GFP expression. (A) pcn-1 promoter with 
wildtype TTAAAG motif, (B) scrambled motif and (C) deleted motif.   

 
Figure 2.3.Representative images of GFP expression under the control of Ppcn-1 with either 
wildtype, scrambled, or deleted TTAAAG motif. Imaging of GFP expression was done by an 
upright fluorescence microscope (LECIA DM2500 LED).   
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Figure 2.4. Average number of animals expressing GFP in both germline and soma, under 
the control of Ppcn-1. The screening was done by upright fluorescence microscope (LECIA 
DM2500 LED). For both the germline and soma, GFP expression was screened in a total of 
11 animals that were picked randomly from their corresponding NGM plates. For each of the 
wt, scrambled, and deleted Ppcn-1, the average GFP expression was calculated by taking the 
mean of 3 transgenic lines. No significant difference has been observed between the three 
Ppcn-1 lines, p= 0.10 and 0.27 for germline and somatic expression, respectively.          
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2.2 The use of mex-5/rec-8 promoter for identifying the role of TT periodicity and 
germline motifs  

Analogous to the pcn-1 promoter, the mex-5/rec-8 promoter fulfills all of the 

previously introduced criteria. For instance, we found it enriched with PATCs and periodic 

TTs (Figure 2.5). The  mex-5/rec-8 promoter sequence has been identified by (Serizay et al., 

2020) bioinformatically by analyzing ATAC-seq and RNA-seq data of C. elegans germline 

nuclei. They reported a bidirectional regulative role of mex-5/rec-8 promoter in the 

expression of mex-5 and rec-8 genes. Interestingly, both genes have been found expressed 

in C. elegans’ gonads (Merritt et al., 2008; Pasierbek et al., 2001; Tenlen, Molk, London, 

Page, & Priess, 2008). Moreover, we found the mex-5/rec-8 promoter with two previously 

identified germline-promoter enriched motifs (Serizay et al., 2020).      

           Since we have found no requirement of TTAAAG motif for germline expression and 

that both pcn-1 and mex-5/rec-8 promoters are enriched with PATCs and TTs, we wanted to 

check if the periodicity has any role in germline expression. Furthermore, we wanted to test 

the role of two additional germline-promoter enriched motifs: TTAAAGG..C and TAC.GTA, 

and whether a combination of two motifs is required for germline expression. To study this, 

we have designed a system that allows us to monitor bi-directional germline expression 

from extra-chromosomal arrays. This system is driven by a mex-5/rec-8 promoter in which 

we have made seven constructs that represent several experimental aspects (Figure 2.6). 

The system allows rapid cloning of synthetic DNA fragments that are easily engineered to 

remove TT periodicity, motifs or change the spacing between motifs. Nonetheless, due to 

the COVID-19 pandemic, our lab was shut down for four months, and we could not conduct 

any experiment. We had all of the synthetic fragments prepared, and we were planning to 

use the Golden Gate reaction to clone them in the expression system. Thus, our system 

outcomes remain to be determined.    
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Figure 2.5. PATCs and periodic TTs enrichment in mex-5/rec-8 promoter. (A) PATCs 
enrichment (peaks) in mex-5/rec-8 promoter region. (B) periodic TTs signal enrichment in 
the two terminal ends of mex-5/rec-8 promoter. (C) mex-5/rec-8 promoter, which has been 
identified by (Serizay et al., 2020).      
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Figure 2.6.The role of TTAAAGG..C, TAC.GTA motif and TT periodicity on the expression 
of reporter genes. (Wildtype) mex-5/rec-8 promoter with wildtype TTAAAGG..C, TAC.GTA 
motifs. (motif 1 scrambled) TTAAAGG..C motif has been scrambled to test its role in 
germline expression. (Motif 2 scrambled) TAC.GTA motif is scrambled to test its role in 
germline expression. (Motif 1 & 2 scrambled) both motifs have been scrambled to test their 
cumulative role in germline expression. (No TT periodicity) the TT periodicity in between 
the two motifs was eliminated to test its role in germline expression since it is a feature of the 
vast majority of germline promoters. (Triple spacing) the space between the two motifs was 
increased by three-fold to test if the steric deposition of the transcriptional machinery 
between the two motifs is what drives germline expression. (Inverted promoter) the sequence 
of mex-5/rec-8 promoter has been inverted as a control.     
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2.3 Phylogenetic analysis of germline motifs  
 

 Since the TTAAAG motif has been found dispensable for GFP expression, we wanted 

to determine whether the TTAAAG motif is conserved among different nematode species. 

