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ABSTRACT 
 

 
 

TRANSLATION-DEPENDENT MRNA LOCALIZATION IN THE CAENORHABDITIS 

ELEGANS EMBRYO 

 

Though each animal cell contains the same genetic information, cell-specific gene 

expression is required for embryos to develop into mature organisms. Embryos rely on 

maternally inherited components during early development to guide cell fate specification. In 

animals, de novo transcription is paused after fertilization until zygotic genome activation. 

Consequently, early embryos rely on post-transcriptional regulation of maternal mRNA to 

spatially and temporally regulate protein production.  

Caenorhabditis elegans has emerged as a powerful developmental model for studying 

mRNA localization of maternally-inherited transcripts. We have identified subsets of maternal 

mRNAs with cell-specific and subcellular patterning in the early C. elegans embryo. Previous 

RNA localization studies in C. elegans focused on maternal transcripts that cluster in the 

posterior lineage and showed mRNA localization occurs in a translation-independent manner 

through localization sequence elements in the 3’UTR. However, little is known about the 

mechanisms directing RNA localization to other subcellular locales in early embryos. Therefore, 

we sought to understand the localization of maternal transcripts found enriched at the plasma 

membrane and nuclear periphery, erm-1 (Ezrin/Radixin/Moesin) and imb-2 (Importin Beta), 

respectively.   
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In this thesis, I characterize two different translation-dependent pathways for mRNA 

localization of maternal transcripts at the plasma membrane and nuclear periphery. I identified 

the PIP2-membrane binding region of the ERM-1 proteins is necessary for erm-1 mRNA 

localization while identifying additional membrane localized maternal transcripts through the 

presence of encoded PIP2-membrane binding domains. Additionally, I observed that mRNA 

localization patterns can change over developmental time corresponding to changes in translation 

status. For imb-2 mRNA localization, I found localization to the nuclear periphery is also 

translation-dependent. Through recoding the imb-2 mRNA sequence while maintaining the 

translated peptide sequence using alternative codons, I found both localization and transcript 

stability additionally depends on mRNA sequence context. These findings represent the first 

report of a translation-dependent localization pathway for two maternally-inherited transcripts in 

C. elegans and demonstrate the utility of C. elegans as a model for studying translation-

dependent mRNA localization during development. 
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Chapter 1 

Introduction: A review of mRNA localization and 

local translation  

 

1.1     Introduction 

The work described in this thesis primarily focuses on understanding the relationship 

between translation status and subcellular localization patterning for two uncharacterized 

maternal transcripts, erm-1 and imb-2. Previously in C. elegans, RNA localization has only been 

described for maternal transcripts that cluster in the posterior lineage by translation-independent 

localization mechanisms. This project expands RNA localization studies to the plasma 

membrane and nuclear periphery. Additionally, this work proposes a different translation-

dependent localization pathway for either locale during early development. This introduction 

begins with a historical perspective of mRNA localization followed by a description of both 

classical and novel translation-independent and translation-dependent localization pathways. 

Where applicable, I will detail the potential functions of mRNA localization, often through the 

benefits of local translation. Finally, I will posit potential hypotheses guiding the localization of 

erm-1 mRNA to the plasma membrane and imb-2 to the nuclear periphery based on what is 

known in the RNA localization field and specifically in C. elegans embryogenesis.   

 
 

1.1.1     A historical perspective of mRNA localization 
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The asymmetric distribution of mRNA was first documented in sea squirt embryos 

(Styela plicatea) in 1983 when Jeffries et al. detected ß-actin mRNA concentrating within 

myoplasm (progenitor muscle tissue) by in situ hybridization [1]. Later, ß-actin mRNA was 

found polarizing to the leading edge of motile cells within chicken embryonic fibroblasts [2]. A 

conserved RNA sequence in the ß-actin 3’UTR, termed “zip code”, was later recognized as 

required for ß-actin localization [3]. Subsequent studies identified that the RNA binding protein 

(RBP) ZBP1 was also necessary for ß-actin mRNA localization while maintaining a 

translationally repressed state during transit [4,5]. Since these seminal studies, ß-actin has 

continued to serve as a foundational example of the close relationship between mRNA 

localization and regulatory control [6–9].  

mRNA partitioning was soon observed in other developmental models. In the mid-1980s, 

studies first in Xenopus and later Drosophila reported asymmetric distribution of maternally-

deposited transcripts in early embryos, leading to the hypothesis that partitioned pools of mRNA 

could determine morphogen gradients that establish cell fate [10,11]. After the advent of in situ 

visualization, mRNA localization was reported in diverse organisms including rice endosperm 

cells, yeast (Saccharomyces cerevisiae), mammalian neurons, and bacteria (Escherichia coli), 

among others [12–15].  

As visualization techniques and genomics assays have advanced, mRNA localization has 

been recognized as a prevalent feature of biology across domains and kingdoms, sometimes 

representing a surprising percentage of the transcriptome. In an ambitious study in Drosophila 

embryos, researchers surveyed the localization of 8000 mRNA transcripts by in situ 

hybridization. They found that, depending on the developmental stage, up to 90 % of the 

surveyed transcripts were spatially restricted [16,17]. Through combining genomics assays with 



 3 

subcellular dissection, proximity labeling (APEX-seq), or fractionation (subRNA-seq), an 

expanding catalog of subcellular transcriptomes has led to the identification of many localized 

mRNAs [18–22]. The RNALocate database was created to organize this new data and manually 

curated 210,000 RNAs with 171 subcellular localizations in 104 species so far [23]. These 

studies indicate that mRNA localization is a widespread feature of biology and is a rich area for 

study.  Many questions remain, though recent insights on mechanism and function describe how 

RNA localization post-transcriptionally fine-tunes gene expression regulation.  

 

1.1.2     Functions of mRNA localization 

What is the purpose of concentrating mRNAs in distinct regions of the cell? During 

production, mRNA concentrates within active transcription sites or at processing centers. Post-

transcriptionally, mRNA localization is often linked to translational control, but with diverse 

relationships. mRNA localization can be associated with translational repression, as in stress 

granules that coalesce repressed transcripts under stress conditions [21,24,25]. Alternatively, 

mRNA enrichment to certain locales is also associated with local translation (Figure 1.1). At the 

synapse in neurons, mRNA localization facilitates rapid protein synthesis in response to local 

stimuli [26–28]. mRNA localization can also direct translation to occur in an environment that 

fosters proper protein processing, folding, or assembly while preventing deleterious interactions 

[29,30]. Further, mRNA localization can create high local concentrations or gradients of proteins 

at subcellular locales leading to asymmetric inheritance in daughter cells [31,32]. mRNAs can 

also perform diverse functions independent of protein expression. Similar to long non-coding 

RNAs (lncRNAs) that can have structural roles in the cell, mRNAs too have been shown to act 

as scaffolds for biomolecular condensate formation [33]. In many instances, the functions and 
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consequences are just beginning to be understood. It is tempting to hypothesize that RNA 

localization always occurs for some purpose or to promote a given expression outcome. mRNA 

localization may also occur as the downstream result of regulatory processes such as 

translational repression, RNA interference, processing, or decay. However, the link between 

mRNA localization and local translation is growing stronger with recent evidence spanning 

diverse systems and cell types. 

1.2.1     mRNA localization and translation repression 

Historically, mRNA localization patterning has been associated with translation 

repression. The earliest mRNA localization patterns observed was accumulation, or clustering, 

within cell structures now known as germ granules [34,35]. Germ granules are membraneless 

organelles comprised of RNAs and proteins linked to fertility and are one of the major 

cytoplasmic condensates known to accumulate RNA [35]. Two other major cytoplasmic 

condensates concentrate RNA and proteins, stress granules and P-bodies.  

mRNA localization associated with translation repression has been extensively studied in 

germ granules due to their conservation across sexually reproducing organisms and being one of 

the earliest observed membraneless organelles. The culmination of seminal studies informed a 

model where germ granules promote germline specification in early development through 

repression of non-germ cell gene expression profiles, maintenance of small RNA surveillance, 

and other mechanisms [35–37] The Caenorhabditis elegans germ granule, termed P granule for 

their persistence in the posterior (P) lineage, has served as a tractable model for understanding 

germ granule function and RNA accumulation. P granules contain proteins associated with 

translational control and RNA metabolism [38–44]. In recent years the number of known P 

granule-enriched mRNAs has grown from six transcripts to thousands [45–48].  nos-2 (homolog 



 5 

of Drosophila nanos) has emerged as a model transcript illustrating that translation repression 

precedes accumulation in P granules. The accumulation of maternal mRNA in P granules is 

posited to function in sequestering and storing mRNA for germline-specific translation upon 

zygotic genome activation (ZGA) [49,50]. 

Stress granules, first observed by microscopy and cell fractionation, form under 

conditions that inhibit translation initiation in eukaryotes [51–53]. Stalled 48s pre-initiation 

complex-associated RNAs, translation regulatory RNA binding proteins (RBPs), and various 

other metabolic enzymes comprise stress granules [21,53,54]. Nucleocytoplasmic transport is 

disrupted upon stress induction as stress granules sequester key transport components [55]. The 

leading “triage” model for stress granule function suggests stress induces coalescence of 

translationally repressed mRNA and stress granules proteins leading to remodeling, 

modification, and in some instances the handoff of RNA to decay machinery [55–59]. 

Ultimately, this is thought to promote gene expression reprogramming to facilitate stress 

recovery and the process is reversible. 

Processing bodies, or P-bodies, were first observed in 1997 as foci of the mouse 

exonuclease XRN-1 [60]. The identification of additional RNA decay factors within P-bodies, 

including decapping and Lsm proteins, led to the model that these foci are RNA decay factories 

[61]. While this simple model is complicated by the presence of cell signaling components and 

nonsense-mediated decay inhibitors, P-bodies are still known to be associated with 

translationally repressed mRNA, mRNA metabolism, and decay [55,62,63].  
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Figure 1.1: Graphical depiction of RNA localization pathways in relation to translation status. 

Translationally repressed transcripts often accumulate in cytoplasmic condensates (left). Local translation is 

achieved through translation-dependent or translation-independent mRNA localization pathways (right). 

 

 

1.3.1     mRNA localization and local translation 

While RNA can be localized or accumulated within specific biomolecular condensates 

for the purposes of decay and metabolism, RNA localization is also linked to facilitating 

localized translation. Localized translation can be achieved through two primary pathways; 

translation-independent mRNA localization and translation-dependent mRNA localization 

(Figure 1.1). In the translation-independent pathway, localization is commonly directed by a cis-

acting RNA “zipcode”, often located in the 3´UTR and recognized by trans-acting factors 

[29,64]. In contrast, the translation-dependent pathway requires a nascent polypeptide or protein 

domain first be synthesized for the localization of the associated mRNA. This can occur either 

co-translationally with translation actively occurring during transit, or localization can occur 

during a pause in translation after the initiation of elongation with translation resuming only 
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upon arrival at the final destination [65,66]. In both scenarios, mRNA transport often precedes 

complete synthesis of the protein, can involve different stages of translational repression and 

activation, and can be followed by further rounds of translation at the destination. Whether the 

information directing localization is carried in the protein, mRNA, or both, local enrichment of 

mRNA can be mechanistically achieved through directed transport, diffusion and anchoring, and 

localized protection from degradation [67,68].  

 

1.3.2     Local translation by translation-independent mRNA 

localization 

1.3.2.1     Classical examples of translation-independent mRNA localization 

and local translation 

Many classical examples of local translation are achieved by translation-independent 

mRNA localization. β-actin mRNA enriches in cell projections to facilitate mobility, MAP2 

mRNA is transported to dendrites to enhance synaptic activity, morphogenic transcripts in 

Drosophila (bicoid, oskar, and nanos) polarize to orchestrate early embryonic development, and 

Ash1 mRNA in budding yeast goes to the daughter to determine mating type switching [69]. 

Many of these examples have contributed to a common theme that RNA sequences embedded in 

the transcript recruit RBPs capable of moving mRNA to a subcellular destination. These RNP 

complexes typically use cytoskeletal networks and ATP-dependent motors for transport often in 

a translationally repressed state [31,70]. As each of these foundational examples continues to 

inform our understanding of the breadth and diversity of these processes, recent studies are 

uncovering new complexities and nuances to the models these formative studies revealed.  
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Since its discovery, studies of the β-actin mRNA localization have advanced our 

understanding of translation-independent RNA localization [4,71]. We now know that the 

ZBP1/β-actin mRNA complex interacts with kinesin motor proteins to bring the mRNA near the 

leading edge of the cell, resulting in enrichment at the motile region of the cell [6,8,71]. At the 

leading edge, phosphorylation of ZBP1 by Src kinase dissolves the complex allowing translation 

to initiate [5]. . Recent characterization of the β-actin interactome identified over 60 new RBPs, 

including FUBP3, that bind downstream of the known 3´UTR zipcode bound by ZBP1. 

Interestingly, loss of FUBP3 results in mislocalization of β-actin mRNA and inappropriate 

translation, similar to the loss of ZBP1. This mislocalization phenotype indicates there are 

several layers of regulation occurring on this transcript with more potentially to be discovered 

[5,71]. Ultimately, this carefully orchestrated regulation of local translation stimulated by 

guidance cues results in local actin production at protrusions facilitating cell motility and 

migration. 

The long, polarized structures of neurons present some of the most striking examples of 

translation-independent mRNA localization followed local translation and its impact on gene 

expression. Neurons are highly polarized cells, with extensions up to a meter away from the cell 

body, and they must be able to respond rapidly to incoming stimuli by regulating their local 

proteome. An early study in dendritic spines identified a pool of ribosomes, suggesting local 

translation occurs in these distal projections [72]. The first evidence of locally translated RNA 

arrived with the identification of MAP2 (microtubule-associated protein 2) mRNA, encoding the 

MAP2 protein instrumental in synapse formation, in rat hippocampal dendrites [73]. Since the 

discovery of MAP2 local translation, numerous examples of mRNAs localizing within neurons 

have been identified, placing them within dendrites, in axons, in neuroblasts, and at synapses. 
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Translation-independent mRNA localization and local translation in neurons can provide 

multiple functions during their life cycle. Mature neurons may rely on local translation for 

response to physiological processes while developing neurons rely on local translation for 

synaptogenesis and axon pathfinding [28]. Mislocalization has been linked to a growing number 

of neuronal diseases such as fragile X syndrome (and Fragile X-linked mental retardation), spinal 

muscular atrophy (SMA), myotonic dystrophy (MD), and amyotrophic lateral sclerosis (ALS) 

emphasizing the importance of mRNA localization on human health [74–76].  

In parallel with the discoveries in highly structured and polarized neurons, translation-

independent mRNA localization followed by local translation was observed in Drosophila 

embryos. The maternally-deposited morphogenic transcript bicoid is localized in a translationally 

repressed state to the anterior pole through active transport along the microtubule network [77]. 

The localizing RNA element is a series of stem-loops in the 3’UTR that facilitates binding by the 

RBP Vps36 (a subunit of the ESCRT-II complex). Upon enrichment at the anterior pole, Bicoid 

protein is locally translated and contributes to body axis determination. Mislocalization of 

maternal bicoid mRNA to the posterior pole of the embryo results in dramatic developmental 

defects, linking the mislocalization of mRNA to a functional outcome during embryogenesis 

[78,79]. At the posterior of the embryo, translation of another maternal morphogen, nanos, is 

required for proper patterning of the anterior-posterior axis [80,81]. Prior to zygotic genome 

activation, nanos mRNA is localized and maintained in a translationally repressed state through a 

hand-off of RBPs via zip codes in the 3’UTR and sequestered in germ granules until ZGA. 

mRNA transport, tethering, and protection from degradation all contribute to the spatial 

patterning of morphogens that ultimately direct body patterning through local translation 

[32,82,83].  
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mRNA localization has also been extensively studied in Saccharomyces cerevisiae. 

While many mRNAs have now been identified as localized and locally translated, the best 

characterized is the ASH1 mRNA encoding the transcription factor Ash1 [84–86]. ASH1 mRNA 

accumulates at the emergent mother bud tip during anaphase, where its localized protein 

production represses mating type switching in the bud cell and ensures adequate populations of 

both a and α mating types within homothallic populations [14,87]. This is achieved through 

transport along actin filaments while maintained in a translationally repressed state [88,89]. 

Local translation of ASH1 requires phosphorylation of the repressive complexes at the bud tip 

[89]. This discovery provided further evidence that spatially specified translation can diversify 

gene expression between mother and daughter cells even as their genotypes remain the same. 

1.3.2.2     Emerging examples of translation-independent mRNA localization 

and local translation 

While most cytoplasmic condensates are associated with translation repression (section 

1.2), a novel condensate called the TIS granule facilitates local translation at the endoplasmic 

reticulum (ER) [90]. TIS granules are non-spherical, membraneless organelles formed by the 

RBP TIS11B and its RNA targets. The CD47 mRNA serves as a model for TIS granule function. 

TIS11B binds AU-rich elements present only in the longer 3’UTR of two alternatively-spliced 

CD47 isoforms. TIS11B ushers the long CD47 mRNA to the TIGER (TIs Granule ER) domain, 

an extraluminal space formed from TIS granules interleaved with the ER. This distinct 

environment promotes CD47 complex formation with its effector protein, SET, in a splice-

variant-specific manner. The TIS granule environment is distinct from other condensates as it 

creates a translation permissive microenvironment where CD47 RNA interacts with SET protein 



 11 

co-translationally (Figure 1.2A). TIS granules represent a growing list of condensates that are 

now associated with local translation [91–94].  

ß-actin mRNA localization was the first model transcript for RNA localization distal 

projections in neurons and leading edges in embryonic cells, RNAs locally translate to cell 

peripheries in a diversity of cell types [95–97]. A subset of these transcripts, primarily comprised 

of mRNAs encoding signaling and cytoskeleton regulators, require the APC tumor suppressor 

protein for localization [98]. These are classified as APC-dependent, and the 3’UTRs of these 

transcripts are necessary and sufficient to direct localization to cell projections and require the 

cytoskeletal network [97,98]. The kinesin motor KIF1C directs APC-dependent mRNAs towards 

the periphery in HeLa cells while also binding its own mRNA, suggesting a potential feedback 

model to maintain peripheral localization [99]. Intriguingly, these APC-dependent mRNAs 

accumulate in clusters at cell peripheries. KIF1C facilitates this clustering upon suppression of 

local translation, but the exact mechanism is unknown [97,99]. This further supports the 

model that translationally repressed transcripts coalesce upon translation inhibition as observed 

for mRNAs in stress granules, P-bodies, and germ granules. However, it remains unclear 

whether these repressed APC-dependent mRNAs are accumulating in known cytosolic 

condensates or a novel condensate. 

Translation-independent localization of another APC-dependent mRNA, RAB13, 

expands upon the canonical ß-actin model of local translation. RAB13 mRNA encodes a GTPase 

important for vesicle-mediated membrane trafficking. RAB13 mRNA is enriched at peripheral 

protrusions while, in contrast, RAB13 protein is perinuclear localized. The RAB13 mRNA 

3’UTR is sufficient to direct localization to protrusions, but peripheral translation of the RAB13 

mRNA is required for full activation of the encoded GTPase [97]. The peripheral localization is 
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important for co-translationally associating the nascent RAB13 protein with the exchange factor 

RABIF. The RAB13-RABIF association at the cell periphery is necessary for RAB13 GTPase 

activity to promote its function in cell migration. Mislocalization of RAB13 mRNA to the 

nuclear periphery phenocopies the effect of the loss of RAB13 protein, indicating co-

translational association with the effector protein RABIF at the nuclear periphery is necessary for 

function [97].  

As mRNA localization mechanisms are identified in different cell types across kingdoms 

of life, little is known about which sequencing elements are shared and conserved. RNA 

proximity labeling identified the basal enriched transcriptome in human intestinal epithelial cells. 

mRNAs encoding ribosomal proteins contain a localization sequence element in the 5’UTR, the 

5’TOP motif, which is bound by the TOP-binding protein LARP1. While initial studies were 

conducted in human intestinal epithelial cells, this same localization pattern and localization 

elements persists in mouse neuronal cells. The conserved 5’TOP motif/LARP interaction is 

sufficient to drive basal RNA localization in both neuronal and epithelial cells [100]. Depleting 

Larp1 in neuronal cells and epithelial cells causes defective phenotypes, indicating localization 

of 5’UTR TOP motif transcripts is important for the health of multiple cell types. These findings 

demonstrate that localization mechanisms can extend across different cell morphologies while 

also identifying LARP1 as a localization regulator across the apicobasal axis in epithelial cells.  
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Figure 1.2: Examples of local translation achieved through translation-independent and translation-

dependent mRNA localization pathways. (A) TIS granules in human cell lines are mesh-like condensates 

interweaved with the ER. In these condensates, TIS11B associates with the AU rich elements present in the 

long 3’UTR isoform of CD47 mRNA to facilitate interaction with its effector protein, SET, upon translation. 

(B) In human cells, the PCNT mRNA is actively transported towards the centrosome to facilitate rapid 

incorporation into the transient pericentriolar material (PCM). (C) In fasting mouse enterocytes, mRNA 

encoding ribosomal proteins is basally enriched. Upon feeding, ribosomal encoding mRNA is localized to 

the apical side in a translation-dependent manner. 
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1.3.3     Local translation by translation-dependent mRNA 

localization 

1.3.3.1     Classical examples of translation-dependent mRNA localization and 

local translation 

In contrast to translation-independent mRNA localization followed by local translation, 

translation-dependent mRNA localization requires a nascent peptide chain to direct localization 

to subcellular destinations, and consequently, transport occurs in conjunction with translation. 

Targeted translation in stable, polarized cells such as neurons can offer advantages of locally 

producing multiple protein molecules and rapid response to stimulus. Additionally, transporting 

mRNA in a translationally repressed state can prevent premature or inappropriate interactions, 

making use of the cytoskeletal network for trafficking across large distances. Therefore, it has 

been surprising as new studies reveal translation-dependent pathways for mRNA localization in a 

multitude of cell types and organisms. While the mechanisms and functions of this type of 

localization remain largely unknown, recent studies are providing insight. 

The best characterized example of translation-dependent localization is the secreted, or 

membrane protein-encoding mRNA population at the ER. In the classic ER localization pathway, 

mRNAs targeted to the ER are recognized by a signal recognition particle (SRP) binding a 

nascent signal peptide [101,102]. In eukaryotes, an estimated 30% of proteins are synthesized at 

the ER (Stevens and Arkin 200). Of these, roughly 57% of the corresponding mRNAs localize in 

a co-translational, SRP-dependent manner in yeast [103,104]. In this transport pathway, a 

nascent signal peptide is recognized by the SRP which binds and ushers the entire ribosome-

nascent-chain complex (RNC) to the ER [101,102]. SRP binding stalls translation elongation, 
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indicating SRP-mediated mRNA transport not only depends on translation initiation and initial 

elongation but can also involve temporary translational repression [105]. This translation-

dependent mechanism has served as a model for understanding how nascent peptides can be 

instructive for localizing the peptide, its translational machinery, and its associated mRNA [104].  

Recent studies have unveiled novel aspects of the co-translational SRP-mediated 

pathway. Translation-independent mechanisms of localizing mRNA to the ER also exist 

[90,106]. Ribosome profiling has revealed that SRP molecules can pre-associate with most target 

transcripts prior to translational initiation through 3’UTR sequences, supporting SRP recruitment 

prior to protein synthesis [107]. Additionally, many ER integral membrane proteins are posited 

to undergo multiple rounds of translation [108]. This pioneering round of targeting followed by 

successive rounds of translation at the ER was also observed using single-molecule imaging of 

nascent peptides (SINAPS) [109]. Together, these findings illustrate how SRP-directed mRNA 

localization is co-translational but can include a mix of RNA-dependent and peptide-dependent 

targeting. ER-associated mRNAs are underrepresented in stress granule transcriptomes, 

suggesting they are not translationally repressed and instead are locally translated to facilitate a 

regulatory role of the ER during stress response. In this way, proteins can be produced at their 

site of action, allowing for proper folding, efficient incorporation into complexes and 

membranes, and rapid, local protein production. 

1.3.3.2     Emerging examples of translation-dependent mRNA localization 

and local translation 

mRNA targeting to the outer mitochondrial membrane by translation-dependent 

mechanisms has been recently observed. mRNA accumulation and translation at the 

mitochondrial membrane appear to be a combination of translation-dependent and translation-
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independent pathways [19,110,111]. The outer membrane protein (OM14) functions as a 

reception for ribosome-nascent chain complexes (RNC) and translocase of the outer membrane 

(TOM) complex both facilitate recruitment of cytosolic ribosomes and local translation on 

mitochondrial membranes [112,113]. This local translation through translation-dependent 

mechanisms can ensure proper protein targeting, coordinate mitochondrial growth and function, 

and efficiency of the mitochondria [114]. 

In addition to the ER and mitochondrial outer membrane, translation-dependent mRNA 

localization is now recorded at the plasma membrane as well. In Drosophila, the anillin mRNA 

encodes the Anillin protein, which separates nuclei within the embryonic syncytium and is 

critical for the structural integrity of the pseudo cleavage furrow [115]. In early embryogenesis, 

anillin mRNA colocalizes in a distinct hexagonal pattern with the Anillin protein by a 

translation-dependent mechanism [17,116]. Independent of its 5´UTR or 3´UTR, anillin mRNA 

localization requires translation of the pleckstrin homology (PH) and actin-binding domains, 

suggesting that mRNA localization can be directed by membrane-associated protein domains. 

This has since also been observed in C. elegans embryos in developing epithelial tissues [117]. 

During mitosis, cells rely on centrosomes to coordinate microtubule dynamics and ensure 

proper segregation of genetic material into each daughter cell [118]. Centrosomes are the 

primary microtubule organizer in most animal cells comprised of a central pair of centrioles 

surrounded by the pericentriolar material (PCM). Several mRNAs have been identified in 

association with centrosomes in diverse cell types, a subset of which have been identified as 

having translation-dependent localization [17,20,30,65]. Accumulation of the PCM is largely 

driven by the protein PCNT [119]. PCNT mRNA localizes to centrosomes in a translation- and 

dynein-dependent manner during centrosome maturation [65,120] (Figure 1.2B). This is 
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hypothesized to combat the kinetic challenge of transporting and incorporating this large protein 

during the short period of early mitosis. The microtubule minus-end regulator ASPM similarly 

localizes co-translationally to the mitotic spindle poles, presumably to combat the same 

challenges [20]. 

In the same study that identified ASPM translation-dependent mRNA localization, a 

screen of 523 human transcripts found 32 that localize to distinct regions of HeLa cells such as 

the centrosome, spindle poles, cellular protrusions, endosomes, Golgi, mitochondria, ER, nuclear 

pores, cell cortex, and punctate cytoplasmic granules [20]. These localizations were often shared 

by the proteins they encode. Of 13 mRNAs tested, 11 depended on active translation to maintain 

their localization. This work suggests that co-translational mRNA localization is more prevalent 

and diverse than initially thought and potentially serves a multitude of different functions 

depending on location and cell cycle stage. 

In both the co-translational and translation-independent pathways, mRNA localization is 

connected to diverse and unique mechanisms of post-transcriptional regulatory control that can 

modulate gene expression. The spatial organization of localized mRNAs often coincides with the 

localization of the proteins they encode. However, this relationship is not seen in all cases 

(dueling localizations of RAB13 mRNA and RAB13 protein in section 1.3.2.2). Highly polarized 

cells of the mouse gut epithelium can localize their transcripts to either ribosome rich or 

ribosome poor locales in correlation with different levels of translational output (Figure 1.2C) 

[121]. These intestinal enterocytes absorb nutrients on their apical side and secrete nutrients into 

the bloodstream on the basal side. 30% of highly expressed transcripts are polarized to the apical 

or basal sides of these cells [121]. However, their accumulation overlapped poorly with the 

ultimate localization of their encoded proteins and instead correlated with their level of 
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translational output, with translationally active transcripts accumulating apically (Figure 1.2C). 

Associated with this increased translational output, a larger pool of ribosomes, ribosomal RNA, 

and ribosomal protein encoding mRNA was also observed on the apical side upon feeding. 

Intriguingly, this provides evidence for a rapid positive feedback mechanism able to upregulate 

translation under fed conditions. That is, when gut epithelial cells are stimulated to high 

metabolic states through feeding, ribosomal protein-encoding mRNAs re-orient to the apical side 

where they are translated by the high ribosomal pool there, thus growing the pool of ribosomal 

components itself. The function of translating ribosomal components away from the primary site 

of ribosome assembly (the nucleolus), remains unknown. Altogether, this work shows how 

mRNA localization can dynamically impact translational status. 

 

1.4.1     Future perspectives, rationale, and hypotheses 

 With the advance in technologies capable of identifying, visualizing, and characterizing 

RNA transcriptomes and localization patterns, it is becoming apparent that the cellular 

transcriptome of organisms across kingdoms of life is highly compartmentalized. Local RNA 

translation can function to regulate a local proteome in response to stimulus, maintain cell 

polarity, promote interaction with partner proteins, prevent premature interactions, and overcome 

kinetic challenges of moving large proteins. These functions can serve to post-transcriptionally 

regulate gene expression.  

However, much remains unknown about specific mechanisms and functions of local 

translation. Additionally, it is unclear how mRNA distributions are modulated in varying 

physiological settings and stimuli. What mechanisms and localization elements are conserved? 

Once identified, can these be leveraged to make predictions on local proteome regulation? As 
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technologies continue to emerge that achieve high resolution, enhanced RNA detection will 

facilitate understanding the regulatory connections and functional implications, specifically with 

relation to diseases, disease progression, and possible interventions. 

Our lab has identified maternally-inherited mRNAs with cell-specific and subcellular 

localization patterns in Caenorhabditis elegans embryos. Two of these transcripts, imb-

2 (IMportin Beta) and erm-1 (Ezrin/Radixin/Moesin), are of specific interest because they 

localize to the same subcellular locales as the proteins they encode – the nuclear periphery and 

plasma membrane, respectively. How they localize, and whether those mechanisms depend on 

the translation of the proteins they encode, remains unclear. 

As discussed earlier in Chapter 1, mRNAs can localize either independently of 

translation, or cotranslationally. In the translation-independent localization model, localization is 

driven by an mRNA sequence feature often found within the 3’UTR. This is the only localization 

model that has been described in so far for maternally-inherited transcripts in C. elegans [47,48]. 

However, prior studies from our lab have demonstrated that the 3’UTRs of erm-1 and imb-2 

were not sufficient to direct localization (Parker et al., 2020). Based on this information, we 

hypothesized that erm-1 and imb-2 mRNA localize through translation-dependent pathways. The 

primary aims of this dissertation were to test this hypothesis by disrupting translation through 

various means while also identifying elements necessary for the localization of these maternal 

transcripts to the appropriate subcellular locale.  
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Chapter 2 

Translation of the ERM-1 membrane-binding domain 

directs erm-1 mRNA localization to the plasma 

membrane in the C. elegans embryo1 

 
 

 

2.1 Introduction 

mRNA localization is a prevalent feature in diverse cell types and organisms [10,14,20,122]. 

Subcellular localization of mRNA is associated with spatiotemporal control of gene expression. 

mRNA localization can occur as a cause or consequence of translational regulatory control, can 

promote mRNA degradation, facilitate interactions with effector proteins, and prevent premature 

non-specific interactions [10,20,29,30,79,90,123,124]. In Caenorhabditis elegans early embryos, 

mRNA localization is a prominent feature of maternally inherited mRNAs and may contribute to 

cell-specific patterning prior to the onset of zygotic transcription [47,48,125–127]. Generally, 

maternal transcripts enriched in the posterior cells of the embryo localize to membraneless 

biomolecular condensates called P granules [47,48]. Previous work has indicated that transcripts 

 
1 The work described in Chapter 2 was published as a preprint in March 2022 under the same 

title. Winkenbach et al., BioRxiv. 2022. doi: 10.1101/2022.05.11.491546. The manuscript was 

accepted at Development in October 2022. Lindsay P. Winkenbach, Dylan M. Parker, Robert TP 

Williams, and Erin Osborne Nishimura The ERM-1 membrane-binding domain directs erm-1 

mRNA localization to the plasma membrane in the C. elegans embryo. Development 2022. DOI: 

10.1242/dev.200930.  
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localize to P granules following translation repression [47,48]. In contrast, maternal transcripts 

that concentrate in the anterior cells often localize to the plasma membrane often colocalizing 

with their encoded proteins membrane [48]. However, the molecular mechanisms that facilitate 

membrane localization in C. elegans are unclear. Here we focus on erm-1 as a model membrane-

associated transcript and characterize the mechanisms underlying its localization to the cell 

membrane. 

 mRNA localization can occur via translation-independent or translation-dependent 

pathways [31,64,68] . Translation-independent pathways typically rely on cis-acting elements, 

RNA sequences or structures that are often located in untranslated regions (UTRs) and recruit 

trans-recognition factors such as RNA Binding Proteins (RBPs). Recognition by RBPs can lead 

to either passive or directed transport, often in association with other processes such as mRNA 

protection, mRNA degradation, or translational regulatory control [128]. The result is an 

enrichment of mRNAs in specific subcellular locales. In C. elegans, some posterior-enriched 

maternal transcripts localize through translation-independent pathways, relying on cis-acting 

elements in their 3’UTRs to direct translational repression that is required for localization into P 

granules [47,48]. In contrast, translation-dependent pathways of mRNA localization typically 

rely on peptide signals in the nascent polypeptide. Transcripts that concentrate at the ER often 

rely on signal peptides to direct translating mRNAs and their encoded proteins to their 

destinations [129]. However, previously identified transcripts that localize to the plasma 

membrane in C. elegans embryos lack a discernable signal peptide [48]. Recently, several C. 

elegans transcripts that encode members of the apical junction sub-complexes, their additional 

ancillary proteins, or other cytoskeletal components were found to localize to the plasma 

membrane during mid-embryogenesis with subcellular localization patterns that did not appear to 
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overlap with the endoplasmic reticulum. Of these, the dlg-1 transcript was shown to localize in a 

translation-dependent fashion [117]. Together, these findings demonstrate the localization of 

plasma membrane enriched transcripts is occurring in a distinct manner from the canonical, ER 

signal peptide directed pathway and that local translation may be a general feature of junction 

and membrane-linker proteins.  

erm-1 (ezrin/radixin/moesin) mRNA is the most anterior-enriched transcript in the 2-cell 

C. elegans embryo [126,130]. In addition to its high enrichment within anterior cells of the early 

embryo, erm-1 mRNA concentrates at plasma membranes within those cells, a pattern coincident 

with its encoded ERM-1 protein [48,131,132]. Previously, we showed the erm-1 3’UTR was 

insufficient to direct membrane mRNA localization, indicating that the localization element 

resides elsewhere in the RNA sequence or the encoded protein [133]. In this study, we set out to 

identify which elements in erm-1 mRNA or the encoded ERM-1 protein are necessary for 

membrane localization. 

In C. elegans, ERM-1 is the sole ortholog of the conserved ERM protein family that 

serve as membrane-actin linkers [131]. ERM proteins regulate cell morphology and signaling 

events at the plasma membrane. Therefore, they are prominent in processes such as epithelial 

junction remodeling, cell migration, promotion of microvilli formation, and interactions with 

actin at the cell cortex [131,132,134,135]. Proper specialization of the cell cortex and plasma 

membrane is critical for controlling cell morphology, as evidenced by the fact that in C. elegans, 

loss of the erm-1 in the intestine results in early embryo lethality due to constrictions and 

disjunctions in the intestinal lumen [131,136].  