Generally, only DNA sequences with important functional roles are conserved through 

millions of years of evolution (Alberts, 2010). In our analysis, we considered eight nematode 

species that belong to the Caenorhabditis clade. The nematodes: C. briggsae, C. remanei, C. 

elegans, C.panamensis, C. becei, C. afra, C. virilis, and C. plicata span the Caenorhabditis 

phylogenetic tree. In our analysis, we first aligned the pcn-1 gene sequences of the species 

named above to check if the proliferating cell nuclear antigen gene is conserved. Indeed, the 

pcn-1 gene was conserved in all of the eight species. We then looked for the TTAAAG motif 

in the 1KB region upstream of their translation start site (Figure 2.7). We found the TTAAAG 

motif in the three-nematode species: C. remanei, C. elegans, and C. plicata. Moreover, we 

identified it in three consecutive positions in the pcn-1 promoter of C. remanei.   

 We carried the TTAAAG motif analysis further to test its abundance in different 

nematode species if one mismatch is allowed. Thus, we looked for the occurrence of its 

eighteen mismatched versions in the 1 KB region upstream of the pcn-1 translation start site 

(Figure 2.8). We found all of the eighteen versions of the TTAAAG motif highly occurrent in 

all tested species (Figure 2.8), which might suggest that the TTAAAG motif combination is 

not unique. However, the abundance of its mismatched versions can be highly frequent due 

to its small size. Thus, we wanted to know what would be the chance of it appearing 

randomly by chance. To do so, we calculated the frequency of each nucleotide in the pcn-

1 promoter (685 bp), assuming that the pcn-1 promoter is a representative of all germline 

promoters (because it contains PATCs and periodic TTs rich). The calculated frequency of T, 

A, C, and G nucleotides is 0.39, 0.268, 0.174, and 0.166, respectively. Thus, by multiplying 
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the frequency of each nucleotide of TTAAAG motif, we can calculate the probability of it 

appearing by chance. The probability of having a TTAAAG motif randomly in the upstream 

region of germline genes is once every 2100 bp. Which is a small chance considering the fact 

that C. elegans has compact regions of protein-coding genes in which their promoters are 

usually in close proximity (Reinke, Krause, & Okkema, 2013).   

 

 

 

Figure 2.7. Alignment of pcn-1 promoter region in different nematode species. Blue bars 
represent TTAAAG motif. Upright bars represent TTAAAG motif in forward strand and the 
downward bars in the reverse strand.   

 

Figure 2.8. Frequent abundance of TTAAAG motif mis-matched versions in the upstream 
region of pcn-1 in different nematode species. One mis-match was considered for each 
nucleotide in TTAAAG motif, and that generated 18 version of it (here presented in different 
colors). Upright bars represent motifs in forward strand and the downward bars in the reverse 
strand.   
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 Similar to the pcn-1 promoter, the mex-5/rec-8 promoter was analyzed by initially 

aligning mex-5 and rec-8 gene sequences of different nematode species. Both genes were 

considerably conserved in the eight-nematode species. Nonetheless, the two genes were 

syntenic (have conserved order) in only six species: C. afra, C. becei, C.panamensis, C. 

elegans, C. remanei, and C. briggsae. Interestingly, out of the six species, only five have the 

two genes to be bidirectional, thus, under the control of the mex-5/rec-8 promoter. We 

found mex-5 and rec-8 gene bidirectional in C. afra, C. becei, C. elegans, C. remanei, and C. 

briggsae. Moreover, we screened for the occurrence of TTAAAGG..C and TAC.GTA motifs in 

the 1 kb region upstream of the mex-5 gene in the eight species (Figure 2.9). All species 

have TAC.GTA motif, and some of them have it in two positions within the 1 KB, C. 