Here we demonstrate erm-1 mRNA accumulation at the plasma membrane is translation-

dependent and requires the membrane-binding ability of the FERM domain to enrich at the 
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plasma membrane. Further, we screened 17 genes encoding similar membrane-binding FERM or 

PH-like domains. We identified twelve additional plasma membrane localized transcripts and 

other patterns of subcellular mRNA localization that change over developmental time. Our 

findings suggest translation of this conserved membrane-binding domain is conducive to 

subcellular localization of both the mRNA and the encoded protein.  

 

2.2 Results 

2.2.1 erm-1 mRNA localization to the plasma membrane requires 

translation initiation 

mRNA localization is directed through either translation-dependent or translation-independent 

pathways [31,64,68]. To test which pathway was responsible for erm-1 mRNA localization, we 

disrupted global translation by two methods and determined whether either perturbed erm-1 

mRNA accumulation at the membrane. We first depleted the translation initiation factor ifg-1 

(Initiation Factor 4G (eIF4G) family) by RNA interference (RNAi). IFG-1 is the sole C. elegans 

ortholog of eIF4G, and both cap-dependent and -independent translation initiation require IFG-1 

[137–140]. Using a destabilized-GFP as a translation reporter (MODCPEST GFP::H2B), we 

found that ifg-1 RNAi decreased translation in a partially penetrant fashion as indicated by a 

decrease in GFP::H2B fluorescence (Figure 2.1A, C) [141–143]. ifg-1 RNAi introduced in the 

L2 stage of development led to 46% of 4-cell progeny exhibiting a significant loss of GFP signal 

and 54% showing no significant change compared to wild type. Importantly, we observed that 

embryos with impacted translation also experienced a loss of erm-1 mRNA localization at the 
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plasma membrane with high concordance (Figure 2.1A, C). These results support the model that 

erm-1 mRNA localization to the plasma membrane is translation-dependent.  

As a complementary approach to disrupting global translation initiation via RNAi, we 

next disrupted translation through heat shock and quantified the resulting changes in erm-1 

mRNA enrichment at the plasma membrane [48]. Heat shock prevents protein synthesis 

primarily through changes in phosphorylation states of translation initiation factors followed by 

their subsequent inactivation [144–147]. Heat shock acts within a shorter time frame than ifg-1 

RNAi (25 minutes heat shock vs. 48 hrs RNAi exposure). In heat treated 4-cell embryos, we 

observed a 1.6-fold reduction in erm-1 mRNA enrichment alongside the plasma membrane (at a 

distance of less than 10% of the normalized radius from the plasma membrane) after only 25 

minutes of 30 ˚C heat exposure compared to controls that were kept at 20 ˚C for the same 

duration (Figure 2.1B, D). Combined with the ifg-1 RNAi experiment findings, this illustrated 

that erm-1 mRNA localization to the plasma membrane depended on translation-initiation for 

establishment and maintenance. Together, these results suggest a translation-dependent pathway 

and imply that the signal to localize erm-1 mRNA to membranes may be an encoded peptide 

sequence in the nascent ERM-1 protein. However, these assays do not yield information on 

whether active translation or an intact ribosome nascent chain complex (RNC), or both, are 

required for localization.  
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2.2.2 The ERM-1 nascent peptide is required for erm-1 mRNA 

enrichment at plasma membranes 

We identified that translation is required for erm-1 mRNA enrichment at plasma membranes. 

This suggests a model in which the RNC – comprised of erm-1 mRNA, the translating ribosome, 

and the emerging nascent ERM-1 protein – is transported to the plasma membrane together 

through recognition of amino acid sequences in the nascent ERM-1 protein. We hypothesize that 

erm-1 mRNA localization requires intact RNCs, likely at steps that both establish and maintain 

localization. To test this hypothesis, we inhibited translation elongation using two different 

drugs, one that preserves RNCs (cycloheximide) and one that disrupts them (puromycin) 

[148,149]. 

 The eggshell and permeability barrier in the C. elegans embryo complicate drug 

treatment by limiting small molecule penetrance [150–152]. To circumvent this, we disrupted the 

sugar modifying enzyme and permeability barrier protein PERM-1 by RNAi, thereby allowing  

Figure 2.1: Disruption of global translation leads to loss of erm-1 mRNA localized to the membrane. (A) 

Fluorescent micrographs of 4-cell stage C. elegans embryos. RNAi was performed to deplete the translational 

initiation factor ifg-1, or an empty vector RNAi control was performed. erm-1 transcripts were imaged by smFISH. 

In the same embryos, GFP from a translational reporter transgene (MODCPEST-GFP::H2B) and DNA (DAPI) 
were also imaged. Representative images are shown from a total of 102 4-cell stage embryos surveyed (n = 23 

RNAi control, n = 79 ifg-1 RNAi [n = 43 reporter signal retained, n = 36 reporter signal depleted]). Scale bars are 

10 µm. (B) 4-cell stage C. elegans embryos harboring a membrane marker transgene (PH::GFP, green) were 

imaged for erm-1 transcripts by smFISH (magenta) under no heat shock (control 20˚C) and heat stress conditions 

(25 minutes at 30˚C heat shock). DNA was also imaged as DAPI staining (blue). Scale bars are 10 µm. (C) 

Quantification of translation reporter fluorescence under RNAi control (n = 6), ifg-1 RNAi erm-1 localization 

retained (n = 6), ifg-1 RNAi erm-1 localization lost (n = 6) conditions. Background subtracted GFP intensities 

were measured as relative fluorescent units (RFU) using nuclear masks generated using DAPI. erm-1 mRNA 

localization was assessed qualitatively as localized or unlocalized in 4-cell embryos. Significance indicates P-

values derived from Welch Two Sample t-tests comparing the RFU values for localized versus unlocalized for the 

transcript erm-1 at the given condition. P value legend: 0.00005>****(D) Quantification of erm-1 mRNA under 
control (a representative set of n=5) and heat shock conditions (a representative set of n=7) indicating the 

normalized frequency of erm-1 mRNA at increasing, normalized distances from the cell periphery. Significance 

indicates P-values derived from Welch Two Sample t-tests comparing the cell membrane localization for heat 

shock versus control for the transcript erm-1 at the given stage. P value legend: ***>0.00005 
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ingression of small molecules such as cycloheximide and puromycin. Though perm-1 RNAi 

eventually leads to lethality in late embryos, development in early embryonic stages proceeds 

typically [152]. Importantly, perm-1 RNAi is compatible with both drug treatment and smFISH 

imaging of erm-1 mRNA. 

 We observed that disruption of the RNC via puromycin treatment led to loss of erm-1 

mRNA localization at the membrane in 84% of embryos between the 2-cell and 8-cell stages 

(Figure 2.2A, B; Figure 2.3A, B). In contrast, cycloheximide treatment, which stalls translation 

during elongation while preserving the RNC only altered erm-1 mRNA localization in 4% of 

embryos surveyed (Figure 2.2A, B; Figure 2.3A, B). This suggests that the erm-1 mRNA must 

maintain association with the ribosome for erm-1 mRNA molecules to maintain localization to 

plasma membranes upon translation disruption. Additionally, the maintenance of erm-1 mRNA 

localization does not require ongoing translational elongation provided stalled RNCs are 

preserved intact, as is the case with cycloheximide treatment. These findings further support the 

translation-dependent model and suggest that erm-1 mRNA transcripts localize through 

association with the RNC. 

 

 

Figure 2.2: The intact ERM-1 ribosome nascent chain complex (RNC) is required for erm-1 mRNA 

enrichment at cell membranes. (A) Fluorescent micrographs of 4-cell stage C. elegans embryos are shown in 

which embryos were permeabilized by perm-1 RNAi and subsequently treated with small molecule translation 

inhibitors, in comparison to RNAi and drug treatment controls. erm-1 mRNA (green) was imaged by smFISH, 

under control, cycloheximide (500 µg/mL, 20min), or puromycin (500 µg/mL, 20min) treatment conditions. Scale 

bars 10 µm. (B) Bar plot indicating the proportion of embryos displaying erm-1 mRNA enriched at cell membranes 
(localized) or homogenously distributed through the cell (unlocalized) for 2-cell, 4-cell, and 8-cell embryos 

subjected to the indicated treatments.   
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Figure 2.3: The ERM-1 nascent peptide is required for erm-1 mRNA cell membrane localization. (A) 

Fluorescent micrographs of 2-cell and 8-cell C. elegans embryos are shown in which embryos were permeabilized 

by perm-1 RNAi and subsequently treated with small molecule translation inhibitors, in comparison to RNAi and 

drug treatment controls. erm-1 mRNA (green) was imaged by smFISH, under control, cycloheximide (500 µg/mL, 

20min), or puromycin (500 µg/mL, 20min) treatment conditions. Scale bars 10 µm. (B) Bar plot indicating the 

number of embryos displaying erm-1 mRNA enriched at cell membranes (localized) or homogenously distributed 

through the cell (unlocalized) for 2-cell, 4-cell, and 8-cell embryos subjected to the indicated treatments.   
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2.2.3 erm-1 mRNA localization to the plasma membrane does not 

depend on nucleic acid sequences 

We have established that erm-1 mRNA localizes to plasma membranes in a translation-

dependent manner. However, erm-1 mRNA can persist at membranes if the RNC remains intact 

when disrupting translation elongation. This suggests that localization is dependent on ERM-1 

amino-acid sequence and not erm-1 mRNA sequence. Supporting this hypothesis, previous 

evidence has illustrated that the erm-1 3’UTR (typically a common site of cis-acting localization 

elements) is insufficient to direct mRNA to the membrane [48]. To test whether other erm-1 

mRNA nucleotide sequences are dispensable for localization, we artificially re-coded the erm-1 

mRNA nucleotide sequence while preserving the amino acid sequence by capitalizing on the 

redundancy of the genetic code (Figure 2.5A). Our nucleotide recoded, yet amino-acid 

synonymous, erm-1 sequence (called erm-1 synon) shares 64% identity at the nucleic acid level 

with the wild-type erm-1 sequence (called erm-1) while maintaining 100% identity of the amino 

acid sequence (Figure 2.4A; Figure 2.5B). We designed single molecule inexpensive FISH 

(smiFISH) probes that could distinguish between the recoded, synonymous erm-1 and wild-type 

sequences (Figure 2.4B, C). Using these probes, we found the erm-1 synon transcript retained 

enrichment at the plasma membrane with no significant difference between it and either the 

endogenous erm-1 transcript (Figure 2.4B D) or a matched transgenic wild-type erm-1 sequence 

inserted at the same transgenic location (Figure 2.5D, C). These data imply that RNA sequences 

within the erm-1 transcript are dispensable for erm-1 mRNA localization, and instead, 

localization elements reside in the translated ERM-1 protein. 
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2.2.4 erm-1 mRNA and ERM-1 protein localization require the 

ERM-1 PIP2 membrane-binding region 

To identify domains within the ERM-1 protein required to localize translating erm-1 to plasma 

membranes, we examined erm-1 mRNA localization upon mutations in key conserved ERM-1 

domains. Generally, ERM proteins are a conserved family defined by domains common to their 

founding members, Ezrin, Radixin, and Moesin [153–155]. ERM proteins serve as structural 

linkers between the plasma membrane and the actin cytoskeleton and play central roles in cell 

morphology and signaling processes that converge on the plasma membrane. Two key domains 

coordinate their linker function. The N-terminal band 4.1 Ezrin/Radixin/Moesin (FERM) domain 

houses a PH-like (Pleckstrin Homology-like) domain that associates with the plasma membrane 

through interactions with PIP2 (phosphatidylinositol (4,5) bisphosphate) [134,156,157]. In 

contrast, the C-terminal C-ERMAD domain interacts with the actin cytoskeleton in a 

phosphorylation-dependent manner [135,136]. The FERM and C-ERMAD domains can also 

intramolecularly bind to prevent their respective substrate associations. A dephosphorylation 

event on the C-ERMAD domain increases intramolecular affinity thereby permitting the inactive  

Figure 2.4: erm-1 mRNA localization to the cell membrane is mRNA coding sequence independent. (A) 

Schematic depictions comparing wild-type erm-1 mRNA (magenta) to the re-coded, synonymous erm-1 mRNA 

(green). (B) smFISH micrographs of 4-cell staged C. elegans embryos imaging wild-type erm-1 (magenta) and 

the re-coded, synonymous erm-1 mRNA (erm-1 synon. mRNA, green). GFP tagged erm-1 control 4-cell embryo 

(left) and MosSCI GFP tagged synonymous erm-1 4-cell embryo (right). DNA (DAPI, blue) and membranes 

marked by ERM-1::GFP are also shown. Scale bars 10 µm. (C) Total number of erm-1 wt and erm-1 synonymous 
mRNA molecules detected in erm-1::gfp (endogenous) (n = 9). Significance indicates P-values derived from 

Welch Two Sample t-tests comparing the total number of erm-1 molecules detected by the erm-1 wt probe vs 

the erm-1 synonymous probe in the endogenously tagged erm-1::gfp background. (D) Quantification of 

endogenous and synonymous erm-1 mRNA (n = 6) indicating the normalized frequency of mRNAs within 

binned, percentile distances from the cell membrane counted and normalized against the total volume of each 

cell. Significance indicates P-values derived from Welch Two Sample t-tests comparing the cell membrane 

localization of endogenous and synonymous erm-1 mRNA in the erm-1 synon::gfp transgenic background. 

P value legend: NS>0.05; ***>0.00005 
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Figure 2.5: erm-1 mRNA localizes at the cell membrane when expressed from a transgenic MosSCI locus. 

(A) Description of the three worm strains used in the synonymous erm-1 assays. (B) smFISH micrographs of 4-

cell staged C. elegans embryos imaging wild-type erm-1 probed by erm-1 (magenta) and the transgenic erm-1::gfp 

mRNA probed by nemametrix gfp (erm-1 transgene mRNA, green). DNA (DAPI, blue) and membranes marked 

by ERM-1::GFP expressed at the MosSCI locus are also shown. (C) Quantification of endogenous and MosSCI-

expressed transgenic erm-1 mRNA (n = 6) indicating the volume normalized frequency of mRNAs within binned, 

normalized distances from the cell membrane. Welch Two Sample t-test p-value = 0.006 at the cell membrane. 

Scale bars 10 µm. P value legend: NS>0.05; 0.05>*>0.005; 0.005>**>0.0005; 0.0005>***>0.00005; 
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form [157–159]. Therefore, the architecture of ERM-1 connects the plasma membrane and the 

actin cytoskeleton in a phosphorylation-dependent mechanism.  

Mutating four lysines to asparagines abrogates the PIP2 binding ability of the FERM 

domain [156,157] (Figure 2.6A), termed the ERM-1[4KN] mutant [136]. In C. elegans, this 

leads to intestinal lumen cysts and disjunctions as well as early larval lethality that phenocopy 

the erm-1 null [132,136]. In contrast, mutating the conserved, phosphorylatable residue T544 to 

alanine (ERM-1[T544A]) disrupts the function of the C-ERMAD domain, thereby rendering C-

ERMAD non-phosphorylatable [160,161] (Carreno et al., 2008; Zhang et al., 2020). In C. 

elegans, this leads to disrupted cortical actin organization and reduced apical localization of 

ERM-1 [136]. We assessed erm-1 mRNA localization in these two previously characterized 

mutant strains to determine whether erm-1 mRNA accumulation at the plasma membrane 

requires the FERM or C-ERMAD domains. 

Because the ERM-1[T544A] and ERM[4KN] mutant strains were extensively studied in 

previous reports during mid-stage embryogenesis for their impacts on intestinal development 

[136], we examined erm-1 mRNA localization at both the 4-cell stage we have previously 

studied and at mid-stage embryogenesis. These assays were performed in ERM-1[T544A] 

homozygous mutants with no wild-type ERM-1 in the background. In 4-cell stage embryos, 

both erm-1[T544A] mRNA and ERM-1[T544A] protein localized to the plasma membranes 

similar to wild-type (Figure 2.6B). However, the mutants exhibited plasma membranes with 

“ruffled” or distorted phenotypes, indicating that loss of this phospho-moiety imparts a cellular 

phenotype through its previously reported reduction in actin organization (Figure 2.6B) [136]. In 

2.5-fold embryos, erm-1[T544A] mRNA also localized at the plasma membrane, similar to wild-

type strains. In these embryos, the ERM-1[T544A] protein displayed increased basolateral 
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localization in the intestinal lumen, as has been previously reported (Figure 2.6B) [136]. 

Therefore, the T544A mutant, though disruptive of ERM-1 phosphorylation and actin 

association, was not sufficient to disrupt erm-1 mRNA localization to the plasma membrane at 

these stages. 

Mutations in ERM-1 that disrupt FERM domain/PIP2 interactions (called ERM-1[4KN]) 

reduce (in the intestine and excretory canal) or eliminate (in progenitor germ cells and seam 

cells) ERM-1[4KN] protein localization to apical membranes [136]. We performed smFISH on 

4-cell and 2.5-fold stage ERM-1[4KN] homozygous mutant embryos lacking any ERM-1 wild-

type copies to assess how this mutation impacted erm-1 mRNA localization (Figure 2.6A; 

Figure 2.7A, B). At the 4-cell stage, erm-1[4KN] mRNA failed to localize to the plasma 

membrane in 100% of embryos surveyed (Figure 2.6B). However, the number of erm-1 mRNA 

molecules detected did not significantly change between erm-1 wt and erm-1[4KN] (Figure 

2.6C). ERM-1[4KN] protein enrichment at the plasma membrane was also abolished. RNA 

localization was not observed at the 2.5-fold stage and protein localization was reduced, 

displaying disjunctions in the lumen as previously reported [136]. Thus, the FERM-domain was 

required to localize both the erm-1 mRNA and the ERM-1 protein to the plasma membrane. 

Combined with our previous findings, this indicates that the peptide signal required to localize 

the ERM-1 RNC, including its associated erm-1 mRNA, resides within the FERM domain of the 

nascent peptide.  

 

2.2.5 Genes encoding FERM and PH-like domains are conducive for 

mRNAs with localization at the plasma membrane  
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Given that PIP2-binding FERM domains have a high affinity for membranes [162], their ability 

to direct membrane-localized mRNA transcripts may be generalizable. Evidence for this exists in 

other systems: In early Drosophila embryogenesis, the PIP2-binding PH and actin-binding 

domains of the Anillin protein are required to localize anillin mRNA to pseudocleavage furrow 

membranes [116]. Based on the findings from the ERM-1[4KN]::GFP mutant strain, we 

hypothesized that the PIP2-binding element of the FERM domain could be a general predictor of 

transcripts that enrich at cell membranes.  

To test our hypothesis, we conducted a smiFISH-based screen in C. elegans early 

embryos for membrane localization of other PIP2-binding FERM or PH-like domain containing 

transcripts [126,130]. A total of 17 transcripts (9 with FERM domains and 8 with PH-like 

domains) were selected for visualization based on their expression in early embryos and with 

preference given to homology in other organisms (Table 1; Figure 2.8; Figure 2.9; Figure 

2.11; Figure 2.12; Materials and Methods). The set of transcripts selected comprised those that 

enriched to anterior embryonic cells, posterior embryonic cells, and those with ubiquitous 

distribution across the early embryo. 

Of the 17 screened transcripts, three (frm-4, frm-7, ani-1) displayed clear membrane 

localization in early embryos at the 4-cell stage (Figure 1.8A, B; Figure 2.9A-C). Seven 

transcripts displayed clustered subcellular patterning in the posterior cell (Y41E3.7, unc-112, 

mrck-1, wsp-1, ani-2, dyn-1, and exoc-8) (Figure 2.9C). Four transcripts displayed uniform 

distribution or other patterns (F07C6.4, efa-6, mtm-1, and let-502) (Figure 2.9A, B). Three 

transcripts (frm-2, nfm-1, and ptp-1) yielded RNA abundance too low to determine subcellular 

enrichment (Table 2.1; Figure 2.9A, B).  
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Figure 2.6: PIP2 binding is required for erm-1 mRNA and ERM-1 protein localization in early and late 

embryos. (A) Schematic model of the ERM-1 protein showing the N-terminal FERM domain (purple) containing 

the conserved PIP2 – membrane binding region (PH-like, pink) and C-terminal conserved C-ERMAD actin-

binding domain (orange). (B) smFISH micrographs of 4-cell and 2.5-fold embryos displaying erm-1 mRNA and 

ERM-1 protein localization in erm-1::gfp, erm-1[T544A]::gfp, and erm-1[4KN]::GFP backgrounds. Scale bars 

10 µm. (C) erm-1 mRNA abundance does not significantly differ between erm-1::gfp, erm-1[T544A]::gfp, and 
erm-1[4KN]::GFP expressing strains. P-values derived from Welch Two Sample t-tests comparing the number of 

erm-1 mRNA molecules detected in the erm-1::gfp, erm-1[T544A]::gfp, and erm-1[4KN]::GFP expressing 

strains.  P value legend: NS>0.05. 
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Notably, all transcripts previously reported as posterior-cell enriched [126,130] exhibited 

clustered patterning in early embryos (Table 2.1; Figure 2.9C). This is consistent with prior 

visualizations of posterior-enriched transcripts at the 4-cell stage that often concentrate within P 

granules [48]. Of the transcripts that were uniformly distributed between the anterior and 

posterior cells (as assayed by RNA-seq), those with posterior-enrichment below the significance 

cut-off (Y43E3.7, mrck-1, wsp-1) also displayed clustered patterning (Table 2.1; Figure 2.9C). 

Figure 2.7: ERM-1[4KN]::GFP RNA abundance corresponds to genomic copy-number. (A) 4-cell embryos 

of the ERM-1[4KN]::GFP mutant probing for erm-1 mRNA (magenta) and 4KN gfp (green) are shown. Scale bars 

10 µm. (B) Total number of erm-1 and gfp mRNA molecules in erm-1[4KN]::gfp/- (4KN/-, n = 9), erm-

1[4KN]::gfp/+ (4KN -/+, n = 9), erm-1[4KN]::gfp (4KN, n = 9). Scale bars 10 µm. P-values derived from Welch 
Two Sample t-tests comparing the number of gfp and erm-1 mRNA molecules detected in the erm-1[4KN]::GFP 

null, heterozygous, and homozygous 4-cell embryos.  P value legend: NS>0.05; 0.05>*>0.005; 0.005>**>0.0005; 

0.0005>***>0.00005; 0.00005>**** 
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Overall, these results support previous findings in the early embryo that AB-cell enriched 

transcripts tend to localize to membranes, whereas P1-enriched transcripts tend to localize to P 

granules, membraneless organelles housing lowly translated mRNAs [47,48,127]. To determine 

whether clustered transcripts were indeed localizing to P granules or membranes, smFISH was 

conducted in a P granule or membrane marker strain, respectively. Indeed, even in the case of the 

homologs ani-1 and ani-2, the anterior-enriched ani-1 mRNA was membrane localized, whereas 

the posterior-enriched ani-2 mRNA localized to P granules (Figure 2.8A). Importantly, ANI-1 

protein is translated in early embryos and concentrates at the plasma membrane while early 

embryo expression of ANI-2 protein is not detected [163]. Together, these results suggest that 

translational dependence of plasma membrane mRNA localization is not limited to erm-1. 

Our visual screen found that subcellular localization patterns of some transcripts changed 

over developmental time. At the 4-cell stage, unc-112 mRNA clustered in the P-lineage in P 

granules (Figure 2.8A). However, later in embryonic development, at the 3-fold stage, unc-112 

mRNA localized along the body wall where the encoded UNC-112 protein reportedly functions 

(Figure 2.10A) [164]. At the 4-cell stage, F07C6.4 mRNA had uniform distribution (Figure 

2.8A), but at the 100-cell stage it localized to the plasma membranes of a subset of discrete cells 

(Figure 2.10B). Similarly, at the 4-cell stage let-502 had uniform localization (Figure 2.9B), but 

at the 1.5-fold stage it was localized to adherens junctions where the encoded LET-502 protein 

localizes and functions (Figure 2.10C) [165]. While the ani-2 transcript clustered in P granules 

at the 4-cell stage (Figure 2.8A), at the bean stage ani-2 was excluded from P granules and 

found at the interface of the primordial germ cells where ANI-2 functions in maintaining the 

structure of the syncytial compartment of germline cytoplasm at the membrane [163] (Figure 
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2.10D). Overall, 9 of the surveyed transcripts without observable membrane localization at the 4-

cell stage (F07C6.4, frm-2, nfm-1, ptp-1, unc-112, efa-6, mtm-1, let-502, ani-2, and dyn-1) 

 

 

Protein Domain Enrichment 

at 4-cell 

Transcript Localization at 4-cell  Notes 

FERM anterior F07C6.4 uniform apparent membrane localization 

at the 100 cell stage 

frm-2 N/A (low RNA count) pharyngeal localization 2.5-fold 

stage 

frm-7 cell membrane   

nfm-1 N/A (low RNA count) apparent membrane localization 

at the 100 cell stage 

uniform frm-4 cell membrane   

ptp-1 N/A (low RNA count) apparent membrane localization 

at the bean stage 

Y41E3.7 clustered   

posterior unc-112 clustered Body wall enrichment around 3-

fold stage 

PH-like anterior ani-1 cell membrane   

efa-6 pericentriolar midline enrichment at the 3-fold 
stage 

mtm-1 uniform apparent membrane localization 
in PGCs at 3-fold stage 

uniform let-502 uniform membrane localization at 

junction points at 2-fold stage 

mrck-1 clustered   

wsp-1 clustered   

posterior ani-2 clustered remains P granule enriched 

through the 32-cell stage. At 

bean stage is excluded from P 
granules and remains at the 

Z2/Z3 interface 

dyn-1 clustered apparent membrane localization 

in PGCs at 3-fold stage 

exoc-8 clustered   

 

  

Table 2.1:  FERM and PH domain-containing, maternally inherited transcripts screened for subcellular 

localization patterns. Seventeen transcripts containing either FERM domain or PH-like domains were selected 

from known maternally inherited mRNAs (Osborne Nishimura et al., 2015, Tintori et al., 2016). Cell enrichment 

at the 4-cell stage from scRNA-seq data is shown. Transcript localization is briefly described. 
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 displayed membrane localization at later stages of development, frequently coinciding with 

where their encoded proteins function [163,164,166–170]. These findings suggest subcellular 

patterning is developmentally dynamic.  

By conducting a visual screen on a subset of FERM and PH-like domain containing 

transcripts, we identified additional transcripts that enrich at membranes, adding to the small but 

growing list of transcripts with this behavior in C. elegans [48,117]. 12 out of the 17 (70%) 

FERM and PH-like domain containing transcripts we surveyed exhibited membrane localization 

at some stage during development. These findings illustrate that translated mRNAs encoding 

PIP2-binding domains often localize to plasma membranes and suggests that they may locally 

translated at the sites where their proteins are required. Furthermore, results from this screen 

reinforce the trend that transcripts concentrated within the P lineage in the early embryo are 

lowly translated and display clustered patterning, likely within P granules. 
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Figure 2.8: FERM and PH domain-containing, maternally-inherited transcripts display mRNA patterning. 

(A) smFISH micrographs of 4-cell embryos imaging two FERM domain containing transcripts, frm-4, unc-112, 

(magenta, left) and two PH-domain containing transcripts ani-1, ani-2 (magenta, right).  frm-4 mRNA and ani-1 

mRNA (top) were imaged in a PH::GFP membrane marker transgenic background (membranes, green). unc-112 

mRNA and ani-12 mRNA (bottom) were imaged in the GLH-1::GFP P granule marker strain (P granules, green). 

DNA (DAPI, blue). Scale bars 10 µm. 
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Figure 2.9: Subcellular localization patterns of surveyed FERM and PH domain-containing transcripts. (A) 

Seven anterior-enriched transcripts F07C6.4, frm-2, frm-7, nfm-1, ani-1, efa-6, and mtm-1, (B) six uniformly 

distributed transcripts frm-1, ptp-2, Y41E3.7, let-502, mrck-1, and wsp-1, and (C) four poster-enriched transcripts 
unc-112, ani-2, dyn-1, and exoc-8 are shown.  
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Figure 2.10: Subcellular localization patterns of surveyed FERM and PH domain-containing transcripts at 

mixed later stages. (A) smFISH micrograph of 3-fold C. elegans embryo imaging the posterior-enriched, FERM 

domain encoding transcript unc-112 (magenta) in ERM-1:GFP background (green) with DNA (DAPI, blue). (B) 

smFISH micrograph of 100-cell C. elegans embryo imaging the anterior-enriched, FERM domain encoding 

transcript F07C6.4 (magenta) in PH:GFP membrane marker background (green) with DNA (DAPI, blue). (C) 

smFISH micrograph of 1.5-fold C. elegans embryo imaging the uniformly-distributed, PH-like domain encoding 
transcript let-502 (magenta) in DLG-1:GFP background (green) with DNA (DAPI, blue). (D) smFISH micrograph 

of a bean (top) and 3-fold (bottom) C. elegans embryo imaging the posterior-enriched, PH-like domain encoding 

transcript ani-2 (magenta) in GLH-1::GFP P granule marker background (green, top) and ERM-1:GFP 

background (green, bottom) with DNA (DAPI, blue). 
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Figure 2.11: Depictions of the encoded protein domains for the surveyed FERM domain-containing 

transcripts. 
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2.3 Discussion 

Here, we report that C. elegans erm-1 mRNA is localized to the plasma membrane in a 

translation-dependent manner during early embryonic development (Figure 2.13). We showed 

that in the absence of active translation, an intact ribosome-nascent chain complex (RNC) was 

Figure 2.12: Depictions of the encoded protein domains for the surveyed PH/PH-like domain-containing 

transcripts. 
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required to maintain erm-1 mRNA localization. We also demonstrated that 36% of the erm-1 

mRNA sequence could be altered but the transcript would still localize properly provided the 

ERM-1 protein sequence was preserved. This finding further suggests that the localization 

determinant is specified in the nascent chain of the ERM-1 protein, not as a cis-acting element in 

the mRNA sequence or structure. Furthermore, we narrowed down a domain required for 

localization and determined it resided within the FERM domain and depended on that domain’s 

ability to bind PIP2. We identified 3 additional FERM or PH-like domain encoding genes (frm-7, 

frm-4, and ani-1) with mRNA localization at the plasma membrane in the early embryo by a 

smiFISH visual screen and an additional 9 genes with mRNA localization later in development. 

Our data indicate subcellular localization is a generalizable feature of transcripts encoding 

FERM or PH-like domains.   

 

 

 

Complementarily to our findings in the early embryos, recent studies of later 

developmental stages identified 8 transcripts (dlg-1, ajm-1, sma-1, vab-10a, erm-1, pgp-1, magu-

2, and let-413), including erm-1, that enrich to regions of the plasma membrane adjacent to 

apical junctions [117,171]. In particular, dlg-1 mRNA localizes through a translation-dependent 

Figure 2.13: Model of translation-dependent erm-1 mRNA localization in the early C. elegans embryo. erm-

1 mRNA is localized in a translation-dependent manner requiring the intact RNC and PIP2-binding region of the 

FERM domain.  
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pathway [117]. dlg-1 localization requires the translation of N-terminal L27-PDZ domains, C-

terminal SH3, Hook, and Guk domains to fully recapitulate the localization patterns of the dlg-1 

mRNA. These data, in combination with our findings, suggest translation-dependent localization 

could be a prevalent feature of mRNA that generally encode apical junction components or 

membrane associated proteins. 

 An outstanding question is whether erm-1 mRNA localization is critical for ERM-1 

function.  The ERM-1[4KN] mutation yields erm-1 mRNA and ERM-1 protein that are mis-

localized and results in lethality. However, the localization of the mRNA and protein are 

confounded, and it is difficult to test whether the proper localization of erm-1 mRNA is required. 

Do ERM-1 proteins need to be locally translated at the plasma membrane for proper function? 

Because ERM proteins link the plasma membrane and actin cytoskeleton, ERM proteins often 

function in cell movement, membrane trafficking, cell signaling, and cell adhesion. They 

contribute to cancer-associated processes such as cell metastasis and chemotherapy resistance 

[134,135,172,173]. Local translation of ERM-1 could be important for producing ERM-1 linker 

proteins at the exact sites and at the exact concentrations in which they are needed. This process 

could be responsive to signaling, polarity, or stability cues. Indeed, during embryonic 

development, the landscape of the plasma membrane is constantly changing and coordination 

between cell membrane and actin cytoskeletal structures are of paramount importance to cell 

morphology and cell migration processes. Therefore, local translation of ERM-1 could be 

sensitive to incoming signals or developmental needs. 

As an example of this concept, the protein PCNT (Pericentrin) in human cells and 

zebrafish embryos is shown to cotranslationally localize to dividing centrosomes during early 

mitosis [65]. This is hypothesized to supply sufficient PCNT protein where it is expeditiously 
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needed for cell division and to mitigate the kinetic challenge of trafficking a large protein. 

Alternatively, some proteins are locally translated to promote proper folding, facilitate 

interactions with effector proteins, or to promote their ultimate integration into membranes or 

vesicles [174]. We postulate another idea, that local translation may temporarily stabilize ERM 

associations at membranes until phosphorylation in the C-terminal domain can facilitate actin 

binding. By this logic, ERM proteins could be translated in an “ON” state, ready to perform their 

function.   

 What pathways localize translationally competent erm-1 transcripts to the plasma 

membrane in the early embryo? The pathway that directs (transmembrane protein and secretory 

protein encoding) mRNAs to the ER is the most well-characterized translation-dependent mRNA 

trafficking pathway and requires the presence of a signal peptide. As ERM-1 lacks a discernable 

ER-directing signal peptide and fails to pull down ER associated-components in IP assays, we 

surmise the pathway that directs translating erm-1 to the plasma membrane is likely distinct from 

the ER secretory pathway [103,175,176]. Alternatively, if erm-1 is localized in an ER-dependent 

pathway it would likely be noncanonical.  

Future studies will determine the machinery required to traffic erm-1, and transcripts like 

it. A recent study live-imaging erm-1 mRNA movements reported reduced erm-1 enrichment at 

the membrane upon knocking down a dynein motor (DHC-1), suggesting erm-1 localization 

could require this component of cytoskeletal trafficking [171]. It will also be interesting to 

determine whether erm-1 translation is paused or active during the trafficking process and 

whether multiple rounds of translation occur at the membrane. 

Our screen of FERM and PH-like domain containing genes yielded multiple transcripts 

with mRNA localization at the plasma membrane suggesting this property is conserved across 
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species. The ani-1 and ani-2 ortholog in Drosophila, anillin, concentrates at the pseudo-cleavage 

furrow of Drosophila embryos dependent on translation of both its PH and actin binding domains 

[116]. Indeed, the expanded use of mRNA imaging and sub-cellularly enriched RNA-seq 

technologies has led to a greater appreciation that localization of mRNA is a widespread feature 

of cell biology, not only to the plasma membrane but to a wide diversity of membranes and other 

subcellular structures [20,120]. These findings suggest that many proteins may benefit from local 

translation at their destination site. 

 

2.4 Materials and Methods 

2.4.1 Worm husbandry 

C. elegans strains were cultured according to standard methods [177]. Worm strains were 

maintained and grown at 20°C on nematode growth medium (NGM: 3 g/L NaCL; 17 g/L agar; 

2.5 g/L peptone; 5 mg/L cholesterol; 1mM MgSO4; 2.7 g/L KH2PO4; 0.89 g/L K2HPO4). Strains 

used in this study are listed in (Table 2.2).  

2.4.2 Heat Shock Experiments 

Heat shock experiments were performed by transferring harvested embryos to pre-warmed M9 

liquid media and incubating at 30°C for 25 minutes. After heat shock, worms were immediately 

fixed for smFISH.  