afra and C. virilis. Unlike the former motif, we found the TTAAAGG..C motif conserved in 

only five species: C. virilis, C. becei, C. panamensis, C. elegans and C. briggsae. The two 

motifs reside in an intergenic region and have been conserved phylogenetically, suggesting 

their importance. Thus, we wanted to calculate the chance by which the two motifs can 

arise randomly due to the chance alone. For instance, TAC.GTA motif has once every 3 kb 

chance of appearing randomly in germline intergenic regions. Moreover, the chance of the 

TTAAAGG..C motif is once every 100 kb. We conclude that it is unlikely these motifs occur in 

the promoter of these genes purely by chance.   
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Figure 2.9.Alignment of different 1 KB regions that are upstream of mex-5 gene in different 
nematode species. Blue bars represent the palindromic TAC.GTA motif. Red bars represent 
TTAAAGG..C motif.   
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3. Discussion  

 
 In this study, we assessed the role of the germline-enriched motif, TTAAAG, using 

three reporter gene constructs (Figure 2.2). In each construct, GFP expression was driven by 

a pcn-1 promoter, which contains either wild-type, scrambled, or deleted TTAAAG motif 

(Figure 2.2). All three constructs were able to drive GFP expression in germline and somatic 

tissue (embryos and intestinal nuclei) (Figure 2.3). A previous study has examined PCN-1 

protein accumulation pattern in C. elegans (Kocsisova et al., 2018). Consistent with our 

data, they reported the PCN-1 accumulating in the germline. They performed their analysis 

by using FLAG::PCN-1, which is gnomically integrated, and under the control of the 

endogenous pcn-1 promoter. Interestingly, they reported a very low PCN-1 signal upon its 

staining, which goes against its high RNA level (Serizay et al., 2020). Nonetheless, our data 

comes in line with the reported high pcn-1 expression in the germline. Moreover, previous 

studies have reported its expression in embryonic tissue confirming that its observed 

embryonic expression is not stochastic (Brauchle, Baumer, & Gonczy, 2003; Kisielewska, 

Lu, & Whitaker, 2005).         

 Interestingly, all three constructs resulted in GFP expression throughout the 

germline, while PCN-1 has only been observed accumulating in the progenitor zone nuclei of 

the germline. The permissive nature of germline promoters could explain this difference. 

Merritt et al. (2008) have shown that promoters regulating germline cell-specific gene 

expression were able to drive reporter gene expression, nonspecifically, in all germ cell 

types (Merritt et al., 2008). Moreover, they found germline genes primarily regulated by the 

3’ and 5’ untranslated region (UTR) of their transcripts (Merritt et al., 2008; Theil et al., 

2018). Thus, the observed GFP expression from all tested constructs might be due to its 

regulation by the tbb-2 3’UTR (Figure 2.2). The tbb-2 3’UTR has been found responsible for 
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regulating the abundance of a reporter gene in all germ cells, despite the different germline 

promoters used and their germ cell specificity (Merritt et al., 2008).  

It is evident that the TTAAAG motif is not required for germline expression since all 

the three constructs showed the same GFP expression pattern with no significant difference 

between the three, p= 0.2679 (Figure 2.2 & Figure 2.4). Despite being a powerful system to 

study transcriptional regulation, extrachromosomal arrays are not necessarily regulated the 

same way as endogenous genes (Evans, 2006). Thus, the TTAAAG motif might be required 

in vivo, but this requirement has been poorly represented in our simple experimental 

system. Its endogenous knockout by CRISPR/CAS9 system can confirm its in VIVO 

requirement. Moreover, it might be the collaborative action of multiple germline motifs that 

drives germline expression. This comes in line with the role of regulatory elements, which is, 

augmenting gene expression rather than being indispensable for gene expression (Serizay et 

al., 2020). The phylogenetic conservation of the TTAAAG motif supports this notion, in 

which DNA sequences with essential functions are usually conserved. We found the TTAAAG 

motif conserved in three out of eight nematode species: C. remanei, C. elegans, and C. 

plicata. Moreover, the probability of having a TTAAAG motif randomly by chance in the 

upstream regions of germline genes is once every 2100 bp. It is a small chance of it 

appearing randomly in germline promoters considering that C. elegans has compact regions 

of protein-coding genes in which their promoters are usually short and in close proximity 

(Reinke et al., 2013).   

 

 Similarly, TTAAAGG..C and TAC.GTA motifs have been conserved through evolution. 

We found TAC.GTA motif present in all screened species with mex-5 and rec-8 genes in 

synteny: C. afra, C. becei, C. elegans, C. remanei, and C. briggsae. Nonetheless, we found the 
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TTAAAGG..C motif in only three species: C. becei, C. elegans, and C. briggsae. Therefore, we 

calculated the chance of the two motifs randomly appearing in germline upstream regions: 

the chance of TAC.GTA motif randomly occurring is once every 3 kb, while the chance of 

TTAAAGG..C motif is once every 100 kb. All of which suggests their importance; thus, we 

wanted to test their role in germline expression. Also, since TT periodicity has been 

maintained in all three former constructs, despite the scrambling and deletion of the 

TTAAAG motif, it might be possible that the TT periodicity is required for germline 

expression. Thus, we wanted to test both models.  

 

To test these possibilities, we have designed a system that allows us to monitor bi-

directional germline expression from extrachromosomal arrays (Figure 2.6). As mentioned 

earlier, bidirectionality is a common feature of germline promoters (Serizay et al., 2020). 

This system is regulated by a mex-5/rec-8 promoter in which we have made seven 

constructs representing serval experimental aspects (Figure 2.6). First, we want to test if 

more than one germline motif is required to control the reporter genes' expression. Thus, 

we have designed three constructs with either of the two motifs, TTAAAGG..C and TAC.GTA, 

scrambled, or both (Figure 2.6). Second, we want to test whether TT periodicity has a role in 

germline expression. Thus, we have designed a construct with no TT periodicity in regions 

encompassing the two germline motifs (Figure 2.6). Lastly, since we found the spacing 

conserved between the two motifs in different nematode species (Figure 2.8), we want to 

test if it has a role in germline expression and whether the steric deposition of the 

transcription machinery between the two motifs is what drives germline expression. Thus, 

we have designed a construct with triple spacing between the two motifs (Figure 2.6).  
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 We expect that scrambling of TTAAAGG..C will not affect germline expression since 

its sequence resembles the previously tested TTAAAG motif. Also, we predict the TAC.GTA 

motif to have no impact as well, because the other motif would compensate for its loss. 

However, the loss of the two motifs will possibly restrain the reporter genes expression in 

the germline. Similarly, we expect that the loss of TT periodicity will prevent reporter genes 

expression. Periodic TTs and PATC are two different DNA structures with sequence 

periodicity in common. Since lacking the PATCs leads to transgene silencing in the germline 

(Frokjaer-Jensen et al., 2016), we predict the former to have a similar effect.  Moreover, 

tripling the space between the two motifs might affect the germline expression since we 

have found the spacing conserved in different nematode species. We expect the system we 

have designed to allow us and others to identify regulatory elements that drive robust 

germline expression, which have thus far only been predicted bioinformatically. Moreover, 

it will allow us to determine if the periodic TTs play an important role in germline 

promoters.    
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4. Methods 

 
C. elegans strains:  

 The heavily outcrossed PS6038 (syEx1136; unc- 119(ed3)) strain was used 

throughout this study, acquired from the Caenorhabditis Genetics Center. Prior to 

microinjection, the worms were maintained on nematode growth medium (NGM) plates 

seeded with HB101 bacteria at 20℃. After microinjection, the worms were maintained on 

NGM plates seeded with OP50 bacteria lawn at 25 ℃. The plates were then starved (~ 7 days 

post-injection) and chunked into new NGM plates seeded with OP50 bacteria lawn. Finally, 

the clonal lines iSMK1.1, iSMK1.2, iSMK1.8 (wt TTAAAG motif), iSMK3.1, iSMK3.3,  

iSMK3.5 (scrambled motif ), and iSMK4.1, iSMK4.2 and iSMK4.4 (deleted motif) were 

obtained by picking one worm from each generated transgenic line.  

Microinjections:           

Injection mixes of a final volume of 100 ng/ul were injected to the distal arm of C. 

elegans' gonads as described in (C. Mello & A. Fire, 1995; Mello, Kramer, Stinchcomb, & 

Ambros, 1991). All injection mixes consisted of 25 ng/ul expression vector, and 75 ng/ul 1Kb 

Plus DNA Ladder (purchased from Thermos Fisher, cat. no. 10787018). They were injected 

into unc-119 worms using a Leica Inverted injection microscope. 