 

 

 

 



 51 

 

Strain Description Genotype Source/Reference 

N2 N2 C. elegans wildtype CGC 

LP306 GFP::PH cpIs53 [mex-5p::GFP-C1::PLC(delta)-

PH::tbb-2 3'UTR + unc-119 (+)] II 

Heppert JK, et al. Mol 

Biol Cell. 2016 

Box213 erm-1::GFP erm-1 [Perm-1::erm-1::GFP::erm-1 

3'UTR] I 

Ramalho et al., 

Development. 2020 

WRM24 MODC PEST::GFP::H2B sprSi17 [mex-5p::MODC 

PEST::GFP::H2B::mex-3 3'UTR + Cbr-

unc-119(+)] II 

CGC/Kaymak et al., Dev 

Dyn. 2016 

wLPW007 erm-1::GFP COP2295 - knuSi874 [pNU2555(erm-

1p::erm-1::GFP::erm-1u in cxTi10882, 

unc-119(+))] IV ; unc-119(ed3) III 

This study, made in 

collaboration with 

InVivo Biosystems 

wLPW008 erm-1 synonymous::GFP COP2296 - knuSi874 

[pNU2556(LWIN04 - erm-1p::erm-

1scrmbl::GFP::erm-1u in cxTi10882, 

unc-119(+))] IV ; unc-119(ed3) III 

This study, made in 

collaboration with 

InVivo Biosystems 

Box233 erm-1[4KN]::GFP erm-1(mib21[erm-1[4KN]::GFP]) I / 
dpy-5(e61); unc-29(e403) I 

Ramalho et al., 
Development. 2020 

Box218 erm-1[T544A]::GFP erm-1(mib16[erm-1[T544D]::GFP]) I Ramalho et al., 

Development. 2020 

DUP64 GLH-1::GFP glh-1(sam24[glh-1::gfp::3xFlag]) I Andraloje et al., 2017 

 

2.4.3 RNAi Feeding for smFISH Microscopy 

RNAi feeding constructs were obtained from the Ahringer library [178]. Bacteria containing 

inducible dsRNA vectors were grown at 37°C in LB + ampicillin (100 µg/mL) media for 16 hr, 

spun down and resuspended at 10X original concentration with M9, plated on NGM + 

Carbenicillin (100 µg/mL) + IPTG (1 mM) plates, and grown at room temperature overnight, or 

until plates were dry. Embryos were harvested for synchronization from mixed staged worms. 

Harvested embryos were incubated in M9 for 24 hrs at RT while nutating until all arrived at L1 

developmental stage. L1 worms were deposited on RNAi feeding plates and grown at 20°C for 

48 hrs. Embryos were harvested from gravid adults and smFISH was conducted. For each gene 

targeted by RNAi, we performed at least three independent replicates.  L4440 RNAi empty 

vector was used as a negative control and pop-1 RNAi used as an embryonic lethal positive 

control. For experiments performing ifg-1 RNAi, synchronized L1 worms were grown to L2 on 

Table 2.2: Worm strains used in study 
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OP50 plates before being washed in M9 and transferred to RNAi plates for 48 hrs. E. coli strains 

used in this study can be found in (Table 2.3). 

 

Strain description Plasmid 

description 

Detailed description Reference 

OP50 OP50 OP50 
 

L4440 pPD129.36 empty worm RNAi plasmid Fire Lab C. Elegans Vector 

Kit 1999  

ifg-1 RNAi M110.4 from the 
Ahringer library 

worm RNAi plasmid + ifg-1 gene 
fragment 

Fraser et al, 2000, Nature  

 

 

2.4.4 Permeabilization and drug delivery 

For small molecule inhibitor experiments, perm-1 RNAi was performed to permeabilize the 

eggshell as described in [152]. Briefly, synchronized L1 worms were fed on RNAi for 48 hrs and 

embryos were hand-dissected from the treated mothers. Permeabilization by perm-1 RNAi was 

tested by submerging embryos in water to induce bursting from to increased internal osmotic 

pressure.  Additionally, RNAi efficacy was confirmed by pop-1 RNAi positive control. To 

harvest embryos, young adult worms were washed off plates in 5ml S-buffer (129 mL 0.05 M 

K2HPO4; 871 mL 0.05 M KH2PO4; 5.85 g NaCl’ 300 +/- 5 mOsm) and allowed to settle to the 

bottom of a 15 ml conical (no longer than 5min). S buffer was removed, and worms were 

resuspended in 100 µl S-buffer alone (negative control) or drug diluted in 100 µl S-buffer (500 

µg/mL Cycloheximide and 100µg/mL Puromycin final concentrations). The 100 µl drug solution 

and young adult worms were transferred to a concavity slide, hand dissected in a concavity slide, 

transferred to a 1.5 mL Eppendorf tube and incubated for 20 min. After incubation with drug 

solution, 1 mL of -20°C methanol was added to fix the embryos. Embryos were freeze-cracked 

in liquid nitrogen for 1 min then incubated overnight in methanol at -20°C to continue the 

Table 2.3: E. coli strains used in study. 
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fixation. smFISH was performed as described. Due to the fragility of perm-1 depleted embryos, 

all spins required in their smFISH preparation were performed at 250 rcf instead of 2000 rcf. 

2.4.5 smFISH 

single molecule Fluorescence In Situ Hybridization (smFISH) was performed based on the 

TurboFish protocol (Femino et al., 1998; Nishimura et al., 2015; Parker et al., 2021; Raj and 

Tyagi, 2010; Raj et al., 2008; Shaffer et al., 2013). Updates specific to C. elegans were made 

using new Biosearch reagents and outlined in [179]. Using the Stellaris RNA FISH Probe 

Designer, custom FISH probes were designed for transcripts of interest (Parker et al., 2020; 

Parker et al., 2021). Biosearch Technologies, Inc., Petaluma, CA) available online at 

www.biosearchtech.com/stellarisdesigner (version 4.2). Embryos were hybridized with Stellaris 

RNA FISH Probe sets labeled with CalFluor 610 or Quasar 670 (Biosearch Technologies, Inc.), 

following the manufacturer’s instructions available online at 

www.biosearchtech.com/stellarisprotocols. Briefly, adult worms were bleached for embryos, 

suspended in 1 ml -20°C methanol, freeze cracked in liquid nitrogen for 1 min, and fixed 

overnight in methanol at -20°C for 1-24 hours. Alternatively, fixation was done at 4 min 

incubation following the 1 min freeze crack, switching to -20˚C acetone incubation for an 

additional 5 min. ERM-1::GFP worms were freeze-cracked in 1 mL acetone followed by a 35 

min incubation at -20˚C. After fixation, embryos incubated in Stellaris Wash Buffer A for 5min 

at RT (Biosearch, SMF-WA1-60) before hybridization in 100 µl Stellaris Hybridization buffer 

[(Biosearch, SMF-HB1-10) containing 50 pmols of each primer set (up to two channels per 

experiment) and 10% formamide] 16-48 hrs at 37˚C mixing at 400 rpm in a thermomixer 

(Eppendorf ThermoMixer F1.5). Embryos were washed for 30 min in Stellaris Wash Buffer A,  

followed by a second wash of Stellaris Wash Buffer A containing 5 µg/ml of DAPI, then 5 min 
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in Wash Buffer B followed by a second 5 min wash (Biosearch, SMF-WB1-20) before 

incubation in N-propyl gallate antifade (10 mL 100% glycerol, 100 mg N-propyl gallate, 400 µL 

1M Tris pH 8.0, 9.6 mL DEPC treated H2O) prior to slide preparation. All embryos were 

centrifuged in spin steps at 2,000 rcf unless otherwise noted. Embryos were mounted using equal 

volumes hybridized embryos resuspended in N-propyl gallate antifade and Vectashield antifade 

(Vector Laboratories, H-1000). smFISH image stacks were acquired as described in Parker et al., 

2020. on a Photometrics Cool Snap HQ2 camera using a DeltaVision Elite inverted microscope 

(GE Healthcare), with an Olympus PLAN APO 60X (1.42 NA, PLAPON60XOSC2) objective, 

an Insight SSI 7-Color Solid State Light Engine, and SoftWorx software (Applied Precision) 

using 0.2 m z-stacks. Deltavision (SoftWorx) deconvolution software was applied for 

representative images. Images were further processed using FIJI [180]. For each condition 

described a minimum of 5 embryos per 4-cell stage, but often many more across multiple cell 

stages, were imaged. All smFISH and smiFISH probes can be found in (Table A.1). All raw 

microscopy images are deposited on Mountain Scholar, a digital, open access data repository 

associated with Colorado State University Libraries: 

2.4.6 smiFISH 

single molecule inexpensive Fluorescence In Situ Hybridization (smFISH) was performed as 

described in [48]. Briefly, custom primary DNA oligos were designed as described [181] 

complementary to the 17 FERM and PH-like domain containing transcripts screened and ordered 

from IDT (https://www.idtdna.com/pages/products/custom-dna-rna/dna-oligos) (Table A.1). 

Secondary FLAPX probes were ordered with dual 5’ and 3’ fluorophore labeling, Cal Fluor 610 

or Quasar 670, from Stellaris LGC (Biosearch Technologies, BNS-5082 and FC-1065, 
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respectively). Secondary, fluorophore labeled probes were annealed to primary probes fresh for 

every experiment in a thermocycler at 85°C for 3 min, 65°C for 3 min, and 25°C for 5 min.  

2.4.7 Quantification of plasma membrane RNA localization 

Quantification of transcript localization with reference to the cell membrane was performed as 

previously described [48] using the web application ImJoy [182]. Briefly, RNAs were first 

detected from raw images using the Matlab code FISH-quant [183]. Individual cell outlines were 

then manually annotated in FIJI for each Z-stack in the micrograph, excluding the uppermost and 

lowermost stacks where cells are flattened against the slide or coverslip or there is out-of-focus 

light. The distance of each RNA was then measured from the nearest annotated membrane and 

binned in 10% distance increments away from nearest membrane to account for change in size 

between embryos. Total number of RNAs per bin were then normalized by the volume of the 

concentric areas they occupied. After this normalization, values larger than 1 indicate that for 

this distance more RNAs are found compared to a randomly distributed sample.  

2.4.8 Quantification of total mRNA 

Detection of RNA molecules was performed in the 3D image stacks with FISH-quant [183]. 

Post-processing to calculate the different location metrics was performed as described above 

with custom written Matlab and Python code. The Python code is implemented in user-friendly 

plugins for the image processing platform ImJoy [182].  Source code and all scripts used for 

analysis and figure generation are available here https://github.com/muellerflorian/parker-rna-

loc-elegans  

To quantify the number of individual mRNAs in the ERM-1[4KN] strain a custom 

MATLAB script was implemented. FISH-quant detection settings were used to identify 
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candidate mRNA clusters from smFISH micrographs using a Gaussian Mixture Model (GMM). 

The GMM differentiates independent, single mRNAs from groups of clustered mRNAs by 

probabilistically fitting a predicted RNA of average intensity and size over each FISH-quant 

detected RNA.  

2.4.9 Domain search 

A smiFISH-based screen was utilized to identify if transcripts with protein domains similar 

to erm-1 also displayed membrane localization. WormBase ParaSite was utilized to generate a 

list of proteins with domain IDs matching those annotated for ERM-1. Proteins with domain IDs 

matching ERM-1 were subset for genes present in 2-cell stage embryos [126]. This resulted in a 

list of 149 maternally inherited genes encoding either a FERM or PH-like domain. (Table B.1).  

Candidate genes were further subset using the “Interactive visualizer of differential gene 

expression in the early C. elegans embryo” (http://tintori.bio.unc.edu/, [130]). Candidate genes 

were manually curated based on the following criteria: 1) persistence of enrichment in the 4-cell 

stage embryo, 2) high transcript abundance in the 4-cell stage embryo, 3) homology to genes 

encoding transcripts with known localization in other biological systems, and 4) existing protein 

expression data available on Wormbase (https://wormbase.org/) (Table B.1). Manual curation 

resulted in 17 candidate genes that are simultaneously maternally inherited and contain FERM or 

PH-like domains to screen for membrane localization (Table 2.1). 
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Chapter 3 

Translation-dependent localization of imb-2 mRNA to 

the nuclear periphery2 

 

3.1 Introduction 

In eukaryotic cells, transporting macromolecules between the nucleus and cytoplasm is 

critical for replication, transcription, cell cycle regulation, and gene expression regulation 

broadly [184]. Transport between the nucleus and cytoplasm, nucleocytoplasmic transport, is 

orchestrated by carrier protein complexes which recognize specific localization signals on cargo 

and facilitate interactions with nuclear pore complexes (NPCs) [185]. Active nucleocytoplasmic 

transport is primarily carried out by ß-karyopherins, which are functionally divided into 

Importins and Exportins. Importins and their associated cargo enter the nucleus through an NPC, 

where the binding of Ran-GTP with Importin releases cargo into the nucleus. Upon export back 

into the cytoplasm, Ran-GTP is hydrolyzed to Ran-GDP, releasing Ran-GDP from the Importin 

[184]. In mammals, the best-characterized Importins are Importin-a, Importin-ß, and Transportin 

1. Transportin 2 is less well characterized but shown to have redundant cargo with Transportin 1 

and other importins [186]. The Transportin subfamily appears to derive from a single ancestral 

gene. A single gene still comprises the Transportin subfamily in yeast (kap104) and C. elegans 

 
2 The work described in chapter 3 is ongoing and unpublished 
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(imb-2) making C. elegans an excellent model for further exploring fundamental characteristics 

of the Transportin subfamily [187]. 

In C. elegans, imb-2 is predicted to be a homolog of human TNPO2 (Transportin 2) and 

function in protein import into the nucleus through direct binding of nuclear localization 

sequences on associated cargo [138]. IMB-2 is also a highly conserved homolog of human 

TNPO1 (Transportin 1) [188]. Deletion or depletion of the imb-2 gene is embryonic and larval 

lethal [189–192]. As part of its role in nuclear import, IMB-2 is functions in the conserved 

insulin signaling and reactive oxygen species (ROS) signaling pathways [188]. In the insulin 

signaling pathway, IMB-2 imports the C. elegans DAF-16 (homolog of human Forkhead Box O 

FOXO) into the nucleus in response to environmentally induced oxidative stress [188]. 

Additionally, imb-2 functions in olfactory neuron development by importing the transcription 

factor NSY-7 to activate sox-2 expression [192]. This study also detected IMB-2 protein in the 

nucleus and around the nuclear envelope of cells in the head and body during embryogenesis, 

larval development, and adulthood [192] (Alqadah et al., 2019). More recently, the maternally-

inherited imb-2 mRNA was detected with perinuclear localization in early embryos where the 

IMB-2 protein is predicted to localize Figure 3.1) [48] .  

 

 

Figure 3.1: imb-2 localizes to the nuclear periphery where the encoded IMB-2 protein is reported to 

function. imb-2 mRNA was visualized using smFISH (green) in a 4-cell embryo (left). Schematic illustration of 

perinuclear localization of imb-2 mRNA (green) and IMB-2 protein (magenta) (right). Scale bars 10 µm. 
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Many studies have demonstrated that mRNA localization functions in cellular processes 

such as development, differentiation, and cell migration. The two primary mechanisms by which 

mRNAs localize subcellularly are translation-independent or translation-dependent pathways. 

The translation-independent pathway typically relies upon an RNA localization sequence 

element (zip code), often located in the 3’UTR, that is recognized and bound by an RNA binding 

protein (RBP). The translation-dependent pathway relies upon the translation of a localization 

signal peptide for delivery to its specific compartment. Translation-dependent localization of 

mRNAs encoding for secreted and membrane proteins on the endoplasmic reticulum (ER) are 

well described [102]. In this canonical model (reviewed in Chapter 1.3.3.1), a translated nuclear 

localization signal (NLS) is recognized and bound by the signal recognition peptide (SRP) and 

directed to the ER. Recent studies demonstrate that transcripts can associate with the ER through 

translation-dependent and translation-independent mechanisms [107,193,194].  

Previous work in C. elegans demonstrated that the imb-2 3’UTR was insufficient to direct 

a neongreen-encoding reporter transcript to the nuclear periphery indicating that the imb-2 

localization element resides elsewhere in the RNA sequence or the encoded protein [48]. In that 

same sufficiency assay, fusion of the imb-2 3’UTR to neongreen reduced the abundance of the 

imb-2 3’UTR sufficiency transcript compared to control. This reduction suggests that the imb-2 

3’UTR may promote transcript instability in the cytoplasm out of context with the whole imb-2 

gene [48]. Additionally, imb-2 does not encode a nuclear localization signal, which suggests a 

translation-dependent localization mechanism would occur by a non-canonical pathway [48].  

This chapter provides preliminary evidence that imb-2 mRNA localization to the nuclear 

periphery is translation-dependent and is sensitive to stress. Additionally, treatment with small 

molecule inhibitors preliminarily indicates imb-2 localization requires remaining intact with 
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translating ribosomes and the nascent polypeptide. Further, while translation inhibition 

experiments demonstrated dependence on translation for localization, preliminary experiments 

altering the mRNA sequence context resulted in silencing of the synonymous transcript. This 

could indicate that imb-2 localization relies on both translation-dependent and translation-

independent elements for the stability of the transcript and successful perinuclear enrichment. 

 
 

3.2 Results 

3.2.1 imb-2 mRNA localization to the nuclear periphery requires 

translation initiation 

Previous evidence from Parker et al. demonstrated that the imb-2 3’UTR was insufficient to 

direct localization to the nuclear periphery [48]. We therefore began testing the translation-

dependent localization model. To test the translation-dependent model for imb-2 perinuclear 

localization, we disrupted translation initiation globally by depleting the translation initiation 

factor ifg-1 (Initiation Factor 4G (eIF4G) family) by RNA interference (RNAi). IFG-1 is the sole 

C. elegans ortholog of the human initiation factor eIF4G and functions in both cap-dependent 

and -independent translation initiation [137–140]. Depleting ifg-1 by RNAi prevents translation 

initiation by blocking the recruitment of the 40S ribosomal subunit to the transcript (Figure 

3.2A) [137]. Translation inhibition was confirmed using a destabilized GFP as a translation 

reporter (MODCPEST GFP::H2B) with a reduced fluorescence half-life of roughly 2 hrs from 

the typical half-life of roughly 26 hrs [143]. We confirmed translation inhibition in embryos by a 

reduction in the degradable GFP fused to H2B reporter signal (Figure 3.2B). Embryos with 

reduced H2B fluorescence also displayed a loss of perinuclear imb-2 mRNA localization 
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compared to the control (Figure 3.2C). These results support the model in which imb-2 mRNA 

localization to the nuclear periphery is translation-dependent. However, this assay does not 

indicate whether localization requires an intact ribosome nascent chain complex (RNC) or 

ongoing translation. 