   

PCR:  

 The pcn-1 promoter (685 bp) was amplified from genomic DNA by employing 

oSMK1 and oSMK2 primers (Table A.1, Appendices) and using polymerase chain reaction 

(PCR). The PCR was done using standard thermocycler settings. Each cycle consisted of 
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denaturation at 98 ℃ for 60 seconds, annealing at 60 ℃ for 30 seconds, and extension at 72 

℃  for 1 min (1 minute per 1 Kb). The final extension time was set to be 1 minute.   

 

Gel purification and Miniprep:   

 DNA was purified from gel using the Zymogen Gel Purification kit. Plasmids 

purposed for cloning were miniprepped using QIAprep Spin Miniprep Kit. DNA for injection 

was isolated from Top10 competent cells using Invitrogen PureLinkTM Quick Plasmid 

Miniprep Kit (cat. no. K210010). 

 

Gateway cloning:   

 The genomically amplified pcn-1 promoter (by oSMK1 and oSMK2 oligos) had attB 

overhangs, which helped to create pENTR by incubating it with pDONR vector containing 

attP sites for 1 hour using the catalytic activity of Gateway BP ClonaseTM enzyme 

(Invitrogen cat. no. 11789013). The generated pENTR (pSMK1: pENTR[1-4] Ppcn-1 (start)) 

contains the pcn-1 promoter with a translation start site, and kanamycin-resistant gene. The 

expression vector, on the other hand, was generated by LR reaction. it was done by cloning 

the generated pENTR into a pDEST backbone, which produced pEXP by utilizing the 

catalytic activity of LR ClonaseTM II Plus enzyme (purchased from Invitrogen, cat. no. 

12538120). pENTR and pDEST were incubated with the LR ClonaseTM II Plus enzyme for 

24 hours in a 1:1 ratio. The generation of the targeted pEXP was confirmed by restriction 

digestion and sanger sequencing. The generated pEXP (pSMK2) has Ppcn-1, ce-GFP 

(PATCs enriched), tbb-2 3’UTR, and cbr-unc-119 rescue. Similarly, the expression vectors 

of scrambled and deleted TTAAAG motifs were produced by LR reaction.   
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Gibson cloning:  

 Oligos having scrambled and deleted TTAAAG motif were used to generate pcn-1 

promoter fragments with scrambled and deleted motif, oSMK7, oSMK8, and oSMK5, 

oSMK6, respectively. The oligos were used on pENTR (pSMK1) to amplify the promoter. 

After their generation by PCR, the fragments were run on a gel and purified.  pENTR of the 

two generated pcn-1 promoters were produced by Gibson reaction as described in (Gibson et 

al., 2009), pSMK4 and pSMK3, respectively. This has been done by incubating promoter 

fragments with linearized pSMK1 in which all intended fragments must have at least 20nt 

homology. The fragments were incubated with Gibson mix in 1:3 ratio at 50°C for 60 min in 

a thermocycler. The generated vectors, pSMK4 and pSMK3, were confirmed by restriction 

digestion.        

  

Restriction digestion and Sanger sequencing: 

 All generated plasmids were confirmed by restriction digestion reaction, catalyzed by 

the activity of various restriction digestion enzymes. Standard digestion mix was used 

composing of 2ul of plasmid DNA, 2ul of the suitable NEB buffer,1ul of restriction enzyme, 

and 15ul of Milli-Q water (total volume of 20ul). After one hour, the digested fragments were 

separated on 1% agarose gel and visualized using ethidium bromide. Sanger sequencing was 

used to confirm all generated pENTR plasmids, a service provided by KAUST Bioscience 

Core Lab.   

 

Transformation:  

All of the DNA transformations in this study were done on Top10 chemically 

competent cells. Before the transformation, cells were thawed for 30 minutes on ice; then, 2ul 

of DNA was added to them for 30 minutes. Subsequently, cells were heat-shocked for 45 
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seconds at 42°C water bath. They were then placed in 400 ul super optimal broth with 

catabolite repression (SOC) medium in which they were left to recover in 37°C shaking 

incubator for an hour, 180 rpm. Finally, cells were plated on pre-warmed antibiotic plates, 

and colonies were picked the subsequent day.       