 

 

 

 

3.2.2 IMB-2 localization requires the intact ribosome-nascent chain 

complex 

Figure 3.2: imb-2 loses perinuclear localization when translation initiation is inhibited by ifg-1 RNAi. (A) 

Schematic of translation initiation inhibition by ifg-1 RNAi preventing ribosome binding to the transcript. (B) 

Translation inhibition by ifg-1 RNAi confirmed in the translation reporter strain MODCPEST GFP::H2B (green) 

between 2-cell and 16-cell stage marked by DAPI stained nuclei (magenta). (C) Fluorescent micrographs of 4-cell 

embryos in control RNAi conditions (L4440, left) and treated with ifg-1 RNA (right) probing imb-2 mRNA with 

smFISH in a the translation reporter strain MODCPEST GFP::H2B with nuclei stained with DAPI. Scale bars 10 

µm.  
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To test whether imb-2 mRNA localization requires intact ribosome-nascent chain complexes 

(RNCs), we inhibited translation elongation using two different small molecule inhibitors. 

Cycloheximide stalls elongation and preserves RNCs, while puromycin induces dissociation of 

the ribosome and nascent chain from the transcript [148,149]. 

 To overcome the challenge of introducing small molecules through the eggshell and 

permeability barrier in the C. elegans embryo, we disrupted the sugar modifying enzyme and 

permeability barrier protein PERM-1 by RNAi [150,152,195]. perm-1 RNAi permits small 

molecule entry while not altering early developmental progression, though perm-1 RNAi 

eventually leads to lethality in late embryos [152]. Additionally, through alterations to standard 

smFISH protocols, perm-1 RNAi is compatible with drug treatment followed by smFISH 

imaging of imb-2 mRNA. 

 We observed that treatment with cycloheximide, which preserves the RNC while stalling 

during translation elongation, did not disrupt observable imb-2 mRNA localization (Figure 

3.3A).  In contrast, treatment with puromycin, which dissociates the ribosome and nascent chain, 

resulted in the loss of imb-2 mRNA localization to the nuclear periphery (Fig. 3.3A). Treatment 

with puromycin suggests that the imb-2 mRNA must maintain association with the ribosome and 

nascent chain for imb-2 transcripts to concentrate at the nuclear periphery. Puromycin-treated 

embryos did not display an apparent reduction in the number of mRNA molecules compared to 

control. This could indicate that the stability of the transcript does not require bound ribosomes 

or localization to the nuclear periphery. However, the 15-minute treatment could also be too 

short of a timeframe in which to observe degradation. Embryos treated with cycloheximide 

retained localization, indicating imb-2 mRNA enrichment to the nuclear periphery does not 

require ongoing translation elongation provided the mRNA remains intact with the ribosome and 
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nascent IMB-2 polypeptide. These findings further support the translation-dependent model for 

perinuclear imb-2 mRNA localization and indicate that an intact RNC is necessary.  

 

 

 

3.2.3 imb-2 mRNA localization is susceptible to heat stress 

Previous work identifying IMB-2 as a homolog of human Transportin-1 (TNPO1) demonstrated 

that in worms, IMB-2 also functions in the nucleocytoplasmic transport of DAF-16 in response 

to environmental stress [188,196]. The environmental stress tested, heat stress, occurs in animals 

Figure 3.3: Translation elongation inhibition through treatment with puromycin and cycloheximide. 
(A) 4-cell embryos under RNAi control conditions or permeabilized by perm-1 RNAi and subsequently treated with 

small molecule inhibitors cycloheximide, puromycin, or buffer control. imb-2 mRNA (green) was imaged by 
smFISH with nuclei stained with DAPI (blue). Scale bars 10 µm. 
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or cells by exposure to temperatures higher than normal body temperature and prevents protein 

synthesis primarily through changes in phosphorylation states of translation initiation factors 

followed by their subsequent inactivation [144,147,197,198]. In C. elegans, a well characterized 

pathway to combat heat stress is the IGF/insulin-like signaling (ILS) pathway [197]. The ILS 

pathway depends on the downstream nuclear import of the transcription factor DAF-16, a 

homolog of human FOXO [199]. In C. elegans, the DAF-16 transcription factor is imported into 

the nucleus in an IMB-2-dependent manner when acute heat stress is applied [188]. However, in 

human and yeast models, Transportin-1 (TNPO1/Kap104) is detected in cytoplasmic stress 

granules (SGs) in response to stress (reviewed in Chapter 1.2.1) [200,201]. In these instances, 

Transportin-1 is observed moving in and out of SGs rapidly, and a significant fraction of 

Transportin-1 remains outside SGs [201]. Given the translation-dependent nature of imb-2 

mRNA localization, we wanted to test whether imb-2 localization would also be susceptible to 

heat stress. Additionally, we wanted to observe if imb-2 mRNA would retain colocalization with 

IMB-2 protein. Further, we wanted to determine whether imb-2 mRNA or IMB-2 protein would 

retain perinuclear localization or relocalize to stress granules, the two subcellular locales where 

IMB-2 or its homologs are detected after exposure to stress [188,192,196,200,201]. 

We used a stress granule marker worm strain (TIAR-1::GFP) to observe whether imb-2 

mRNA accumulates in SGs after exposure to heat. TIAR-1 is an ortholog to human stress 

granule-associated RNA binding protein TIA-1 [202]. Under control conditions, imb-2 mRNA 

accumulated at the nuclear periphery, and TIAR-1 protein aggregated in the posterior lineage, 

where TIAR-1 resides in P granules (Figure 3.4A, left panel) [203]. When no heat stress was 

applied, imb-2 mRNA did not colocalize with TIAR-1 (Figure 3.4A, left panel). In acute heat-

treated 4-cell embryos (37 ˚C for 15 min), we observed distinct stress granule formation by our 
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TIAR-1::GFP reporter with imb-2 mRNA colocalizing with TIAR-1 cytoplasmic clusters 

(Figure 3.4A, right panel).  

While imb-2 mRNA could be observed in cytosolic clusters overlapping with the stress 

granule marker TIAR-1::GFP, we wanted to test whether IMB-2 protein would display similar 

changes in localization patterning. Given the translation-dependent localization model for imb-2 

localization, we expect to observe IMB-2 protein in cytosolic clusters colocalizing with imb-2 

mRNA. However, according to the study demonstrating the necessity of IMB-2 protein for the 

nuclear import of DAF-16 in response to heat stress, we could also expect to observe some 

retention of IMB-2 protein localization to the nuclear periphery [188]. To test this hypothesis, we 

worked with InVivo Biosystems to generate a single copy insertion worm strain expressing imb-

2::gfp at a transgenic locus on Ch IV. In this worm strain, both imb-2 mRNA and IMB-2 protein 

are enriched at the nuclear periphery (Figure 3.4B, left panel; Figure 3.5A). 

After exposing embryos acute heat stress, IMB-2 protein formed cytosolic clusters 

colocalizing with imb-2 mRNA, similar to imb-2 mRNA colocalizing with the stress granule 

marker TIAR-1::GFP (Figure 3.4A, left panel; Figure 3.4B, right panel). In those same heat-

treated embryos IMB-2 protein retained localization at the nuclear periphery colocalizing with 

imb-2 mRNA (Figure 3.4B, right panel). This suggests that in C. elegans, IMB-2 protein 

accumulates in stress granules as reported with human and yeast Transportins (TNPO1 and 

TNPO2/KAP104) as well as at the nuclear periphery as previously reported [22,54,188,200,201].  
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3.2.4 imb-2 mRNA stability depends on nucleic acid sequence 

context 

Based on translation inhibition experiments, imb-2 localization to the nuclear periphery is 

translation-dependent. However, it remains unclear whether the mRNA sequence could also be 

Figure 3.4: Effect of heat stress on imb-2 mRNA and IMB-2 protein localization. (A) 4-cell embryos with 

the stress granule protein marker TIAR-1::GFP (green) probing for imb-2 mRNA (magenta) by smFISH under not 

heat shock (control 20C) and acute heat stress (37 ˚C for 15 min).  Nuclei stained with DAPI (blue). (B) 4-cell 

embryos with the IMB-2 protein marker IMB-2::GFP (green) probing for imb-2 mRNA (magenta) by smFISH under 

not heat shock (control 20C) and acute heat stress (37 ˚C for 15 min).  Nuclei stained with DAPI (blue). 

Scale bars 10 µm. 
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critical for localization and stability. The study that demonstrated the imb-2 3’UTR was 

insufficient to direct a reporter construct to the nuclear periphery also showed that appending the 

imb-2 3’UTR to a neongreen reporter yielded fewer mRNA molecules than endogenous imb-2 

[48]. This indicates that a property of the holistic imb-2 gene could be necessary for localization 

and protection from degradation. 

In Chapter 2, we demonstrated that altering the erm-1 mRNA sequence context by using 

alternative codons and synthetic introns did not affect the erm-1 mRNA localization. The same 

study that demonstrated the imb-2 3’UTR being insufficient to direct localization also 

demonstrated the erm-1 3’UTR was insufficient to direct localization, but the erm-1 transcript 

number did not appear reduced. As IMB-2 lacks a discernable NLS, an mRNA sequence element 

could be required for licensing imb-2 for translation and protection from degradation. In yeast, 

there are examples of ER-bound transcripts requiring both translation-dependent and -

independent elements for successful localization. Ribosome profiling combined with 

biochemical fractionation identified that a subset of ER-targeted transcripts had SRP pre-

recruited to non-coding mRNA elements prior to the onset of translation [107]. 

To test whether other imb-2 mRNA nucleotide sequences are necessary for localization, 

we synthetically recoded the imb-2 mRNA nucleotide coding sequence while preserving the 

amino acid sequence. For this experiment, we generated three new worm strains (Figure 3.5A). 

We made a GFP knock-in at the C-terminal of the endogenous imb-2 locus on chromosome II. 

We generated a strain with a single copy insertion on Chr IV of recoded imb-2 nucleotide 

sequence yet synonymous IMB-2 amino acid sequence. Additionally, we created a single copy 

insertion of wt sequence imb-2::gfp at the same locus on chromosome IV. All three strains were 

generated and genotyped by InVivo Biosystems.  
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When imaging the endogenously GFP knock-in strain, imb-2 mRNA was detected at the 

4-cell stage, but gfp mRNA was not (Figure 3.5B). GFP signal was also not detected (Figure 

3.5B). Additionally, the imb-2 mRNA at the 4-cell stage was very poorly localized to the nuclear 

periphery. However, around the 200-cell stage, gfp mRNA was detected but GFP signal still was 

not. These embryos developed normally and produce viable offspring under typical growing 

conditions. This was a surprising result because the Chuang lab successfully generated an imb-

2::NeonGreen worm strain with detectable NeonGreen protein signal at the nuclear periphery 

and in the nuclei during embryogenesis, larval stages, and adulthood [192]. The imb-2 gene has 

three isoforms. It is possible that some isoforms are failing to be expressed properly upon 

addition of the C-terminal GFP sequence. Additionally, it could be that the isoform that 

successfully expressed gfp mRNA at the 200-cell stage, if not GFP protein, is not maternally 

loaded and therefore is not observed at the 4-cell stage. 

The single copy insertion at the MosSci locus of imb-2::gfp encodes the long isoform 

imb-2 sequence under the endogenous imb-2 promoter. 4-cell embryos from this worm strain 

displayed imb-2 mRNA and IMB-2::GFP localized to the nuclear periphery (Figure 3.5C). The 

synonymous imb-2 strain expresses the recoded long isoform with the addition of synthetic 

introns. At the 4-cell stage, imb-2 synonymous mRNA and protein are not detected, indicating 

amino acid sequence alone is not sufficient to recapitulate mRNA and protein localization 

patterning (Figure 3.5D). 

The imb-2 synonymous strain displayed greatly reduced levels of synonymous transcript 

and no apparent IMB-2 SYNON protein. This indicates that the coding region sequence is 

important for the localization and expression of both the mRNA and the protein. Additionally, 

this indicates that scrambling the CDS and/or introducing synthetic introns likely targeted the 
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transcript for a decay or other silencing pathway. The imb-2 native sequence tagged with GFP 

inserted at the same transgenic locus demonstrated that the altered imb-2 nucleic acid sequence, 

not the expression from the MosSci locus, changes the transcript behavior.  
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Figure 3.5: imb-2 mRNA localization to the nuclear periphery is mRNA sequence context dependent. 
(A) Table describing the three worm strains generated to test the mRNA context dependence for imb-2 mRNA 

localization. (B) 4-cell and 200-cell embryos imaging the GFP knock in at the endogenous imb-2 locus. (C) 4-cell 

embryo of imb-2::gfp inserted as a single copy at the MosSci locus on Chr IV. (D) 4-cell stage of the synonymous 

imb-2 mRNA (gfp synon., green) and wt imb-2 (magenta).  Nuclei stained with DAPI (blue). Scale bars 10 µm. 

 



 72 

3.3 Discussion 

This chapter provided preliminary evidence supporting a translation-dependent model of imb-2 

mRNA localization to the nuclear periphery during early embryonic development. Through 

genetically depleting the translation initiation factor IFG-1, we demonstrated that translation 

initiation is required for localization. Additionally, by treating embryos with translation 

elongation inhibitors with differing mechanisms of action, we demonstrated that an intact 

ribosome-nascent chain complex (RNC), but not ongoing translation, is required for perinuclear 

localization. Exposing embryos to acute heat stress demonstrated that imb-2 mRNA and IMB-2 

protein could obtain a dual localization pattern in stress granules and at the nuclear periphery. 

Preliminary evidence altering the mRNA coding sequence of imb-2 resulted in apparent silencing 

of the synonymous transcript with no translation. The data in this chapter indicate that non NLS-

encoding transcripts can localize to the nuclear periphery, which is distinct from the canonical 

NLS-dependent localization pathway.  

The C. elegans IMB-2 protein contains an Importin N-terminal domain followed by a 

short, disordered region. According to Gene Ontology (GO) annotation and structure data from 

other Importin N-terminal domain-containing proteins, this domain binds Ran GTPase protein 

and facilitates import into the nucleus [204,205]. The intrinsically disordered region contains a 

patch of basic and acidic residues with NLS binding capability to facilitate cargo binding [204]. 

Additionally, knocking down IMB-2 is embryonic lethal [190,191]. The orthologs of IMB-2 in 

humans, Transportin-1 and Transportin-2, contain the conserved Importin N-terminal domain 

with some variation in the disordered region, though cargo binding by NLS is preserved [186]. 

The specificity of Transportin proteins for NLSs has primarily been studied in mammals and 
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yeast, with an overlap in cargo binding between members of the Transportin subfamily and other 

Importins [186].  

In C. elegans, the most studied nuclear import substrate bound by IMB-2 is the longevity 

factor DAF-16 (Forkhead box O FOXO in humans) [188,206,207]. Other longevity factors 

speculated to be imported by IMB-2 into the nucleus include the lipid binding protein LBP-8 and 

OCR-2, but the complete set of substrates bound by IMB-2 remains unknown [208–210]. 

Mammalian Transportin-1 and Transportin-2 bind cargoes including proteins involved in mRNA 

processing (hnRNP family members and FUS), core histones, ribosomal proteins, and the 

transcription factor FOXO4 [211]. Yeast Transportin-1 also binds RNA binding proteins 

involved in mRNA processing, transcription factors, and ribosomal proteins [186]. These 

findings point to conservation between the nucleocytoplasmic transport facilitated by the 

Transportin subfamily between yeast, worms, and humans. 

A conserved part of cellular response to acute stress includes the formation of stress 

granules in the cytoplasm (reviewed in chapter 1.2.1). In mammalian cells, Transportin-1 and 

Transportin-2 are found in SGs, along with known cargoes [54,201]. Yeast Transportin and 

associated cargo are also identified in SGs [22,54]. Coimmunoprecipitation in human cells shows 

Transportin-1 bound to the transcription factor FOXO in response to acute stress, which was 

further corroborated in C. elegans with IMB-2-dependent import of FOXO homolog DAF-16. 

This suggests that, depending on cargo bound, Transportin proteins can assume dual locations in 

response to stress exposure (Figure 3.6). This may vary depending on the type of stress the cells 

or organism is exposed to.  
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What could be the function of imb-2 mRNA localization to the nuclear periphery and 

stress granules post-stress exposure? Under standard conditions, perinuclear imb-2 localization 

could function in co-translationally binding cargo upon translation of the NLS-binding region. 

imb-2 could also be translated at the nuclear periphery to achieve successive rounds of 

translation, given the rapid cell divisions during development and high demand for 

nucleocytoplasmic transport. Specific to maternally deposited transcripts, imb-2 localization 

could locally translate so that nucleocytoplasmic transport machinery is poised to respond to 

gene expression regulation demands at the onset of zygotic transcription.  

Alternatively, imb-2 localization could be a passive function of IMB-2 localizing to the 

nuclear periphery upon binding Ran and cargo. imb-2 could localize passively to stress granules 

upon stress exposure while it remains in complex with the nascent IMB-2 protein and its bound 

substrate. According to the stress granule transcriptomes in humans and yeast, the Transportin 

Figure 3.6: imb-2 mRNA and IMB-2 protein localization after stress depends on the cargo to which 

IMB-2 is bound.  
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encoding transcripts are neither enriched nor depleted in SGs [21,212]. This could indicate the 

dual localization between the nuclear periphery and stress granules following IMB-2 

distributions.  

In the context of the maternal-to-zygotic transition, what would be the function of IMB-2 

maintaining perinuclear localization to import a transcription factor, such as DAF-16, when 

zygotic transcription is paused? Would DAF-16 import poise the nucleus for a transcriptional 

response to stress in early development? What other cargo could IMB-2 be importing prior 

zygotic transcription initiation? 