 

Fluorescence Microscopy.  

Screening for successfully transformed animals was done using the fluorescence 

dissection microscope (Olympus SZX2-FOF). Germline GFP-expression Images (Figure 7) 

were obtained using an upright fluorescence microscope (LECIA DM2500 LED) with a 

monochrome LECIA DFC7000 GT camera at what magnification? 
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Appendices 

 

Appendix A: DNA sequences used in the study  

Table A. 1 Primers used in the study 

Oligo Sequence (5’->3’) 
oSMK1 CTATGCGTTTTCGGGTGTTT 
oSMK2 TCGGTGACGAGATCCTTGAT 
oSMK3 ggggacaactttgtatagaaaagttgGCGATTGGTTGCCTTTTTGA 
oSMK4 agcctgcttttttgtacaaacttgtcccCATTTTGACGGGAGATCTGA 
oSMK5 attaataaattagatttaaaccttattttcagacgtAACAAACAAATCAACTAAAACGTC 
oSMK6 taaattatgacgttttagttgatttgtttgttACGTCTGAAAATAAGGTTTAAATCTAAT 
oSMK7 gtttgttattatcacgtctgaaaataaGGTTTAAATCTAATTTATTAATTATAAAATTCG 
oSMK8 ttattttcagacgtgataataacaaacAAATCAACTAAAACGTCATAATTTATTTTTTAG 

 

Table A. 2 pcn-1 promoter sequences used in the study 

Wildtype  gcgattggttgcctttttgaatcactagtcttggtttttgttgtttctgtgaatgaataattggtttttcgaggtttttttgtca
aacatgcctaaaaaataaattatgacgttttagttgatttgtttgttctttaaacgtctgaaaataaggtttaaatctaattt
attaattataaaattcgtcaaaataagttgcgcgtcaaattatatgtattgtacgcagtgtcaaactccaggcctcagtt
ttcatgaatttaccagcgatttttgttataaatttttttattgaaatttaaaatttttatttttcaaccaatttgcctcgaaaatt
cgttatttccccattaaaaaccgcttttctaaagtgttgcgcgtcaaataaaatgcctggtacgcaatgcacggaga
atgcgcaaaggacgactgctggcgcactttttgaatgcggtaaattgaggcgcgaagtttcattcgaaaacgcgc
gcgaaacttcattcatcgcactttctccgttcatttcgtcctatttttttgtggtttttcgcgattttttcgcttttctgagtga
aaaaataattttccttcgttttttcaatgaaaatccgcggaaaacccattttttcccgtgaaaatccgcatttttcgctgt
atttcataatttttattcagatctcccgtcaaa 

Scrambled  gcgattggttgcctttttgaatcactagtcttggtttttgttgtttctgtgaatgaataattggtttttcgaggtttttttgtca
aacatgcctaaaaaataaattatgacgttttagttgatttgtttgttattatcacgtctgaaaataaggtttaaatctaattt
attaattataaaattcgtcaaaataagttgcgcgtcaaattatatgtattgtacgcagtgtcaaactccaggcctcagtt
ttcatgaatttaccagcgatttttgttataaatttttttattgaaatttaaaatttttatttttcaaccaatttgcctcgaaaatt
cgttatttccccattaaaaaccgcttttctaaagtgttgcgcgtcaaataaaatgcctggtacgcaatgcacggaga
atgcgcaaaggacgactgctggcgcactttttgaatgcggtaaattgaggcgcgaagtttcattcgaaaacgcgc
gcgaaacttcattcatcgcactttctccgttcatttcgtcctatttttttgtggtttttcgcgattttttcgcttttctgagtga
aaaaataattttccttcgttttttcaatgaaaatccgcggaaaacccattttttcccgtgaaaatccgcatttttcgctgt
atttcataatttttattcagatctcccgtcaaa 