Follow-up experiments are required to support and further instruct the model formed 

from the preliminary data in this chapter (Figure 3.6). First, translation-dependence of imb-2 

localization could be confirmed by introducing a TG deletion in the start codon of imb-2 in a 

background with a silenced nonsense-mediated decay (NMD) pathway to prevent degradation of 

the transcript. This would test the effect imb-2 specific translation inhibition on localization. 

Additionally, it would be informative to inject the imb-2 3’UTR sufficiency construct into an 

NMD silenced background to observe the stability and localization of the imb-2 3’UTR. To test 

whether imb-2 mRNA and IMB-2 protein are in complex with DAF-16 during early 

development, immunofluorescence and smFISH could be performed in the transgenic IMB-

2::GFP strain to simultaneously observe all three inquiries in the same embryo. To test whether 

localization changes in response to different types of stress, embryos could be exposed to 

different types of stress, such as starvation. 

IMB-2 is the only member representing the Transportin subfamily in C. elegans, 

providing an opportunity to understand better the potential functions of translation-dependent 

maternal imb-2 mRNA localization for IMB-2 protein function. Compared to other Importin 
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proteins, the Transportin family is less studied. Beyond the context of embryonic development, 

the mislocalization of known mammalian Transportin-1 cargoes, such as FUS, is linked to the 

development of neurological disease, illustrating the importance of Transportin-dependent 

nuclear import [213].  

 

3.4 Materials and Methods 

3.4.1 Worm husbandry 

For details on worm husbandry reference chapter 2.4.1. (Table 3.1) 

 

Strain Description Genotype Source/Reference 

N2 N2 C. elegans wildtype CGC 

wLPW001 MODC 
PEST::GFP::H2B 

sprSi17 [mex-5p::MODC 
PEST::GFP::H2B::mex-3 
3'UTR + Cbr-unc-119(+)] 
II 

CGC/Kaymak et al., 
Dev Dyn. 2016 

wLPW004 imb-2p::imb-
2_scrambled::eGFP::imb
-2 3'UTR 

imb-2p::imb-
2scrmbl::GFP::imb-2u in 
10882, unc-119(+))] IV ; 
unc-119(ed3) III 

This study 

wLPW005 endogenous KI of eGFP 
at imb-2 locus 

imb-2 (knu972[imb-
2::GFP::loxP::hygR::locP
]) 

This study 

wLPW006 imb-2p::imb-
2::eGFP::imb-2 3'UTR 

imb-2p::imb-
2::GFP::imb-2u in 10882, 
unc-119(+))] IV ; unc-
119(ed3) III 

This study 

wLPW019 TIAR-1::GFP tiar-1(tn1545[tiar-
1::s::tev::GFP]) II 

CGC/ Huelgas-Morales 
G., et al. G3 (Bethesda). 
2016 Apr; 6(4): 1031-
1047 

 

 

Table 3.1: Worm strains used in Chapter 3 
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3.4.2 Heat Shock Experiments 

Heat shock experiments were performed by transferring harvested embryos to pre-warmed M9 

liquid media and incubating at 37°C for 15 minutes. After heat shock, worms were immediately 

fixed for smFISH.  

 

3.4.3 RNAi Feeding for smFISH Microscopy 

 For details on RNAi feeding for smFISH microscopy reference chapter 2.4.3.  (Table 3.2). 

 

Strain 

description 

Plasmid 

description 

Detailed description Reference 

OP50 OP50 OP50 
 

L4440 pPD129.36 empty worm RNAi plasmid Fire Lab C. Elegans 
Vector Kit 1999  

ifg-1 RNAi M110.4 from 
the Ahringer 
library 

worm RNAi plasmid + ifg-1 

gene fragment 

 

 

 

3.4.4 Permeabilization and drug delivery 

For details on RNAi feeding for smFISH microscopy reference chapter 2.4.4. 

 

3.4.5 smFISH 

For details smFISH reference chapter 2.4.5. (Table A.1). 

 

3.4.6 smiFISH 

For details smiFISH reference chapter 2.4.6. (Table A.1). 

Table 3.2: E. coli strains used in Chapter 3 
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Chapter 4 

Discussion and future perspectives 

 

4.1 C. elegans as a model for studying mRNA localization in the 

context of development 

As reviewed in Chapter 1 and Chapter 2.1, mRNA localization is a widespread form of 

post-transcriptional regulation in organisms ranging in complexity from single-cell bacteria to 

complex mammals. At the latest RNALocate database count, more that 210,000 RNA-associated 

subcellular localization events have been documented in 104 species [23]. The first example of 

mRNA localization was ß-actin mRNA to lamellae in chicken embryonic fibroblasts [2]. Soon 

after, the first localized maternal mRNAs were discovered in Xenopus and Drosophila 

[10,79,214]. Further studies in Drosophila identified that the localization of morphogenic 

transcripts functioned to establish embryonic polarity and determine body axis orientation [32]. 

More recently, C. elegans has emerged as an important developmental model for understanding 

and studying mRNA localization patterns, mechanisms, and functions. 

Previous work in our group began establishing C. elegans as a tractable model for 

exploring mRNA localization patterns of maternally inherited transcripts [48,126]. Prior to this 

work, examples of subcellular localization in C. elegans were limited to a select few transcripts 

identified in the membraneless organelles P granules, effectively worm germ granules [35,46]. 

Single-cell RNA-sequencing in 2-cell embryos identified the maternally-inherited transcriptome 

and a subset of asymmetrically-enriched transcripts [126]. Further single-cell sequencing from 
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the 1- to 16-cell stages identified subsets of maternal transcripts that were degraded, zygotically 

transcribed, and provided further evidence for asymmetric inheritance [130]. These data sets 

provided candidates to screen for subcellular localization patterns using single molecule 

Fluorescence in situ Hybridization (smFISH). smFISH on maternally-inherited and zygotically 

transcribed candidates revealed that maternally-loaded transcripts are enriched for subcellular 

localization patterning compared to zygotic transcripts [48].  

These findings were remarkable for a few reasons. First, these observations demonstrated 

a pattern of transcripts enriched in the posterior cell clustered in P granules downstream of 

translation repression mediated through sequences in their 3’UTRs. Second, this screen increased 

the number of known transcripts to possess subcellular localization patterning while identifying 

additional localization patterns beyond clustered in P granules, namely imb-2 enriched to the 

nuclear periphery and erm-1 localization to the plasma membrane. Also, these findings 

demonstrated that diverse subcellular localization patterning of maternally-inherited transcripts is 

a more widespread feature of embryos. This last finding was critical because the majority of 

studies exploring the diversity and prevalence of mRNA localization patterning were performed 

in Drosophila embryos [16,17,32]. While this is undoubtedly a fascinating observation, it was 

thought that the magnitude of localization patterning was due to the syncytial environment of 

early embryogenesis in Drosophila. The first 13 divisions in Drosophila are nuclear, meaning 

there is no cellular compartmentalization and therefore a shared cytoplasm during this time. 

Thus, mRNA localization would be a powerful form of post-transcriptional regulation to 

establish polarity and cell fate in the absence of physical barriers offered by the cell membrane. 

Identifying a diversity of localization patterns in C. elegans on par with those observed in 

Drosophila demonstrated that subcellular localization is prevalent in early embryogenesis even 
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in a cellularized environment. This makes C. elegans an excellent model for exploring other 

localization patterns, mechanisms of localization, and functions in development. More generally, 

C. elegans has the advantages of being inexpensive, genetically tractable, short generation times, 

a fully mapped cell lineage from 1-cell to adulthood, transparent structures ideal for microscopy, 

and can survive as a frozen stock.  

In Chapter 2, we expanded the known list of membrane-localized maternal transcripts 

from 4 to 7 while identifying an additional nine genes with apparent mRNA localization patterns 

later in development. We identified that the presence of a PH or PH-like domain could be 

predictive of plasma membrane localization while also observing that a single gene can change 

localization patterns over developmental time. Our translation-inhibition studies identified erm-1 

as the first maternally-deposited transcript with translation-dependent localization in C. elegans. 

A similar study by the Mango lab simultaneously identified a zygotically transcribed mRNA 

with translation-dependent localization to the apical membranes of developing epithelia [117]. In 

combination with our findings, these data further developed C. elegans as a model for studying 

translation-dependent mRNA localization while establishing methods to probe translation 

dependence. Developing a technique to combine treatment with small molecules and smFISH 

will allow other researchers to test questions of localization mechanisms in early C. elegans 

embryos. Further, through collaboration, the erm-1 gene provides us with an opportunity to link 

mRNA localization to function. 

In addition to establishing erm-1 as a model for studying translation-dependent mRNA 

localization of maternal transcripts to the plasma membrane, Chapter 3 identified imb-2 as a 

potential model for non-canonical, translation-dependent localization to the nuclear periphery. 

Beyond establishing imb-2 mRNA localization is translation-dependent, studies in stress 
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conditions showed that both imb-2 mRNA and IMB-2 protein could localize either to stress 

granules or retain perinuclear localization. These preliminary findings indicate that IMB-2 

displays behavior consistent with other organisms and participates in conserved stress response 

pathways. imb-2 is the single gene in C. elegans representing the Transportin subfamily, making 

C. elegans an excellent model for further exploring the function of Transportins in 

nucleocytoplasmic transport during development.  

 

4.2 Contributions of mRNA localization to the maternal-to-zygotic 

transition 

More broadly, the work presented in this thesis presents an opportunity to study the 

potential contributions of mRNA localization, specifically translation-dependent localization, to 

regulating the maternal-to-zygotic transition (MZT). During animal development, early 

embryonic development is directed by maternally inherited components. Then, after a pause in 

transcription that varies in cell division length depending on the organism, the zygotic 

transcription initiates to complete the MZT hand-off to the zygotic genome. During the initial 

phase of the MZT, gene regulation is exclusively on post-transcriptional and post-translational. 

This initial phase is followed by a graduate switching on of the zygotic genome and activation of 

zygotic transcriptional regulation. mRNA localization is a form of post-transcriptional gene 

regulation during the initial phase of the MZT. The majority of maternal mRNAs observed in 

model organisms display subcellular localization patterning compared to zygotically transcribed 

transcripts [17,48]. Why would the maternal population of transcripts be enriched for subcellular 

patterning compared to their zygotically transcribed counterparts? 
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While Drosophila, Xenopus, and C. elegans have been the formative models of exploring 

the contribution of maternal mRNA to the MZT, further studies in varying organisms are 

revealing conserved patterns between them. So far, Drosophila is the best-studied model for the 

regulation of maternal mRNA translation. During egg activation and oocyte maturation, 

translation efficiency increases for up to 50% of the maternal transcriptome [215]. Of this subset, 

a correlation between poly(A) tail length and translation efficiency has been observed [216,217]. 

This correlation diminishes upon zygotic genome activation (ZGA) [217]. Further studies in 

Drosophila and other developmental models suggest that polyadenylation and deadenylation 

regulation can affect the stability and translation of maternal mRNAs during the MZT.  

Global analyses indicate that maternal transcripts represent a large range of the protein-

coding transcriptome, or translatome, though a significant portion of maternal transcripts 

undergo degradation and clearing prior to zygotic genome activation [218–225]. In Drosophila, 

roughly 65% of maternally-inherited transcripts is cleared during the maternal-to-zygotic 

transition. Only 2% of the maternal proteome is cleared [226]. In C. elegans, roughly 30% of the 

maternal mRNAs are cleared during the single cell stage, followed by an additional 30% by the 

4-cell stage [126,130,219,220]. By the onset of the MZT, roughly 60% of the maternal 

transcriptome is cleared. What about the remaining 35-40% of transcripts that aren’t cleared? 

Maternal mRNAs are posited to be cleared due to dNTP depletion and turnover during the MZT. 

Due to the pause in transcription and depleted reservoir of dNTPs, translation-dependent/co-

translational localization could be an efficient strategy of the early embryo for locally regulated 

proteomes. Additionally, the presence of translation machinery bound to maternal mRNA might 

preserve its stability and prevent degradation. Addressing these questions requires advancing 
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techniques that yield information on mRNA localization with translation dynamics, both in fixed 

and live samples. 

 

4.3 Advancing techniques pair mRNA localization with translation 

dynamics, lending insight into function 

As reviewed in Chapter 1, genomics and imaging technologies to detect mRNAs and their 

localization patterns, mRNA localization is appreciated as a conserved part of post-

transcriptional gene expression regulation. Additionally, as techniques to detect translation status 

improve mRNA localization can be linked to translation and therefore lead insight into 

contributions towards precise temporal and spatial control of gene expression. Subcellular 

mRNA localization has emerged as a highly conserved post-transcriptional mechanism for the 

spatial and temporal control of protein synthesis. As new imaging and sequencing methods of 

detecting mRNA localization and translation are developed, it is now possible to study mRNA 

localization across species of varying complexity and size. This provides the opportunity to 

uncover conserved mechanisms and prospective functions. Single-gene and single-molecule 

studies are uncovering mechanisms of local translation through translation-dependent and -

independent localization at various subcellular locales. Excitingly, the impact of mRNA 

localization on the physiology of the development of specific, multicellular tissues and complete 

organisms is unveiling the impact of local translation in cell-to-cell interactions, tissue 

organization, and cell fate determination.  

Single molecule fluorescence in situ Hybridization (smFISH) has been a gold standard 

for visualizing and quantifying individual transcripts in fixed samples. Combining smFISH with 

immunofluorescence permits visualization of protein and mRNA but does not yield information 



 84 

on translation dynamics. Techniques have been developed to visualize specific mRNAs 

interacting with ribosomes, such as FLAIRM (fluorescence assay to detect ribosome interactions 

with mRNA) [227]. Alternatively, probes can be designed complementary to both an mRNA of 

interest and ribosomal RNA (rRNA) to reveal whether a transcript is associated with ribosomes 

[228]. However, these techniques only provide insight into a few individual transcripts and do 

not provide scope for whole cell or organism RNA localization. 

In response, groups are scaling up FISH-based and other techniques for transcriptome 

and subcellular transcriptome level data generation. These techniques include RNA SPOTS 

(RNA Sequential Probing of Targets) and MERFISH (Multiplex Error Robust Fluorescence in 

situ Hybridization), amongst others [229–231]. Other RNA-seq based techniques can yield 

subcellular information by micro-dissecting tissue samples (Laser capture micro-dissected RNA-

seq (LCM-RNAseq)) or by using proximity labeling techniques (APEX-seq) [22,232]. The 

proximity labeling technique APEX-seq comes with the additional advantage of collecting both 

spatial transcriptome data as well as spatial proteome data through complementation with mass 

spectrometry. APEX-seq expanded the knowledge of the subcellular mRNA and protein content 

of stress granules in mammalian cells [21,22]. Another proximity tagging technique, HALO-seq, 

has yielded major insights into neurobiology [128,233]. The Shechner lab is developing a new 

technique, O-MAP (oligonucleotide-directed in situ proximity), to take advantage of the 

specificity of smFISH to reduce off-target tagging and reduce experimental difficulty (RNA 

2022). These techniques can be combined with ribosome profiling techniques such as Ribo-Seq 

(ribosome sequencing), ART-Seq (active mRNA translation sequencing), or TRAP-Seq 

(translating ribosome affinity purification RNA sequencing) to isolate the population of mRNAs 

associated with ribosomes and give insight into translation-dynamics [234].  
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While techniques in fixed samples have revealed insights into subcellular transcriptomic 

and proteomic organization and abundance, fluorescence-based imaging techniques are making it 

possible to visualize translation dynamics in live cells. Real-time visualization of translation 

paired with mRNA localization has been made possible with translating RNA imaging by coat 

protein knock-off (TRICK), single-molecule imaging of nascent peptides (SINAPS), and nascent 

chain tracking (NCT) [235–237]. These live-cell approaches have been instrumental in 

measuring translation kinetics related to the first round of translation or ongoing translation.   

 
 

4.4 Perspectives and future directions 

The work described in this thesis expands C. elegans as a model for studying translation-

dependent mRNA localization in the early embryo, identifying the first translation-dependent 

localized maternal mRNA, erm-1. We characterized two transcripts as potential models for their 

subcellular locales to the plasma membrane or nuclear periphery. Additionally, we expanded 

techniques to perturb translation while able to visualize mRNA in early embryos. These insights 

add to the growing RNA biology field, translation-dependent localization, and RNA localization 

as a powerful form of post-transcriptional gene regulation during early development and beyond. 

The techniques described in this work have expanded the known membrane localized transcripts 

list and demonstrated how localization patterns can change over time and in response to 

environmental cues.  

There are a few key challenges that are an obstacle towards linking mRNA localization to 

potential function and contribution towards gene regulation. First, there are few methods 

currently developed that can alter mRNA localization for context in vivo. I.e., tethering erm-1 

mRNA to a different subcellular locale like the nuclear periphery to observe whether or not there 
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were functional consequences for the ERM-1 protein and ultimate embryonic development. 

Tethering can affect mRNA stability or alter translation efficiency making interpreting results 

difficult, among other considerations. Additionally, techniques to tag transcripts in vivo, such as 

the MS2/MCP or PP7/PCP, can alter endogenous behavior by preventing nuclear export, forming 

cytoplasmic aggregates, altering localization patterns, etc. Further, the development of in situ 

high throughput transcriptomics technologies has generated a vast amount of mRNA localization 

patterns that require further interpretation and analysis. The development of machine learning 

tools will facilitate the interpretation and analyses of these data sets to identify conserved 

patterns and give insight into potential function when paired with additional in vivo analyses.  