Deleted  gcgattggttgcctttttgaatcactagtcttggtttttgttgtttctgtgaatgaataattggtttttcgaggtttttttgtca
aacatgcctaaaaaataaattatgacgttttagttgatttgtttgttACGTCTGAAAATAAGGTTTA
AATCTAATttattaattataaaattcgtcaaaataagttgcgcgtcaaattatatgtattgtacgcagtgtcaaa
ctccaggcctcagttttcatgaatttaccagcgatttttgttataaatttttttattgaaatttaaaatttttatttttcaacca
atttgcctcgaaaattcgttatttccccattaaaaaccgcttttctaaagtgttgcgcgtcaaataaaatgcctggtacg
caatgcacggagaatgcgcaaaggacgactgctggcgcactttttgaatgcggtaaattgaggcgcgaagtttca
ttcgaaaacgcgcgcgaaacttcattcatcgcactttctccgttcatttcgtcctatttttttgtggtttttcgcgattttttc
gcttttctgagtgaaaaaataattttccttcgttttttcaatgaaaatccgcggaaaacccattttttcccgtgaaaatcc
gcatttttcgctgtatttcataatttttattcagatctcccgtcaaa 
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Table A. 3 synthetic mex-5/rec-8 promoter fragments designed in the study 

wt  

GGTCTCtTGCCctgcaagaaaatacattttcgactgattttacggttttcacaacggcaaaatatcagtttttaa
aaaattaaaccataaaacaaataatataacccaatttttacatcaaaccacaagaaaaaaatacatttgggcccacgg
ataaagaaattaaaaaaatacattttttaaaggcgcaccgaattaaaattcatttgggtcttaccgcgtataccgtactc
cgtttgtttgatcatttttgtcagcgctggcggttgttttttcatttcatttctgcttcaaagacgttttctcgaataatttttcgt
ttattctcttttttaaaattaatttctagccgtaaatgttataaattcacccatttaacgcaaatttcatggtaatctcatggaa
aaatgcagtttctttgttaaagaaagcttaaatagcaaaaattccccgactttccccaaaatcctgctcgattttccgtttt
ctcattgtattctctcttaattaattttatcgataatcaattgaatgtttcagacagagaGCAAtGAGACCa 

ttaaagg..c (s)  

GGTCTCtTGCCctgcaagaaaatacattttcgactgattttacggttttcacaacggcaaaatatcagtttttaa
aaaattaaaccataaaacaaataatataacccaatttttacatcaaaccacaagaaaaaaatacatttgggcccacgg
ataaagaaattaaaaaaatacattttacgttgaagcaccgaattaaaattcatttgggtcttaccgcgtataccgtactc
cgtttgtttgatcatttttgtcagcgctggcggttgttttttcatttcatttctgcttcaaagacgttttctcgaataatttttcgt
ttattctcttttttaaaattaatttctagccgtaaatgttataaattcacccatttaacgcaaatttcatggtaatctcatggaa
aaatgcagtttctttgttaaagaaagcttaaatagcaaaaattccccgactttccccaaaatcctgctcgattttccgtttt
ctcattgtattctctcttaattaattttatcgataatcaattgaatgtttcagacagagaGCAAtGAGACCa 

tac.gta (s)  

GGTCTCtTGCCctgcaagaaaatacattttcgactgattttacggttttcacaacggcaaaatatcagtttttaa
aaaattaaaccataaaacaaataatataacccaatttttacatcaaaccacaagaaaaaaatacatttgggcccacgg
ataaagaaattaaaaaaatacattttttaaaggcgcaccgaattaaaattcatttgggtcttaccgcgtaattcagcctc
cgtttgtttgatcatttttgtcagcgctggcggttgttttttcatttcatttctgcttcaaagacgttttctcgaataatttttcgt
ttattctcttttttaaaattaatttctagccgtaaatgttataaattcacccatttaacgcaaatttcatggtaatctcatggaa
aaatgcagtttctttgttaaagaaagcttaaatagcaaaaattccccgactttccccaaaatcctgctcgattttccgtttt
ctcattgtattctctcttaattaattttatcgataatcaattgaatgtttcagacagagaGCAAtGAGACCa 

both s  

GGTCTCtTGCCctgcaagaaaatacattttcgactgattttacggttttcacaacggcaaaatatcagtttttaa
aaaattaaaccataaaacaaataatataacccaatttttacatcaaaccacaagaaaaaaatacatttgggcccacgg
ataaagaaattaaaaaaatacattttacgttgaagcaccgaattaaaattcatttgggtcttaccgcgtaattcagcctc
cgtttgtttgatcatttttgtcagcgctggcggttgttttttcatttcatttctgcttcaaagacgttttctcgaataatttttcgt
ttattctcttttttaaaattaatttctagccgtaaatgttataaattcacccatttaacgcaaatttcatggtaatctcatggaa
aaatgcagtttctttgttaaagaaagcttaaatagcaaaaattccccgactttccccaaaatcctgctcgattttccgtttt
ctcattgtattctctcttaattaattttatcgataatcaattgaatgtttcagacagagaGCAAtGAGACCa 

TT 
periodicity 

GGTCTCtTGCCagatgatagagacatatatataatatataaaagacatatacatgatataatcaacacatacat
tatgatgtatcacatgtttactatatagacacctcagacagaccccaaagctatatatgaaaaaatcaacacaagtcaa
ataatatgcacaatatatatatttacttaaaggcgcaccgatataaatatcatgtgtgtctactcgcgtataccgtactcta
tatatatatctctgctcaatagctaaggtcaactgatcctggccagtgtctgatctactctatcatacactatagctatctc
ataagatactagagtatatgctatagaatatatctgtctatgtatcgtatgctagttatttttctcatctgttctgtgtgtatat
atatataagcactctgatcttagtagtcgctaaatatctactatatctatatataatctactcatatctatcatatctcatgtc
atatgtgtatatatgtgtctctattttgtctctatgtactctattctgctctatgtgtatgGCAAtGAGACCa 

triple spacing 
between the 
two motifs  

GGTCTCtTGCCctgcaagaaaatacattttcgactgattttacggttttcacaacggcaaaatatcagtttttaa
aaaattaaaccataaaacaaataatataacccaatttttacatcttaaaggcgcaaaccacaagaaaaaaatacatttg
ggcccacggataaagaaattaaaaaaatacattttaccgaattaaaattcatttgggtcttaccgcgtataccgtactcc
gtttgtttgatcatttttgtcagcgctggcggttgttttttcatttcatttctgcttcaaagacgttttctcgaataatttttcgttt
attctcttttttaaaattaatttctagccgtaaatgttataaattcacccatttaacgcaaatttcatggtaatctcatggaaa
aatgcagtttctttgttaaagaaagcttaaatagcaaaaattccccgactttccccaaaatcctgctcgattttccgttttc
tcattgtattctctcttaattaattttatcgataatcaattgaatgtttcagacagagaGCAAtGAGACCa 

Inverted 
promoter 

GGTCTCtTGCCtctctgtctgaaacattcaattgattatcgataaaattaattaagagagaatacaatgagaaa
acggaaaatcgagcaggattttggggaaagtcggggaatttttgctatttaagctttctttaacaaagaaactgcattttt
ccatgagattaccatgaaatttgcgttaaatgggtgaatttataacatttacggctagaaattaattttaaaaaagagaat
aaacgaaaaattattcgagaaaacgtctttgaagcagaaatgaaatgaaaaaacaaccgccagcgctgacaaaaat
gatcaaacaaacggagtacggtatacgcggtaagacccaaatgaattttaattcggtgcgcctttaaaaaatgtatttt
tttaatttctttatccgtgggcccaaatgtatttttttcttgtggtttgatgtaaaaattgggttatattatttgttttatggtttaa
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ttttttaaaaactgatattttgccgttgtgaaaaccgtaaaatcagtcgaaaatgtattttcttgcagGCAAtGAGA
CCa 
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Appendix B: plasmids used in the study  
 
Table B. 1 list of plasmids generated in this study   

pSMK1 pENTR[1-4] Ppcn-1 (start) 
pSMK2 pEXP[Ppcn-1 (start) | ceGFP(700bp 

PATCs, NLS, no start, no stop) | stop tbb-2 
UTR] 

pSMK3 pENTR (Del) Ppcn-1 , (start, transcription 
binding site) 

pSMK4 pENTR (scrambled) Ppcn-1 , (start, 
transcription binding site) 

pSMK5 pEXP-scrambled[Ppcn-1 (start) | 
ceGFP(700bp PATCs, NLS, no start, no 
stop) | stop tbb-2 UTR] 

pSMK6 pEXP[Ppcn-1-Del (start) | ceGFP(700bp 
PATCs, NLS, no start, no stop) | stop tbb-2 
UTR] 

 