Next, it will be interesting to apply some of the growing compendium of subcellular 

transcriptomics assays to characterize the full collection of maternal and zygotic transcripts at the 

plasma membrane, nuclear periphery, and other locales. It will be very insightful to pair this with 

ribosome profiling and other translation techniques for future studies understanding the 

landscape during the MZT. It will be fascinating to uncover the set of genes that are actively 

translated vs. bound by ribosomes poise for translation upon ZGA vs. degraded and identify 

conserved features that specify the fate of the transcript. Finally, it will be thrilling when we can 

consistently link mRNA localization to function, or lack thereof, and understand the true impact 

and contribution of mRNA localization to gene expression regulation and biology.  
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Appendix A 

FISH probes 

Table A.1: smFISH and smiFISH probes used in this dissertation 

Transcript_name Sequence_ID Wormbase_ID Probe_sequence FLAP/ 

FLUOROPHORE 

erm-1 synonymous N/A N/A tccatgtgaaggacatcgtaatcggtgacgg

cctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A cgctcaacctcctcgcgcatagagaacctcc

taagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A agagcttgcttggcaagttgaagttgcttaag

cctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A agttaactccgtacatttcaaggtcttgagcg
cctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A tctggtgggcagtagatttcgtcagaaagga

tcctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A tcagcaacgtcctctgggtagaacttagccct

cctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A gaaccttcttgttaagcttaagccaagttggg

cctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A catgttctcgtattggtcgatgcggcgccctc

ctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A agtgtttcctccgcggatttggcgaaggcctc

ctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A cttgtacttatcacgtccagccttcttgtcctcc

taagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A ttttggtccttgacggaatcgagctcacgcct

cctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A tttcagcagcggtgacacgctcaagttccctc

ctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A gttgtggaacgttttggtcggcatcgttggta

cctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A aatggatttgagtttggagttggcgggtgac

gcctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A tagccttctcagatggagttgggcggtacctc
ctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A ctcgcggagctcgtactccttttgctcctccta

agtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A gggcctcaagggagtggatagtgttgtgag

cctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A catgcgcttctcagcatcacgttggccctcct

aagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A ttctcttgttcagcgatcttgagggcaccctcc

taagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A cgcatgtagagttcgtggtttcccatgcacct

cctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A gggcgaggatacgcttgttgatgcgaaggc

ctcctaagtttcgagctggactcagtg 

FLAP-X 
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erm-1 synonymous N/A N/A gtcgtagatgttaagtccgagggcgtcgacc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A cgaggtaaaggtcggttcccttcttgttacgc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 synonymous N/A N/A cttaaggtactcgagcatggcttgctcgcctc

ctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A attccaatttgtgtccaagaatgtttccatctcc

tcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A aatatagttctttcctgtacataaccttcgggc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A tttgtatagttcatccatgccatgtgtaatcccc
tcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A ctctcttttcgttgggatctttcgaaagggccc

tcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A ttgttgataatggtctgctagttgaacgcttcc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A caactttgattccattcttttgtttgtctgcccct

cctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A ttaaacttacgtgtcttgtagttcccgtcatccc

tcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A taagggtaagttttccgtatgttgcatcacctc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A gcagctgttacaaactcaagaaggaccatgt

cctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A aactcgattctattaacaagggtatcaccttcc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A atctgggtatctcgagaagcattgaacaccc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A aaacttacccatggaacaggtagttttccagt

cctcctaagtttcgagctggactcagtg 

FLAP-X 

nemametrix gfp N/A N/A acatcaccatctaattcaacaagaattgggac

cctcctaagtttcgagctggactcagtg 

FLAP-X 

frm-7 C51F7.1 WBGene00001
493 

agtcgccattatgttgttcgattctagcaaagt
tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

atttctgcaggaagcggtccagttgaagctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

tgcactcatcgagagaagtcgatcgtttattgt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

tcgtgtgcaggatgataagtttgatggcgaa

cttacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

cgagtcgagaccgttcactttcatcactagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

tcggatatgatccaattccatcttctcgatttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

tcgaatccattttgattctaagacggagcttctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

agacattgagccatggcaccgatctcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

caatgtcgcacatctcaatgcccttggttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

ttataagggcgagtgcagccatgtaccagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

gagcatacttcataattttggccgctggattta

cactcggacctcgtcgacatgcatt 

FLAP-Y 
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frm-7 C51F7.1 WBGene00001

493 

ccgcatttccagagaacatcgtgtactttctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

actcgatgatgatggctgttgtagatggactt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

ccggcgagtccatttagtggagaaagcgga

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

atgatgatgtcttgaactgtgagcttttgtgctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-7 C51F7.1 WBGene00001

493 

tgaccaactgttgtggttgttgatatggaggat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001
489 

aaagtctgtgacaattctccgttgatgttgcat
tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

atctactccgtacatttcaatccatcgtgttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

ttattcaagtagttcaactccgcttgagccgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

tgtggacattgcagacgtcctgaggagattta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

aacattgaatggatctgtgtactgcaggcctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

ttctcggcacgacaatatttaaatgtgctcctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

tcgaacagctggttgtggaggttgtgagcttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

ctccgatgcactgctcattctgggaattacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

ttcgaatttgactgatgagctggaagtggtgg

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

atgtggagaagttggatctgattttgcatggg

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

cgctgttgatcattggctctttgttgctcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001
489 

ccgtggaccatatctctgactaggtcttttaca
ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

ttccagaaatgttttgccgctttttcagacgttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

ttgttcgattgatcagcatcctcctcgattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

tctgttgctgttgacgattccgtgagaatcttta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-2 T04C9.6 WBGene00001

489 

tttggctctctttgagagttctcatcttccttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

tcgacaacgtagtggcgagttggctcatagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

acgttgatgatgatgacgttgcaacttccttta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

attggcacaggagatgtcgatggggatgtat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

tggaagtcgtagtttcattcataactgccgact

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

tcagtttgacatcctgagcagaagtttcattgt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

tgtttcgcgaattgacccgatggacaagtgtt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 
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frm-4 C24A11.8 WBGene00001

491 

aatacttggtgatcctggaccatgtccattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

aactggcaatgtgtcgtggggttccttaatatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

gtatggatcaaatgcgtacgtatcgagctggt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

gccttctccagaaactccaattcggcttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

gacgtgctggatccgatggataatatcggatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001
491 

gtaacgatgcttatggtgatcctgatatcggtt
acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

atgaacgttgcaccggacatccttaggcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

catgaagctcgatcttgtcgaagtcgtaagtc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

attgttctgagtttccgaattgtccggagatgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

frm-4 C24A11.8 WBGene00001

491 

ccgagaaacgacgacgacgtgttgttttgcg

gttacactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

tagattgtggaagagtttgacgatcctggag

cttacactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

tgttgtatcgacacattggcaacgatcctttta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

acgtgcgtatgtgataggagagctcttggatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

agcgatagccagccttccatttgaatatgtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

gactttccacgagctcatcctgacagattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

tcattctgcagcagctcataattcgctttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002
694 

cacacttgtcccgaaacttgctcaattcgttac
actcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

ccgaatcagcgccatgcctcagtttatttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

ccgttaaatgtcttcggcaattgaaagtctcct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

gacgatctggagccgccgagaggaattttta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

gcatcgcacaactccattggcattcattacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

tgtcatcagattcacgagatctccacctttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

ccattcgctattcgcgtgagccataatatttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

tttttgcattcgaatgcaggcgtcggtcgttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

ttgacgagcgctgtgatggtgtcgagcatta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

let-502 C10H11.9 WBGene00002

694 

ctttcgatgtttatcggggattttggatccactt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.5 WBGene00006

437 

ggaacttctattgaatcttgatcttggagcact

tacactcggacctcgtcgacatgcatt 

FLAP-Y 



 111 

mrck-1 K08B12.5 WBGene00006

437 

tgtttgaacccattcagcaagggtcacattgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.6 WBGene00006

438 

aatacggctcgtggtaggcgaaatatttggct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.7 WBGene00006

439 

gtgggagaatccaacgtatagacggccgttt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.8 WBGene00006

440 

tctgaccgatctatttggaagatggtgacactt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.9 WBGene00006

441 

tcagcaattggcgactaatctcgatgcagtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.10 WBGene00006
442 

gtcttcacaagaccttcgtaagctgttccatta
cactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.11 WBGene00006

443 

ctctgcacatgacacgtggcatgcatttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.12 WBGene00006

444 

tcacgcatcagagaagccattcgtttttcagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.13 WBGene00006

445 

tggaagagcggccatttgttgagagagctttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.14 WBGene00006

446 

tcagcgacatgttgtgcaataattgtttgagct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.15 WBGene00006

447 

actcgaggaggttgtgtttcctgaagacaag

gttacactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.16 WBGene00006

448 

ggaagtcgagcatgtcttgatggctcataatt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.17 WBGene00006

449 

aggcttcacgtcccgatgcacatatcttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.18 WBGene00006

450 

gcattcttacgacggcaacttctccgaattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

mrck-1 K08B12.19 WBGene00006

451 

aatattttcaagggttttgaggcgaaccggcg

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

attgtcgcataatttgccataggcagtcactta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003
475 

gacgtcagctgtgcagttcgatcccaattaca
ctcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

agcattggcattcataatgttcgtgagatgtct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

gtcattggctgtgagcatcgtgaaattgaagc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

ttctatccgagacacttgtccgagtggaatatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

ctaggcggtcaatttttgagcagcgtcgtctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

tcatcgcatttcttatccttcagccggttacact

cggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

gtagttatcgtcgccgtgaccgattctctttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

ttcgattcgtctaacgctttgtagtatcccttta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

tcgtcctcagcacttctttttccagaaattctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

tctttctttgcttctaaactcgccgagcttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

mtm-1 Y110A7A.5 WBGene00003

475 

ggcaacactcgtcgtctttctaccaactttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 
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mtm-1 Y110A7A.5 WBGene00003

475 

gagcttccattgctcatacatttttccacttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

gtttcaggccgtcaatatcgccacgtaattta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

attgcagttgatgaaatgatcctgttgatggct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

gtcaaggcttacatctgctagtgacattgatta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

aacatcaaagtttcatgttcactgtgtcgtgctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003
593 

cgttttattcgatctctccacatatcagcattac
actcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

tcaaatgtcagcttcctgccattcagtgttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

gtcccgccacatgtctagcgacagtattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

cattttgtgcatgaaccgcatcatgctcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

ttccaggtgctccttgaagattcgcgcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

actgactcgaatactgtgtcattttccgattctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

gcttttcgttccattctcaacagagcttctttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

tgtgatctcatttgttgaacctctaacgtgtctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

ggtgttattcgattcactcccttatagattcctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

tgattgtcctgcattccgtgaccaccttacact

cggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003

593 

tgtacagtcgccatgcattgcttgaactttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

nfm-1 F42A10.2 WBGene00003
593 

attgtgctcacttttgcgtaaatgggcttcttac
actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

tactgattaacaatcggatttctccacgtgctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

atgtcttcaactaccgatgcaccttcgttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

ttccgagcaaattgaagttggatgtggtcgac

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

aataggctctggtttgctgatgaagttgatctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

agaagacttcatcggatttcttgcttgacgctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

gcttttccacatgacgaagcattgcccttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

gaaacttggcttatcccgggccaatatcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

gagcatccttagccgactcgacaattcgttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

cgacttcaaattcttcagctttccaactccttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

tcttcaatttctcctcaaactgaagccgtcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 
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ani-1 Y49E10.19 WBGene00013

038 

ggagcattcgatattccagacgttgtagagct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

agtgctctgatcgtttacagatgatccggatta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

atgcggcgagcttcgaaatccgacattcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

cacagatgtaatttttgaggtcactggcccatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013

038 

catcaatgtggaagctattcgggaatgggctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-1 Y49E10.19 WBGene00013
038 

tagttcacattcacaattggctgggcgaatttt
acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

cacaactcgtcttttctcgagaagactgggttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

tcaatgagcagttcgatatggaattcgtggtc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

agtcgcgatcaagtgtcagctttccacattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

cctggcatcgagagaactgttcgatttgacat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

ccaatactgctgcacatgtcttttcaggattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

cttgtactcgggaacacgcatcatgtacatta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

tgaatgacatgcattcttgtctggtaatgagct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

caaccatttgggctcttttagcatcgatgagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

tgatcttatcagctgcagagaagttgctgattt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

tccttgtcagagacacgatattccgcaactta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019
608 

attggccagcgtgaggtgtaacgagagtgg
ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

ctataacctgtaccatcttcttcaaactccttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

ttcccatgtgaacacttggatgcatttctattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

tgactgattctaggaacgaagtcgttgctcatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

cacgtccgtcattagcgtaatccgaatttggtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ani-2 K10B2.5 WBGene00019

608 

ttaatgacgtccagcggtaagacctgttggat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

cttcagagataatgcggagcgcctcctttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

caagcatggtacattcggagcatctcctttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

atgagagcatcagtgtcgccgcattggttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

tggaaccaggtccttaattgtcttggtaatgat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

atttcgtccaaattggtgcatcccaactcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 



 114 

dyn-1 C02C6.1 WBGene00001

130 

gcatatgcgagacgacgattctttccagctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

ccagctttgcagaggaaccttcaatggagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

aagagtgtgttgaaggtagcttgttcccaacc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

tgaagaactttctctcggcgtccaaagcagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

ctaatatccttgcgaccgacaatatccttctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001
130 

gacgaagtgtgaacagcttgttctcgaggat
cttacactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

cacttttgtgagaccgggcaaatcgatgagtt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

aatccacaaagcgatgacccttcttgtgtttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

gaactcggcgtactcattgcgatcttgaattta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

ccgacgacggcgatctgtggaagttcgaatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

dyn-1 C02C6.1 WBGene00001

130 

tgacagatgtgcccagctgggagaaggtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

atcataatgttcattgtggttgctgaagacgct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

atataggtactgtagcgtcgtttctcgaaactt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

atggaagtgttggcgatgagaatgcggcgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

gacgagcgtataccattctccaactgcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

tgttgaagcaactgaaccatttgccgtcgatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013
223 

ctgatgattcaccacggagctctactcttaca
ctcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

attactgctctcggcggatcgaagtgatatta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

gcgtccaatgatccattcaggtcatcatttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

tctccattcgatcgaagatgtggtgaaagtgt

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

gcattcgaatagctgttggtgaagactcttctt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

tggcttgttgaaactggaactggaagtcttga

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

acgtttttcgtgccaaactaccacgtctttctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

ttgacagctgatgtgggtgaatgctcgattta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

aactgtggtacctggaggcagttggtcgtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

agcctcggactttttgacattccggcgttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

efa-6 Y55D9A.1 WBGene00013

223 

catcaatggtggccagtgcctcttcgttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 
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exoc-8 Y105E8B.2 WBGene00013

687 

ccaggctggggaattgatcaatcaggcgtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

tctgcgaaacattcaacgagcttctcgatttta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

tcatttgcagaaatcgcccattccacattttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

cgattcagtgcagattccgattccagcattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

cttaaatagacatctgttgcgtaggttccacgt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013
687 

tcgatgagcaatgcaatcgtccagttctgtta
cactcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

ggataaccaggaaatgtcattgtcgtttctctt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

tctcttcatcagatgggtctgcgtacggttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

tgcacttcgttgcattgcacttctccttacactc

ggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

tgggttagaagagttcgggcttttttcatggct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

ccggcttacatcgtcgctgagcagttgttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

aattacagcatctttcgtcgggcactgtttttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

tttcctcgaatagttgcctgtctcacgagttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

ttcccttatgtagaatctctcgtttcgccttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

gcggcgcctgattcacgatctttaacgttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

exoc-8 Y105E8B.2 WBGene00013

687 

gactggggcaactgagtttagtgagagggtt

gttacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008
555 

ggaggtggttgaaatcgaggaagttctgatg
cttacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

taaggttttccggataagattacggtagccgc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

acgatgtggaacggtagccgacgttttcgtat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

ccatttctcaaatctggcaccgatccattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

tgtaaggctactaatatccggtttactcgctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

gggagcacaacgtcgttaatttcgacaggct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

cattgtgccgatcgacgagttcgagtgaaga

gttacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

ccaaactgttcggcacacgagaggagtttg

gttacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

tgccggtcattgatcaggatcacatcatttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

aggtacggtgtgatcaaattctgatgtcgact

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

atcattccagtacctacaggcagtcgtcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 
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F07C6.4 F07C6.4 WBGene00008

555 

ccagttcaaagtagtcttcgctggtcactagtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

atgcgacaaggtcaatgtgccttttggattttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

atcaatgctttgggcctacgcgaggcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

aatgtctcatttgttgaagtccctgctcgattac

actcggacctcgtcgacatgcatt 

FLAP-Y 

F07C6.4 F07C6.4 WBGene00008

555 

tccttctgccgcttctttctcactgattacactc

ggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004
213 

acatctcggtatcgatttttggccaaattcgtta
cactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

gtaagcctgcatatattcatcgacattccttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

agagcttcctggtgccacacgggatattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

tgcaacggaatttcggggactcgaagtgttat

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

agaggtacatgccatgctcggagtccttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

aacgggatgaatcaattgattgtgtgttgccg

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

ctcgatgcagcatttccagagaagtttgcatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

ttcgcggacatgatgttgaagatcatgattgtt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

taattccaactgctcctactccaatttcgttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

acatccattccgtacatttcgagacgccttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

gacattccatgagttttctcctcaaagtctctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004
213 

acttccgcttgtaccacataactagccttaca
ctcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

acgattcgggtcccgtacgtagaatttgacat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

atgatacggtgggcaaatcatttgttttcgcat

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

ttcgaatattcagcaagcggtttgatggttcct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

ptp-1 C48D5.2 WBGene00004

213 

tgtgtattggcccggtgtctgaataagcattta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

atcttgagatgtcgaatttcccagttgacatgt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

aataatgaattccgtgttcgggaagtgcttgc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

gtgagttgtcgaacatttccatgagcatctgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

cgaatcagccattgacttccctctggattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

atcgtctgttaagagcagctgcgtcaaggtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

acccaaatcacggcacaatttctttgttgctta

cactcggacctcgtcgacatgcatt 

FLAP-Y 



 117 

unc-112 C47E8.7 WBGene00006

836 

tgtaattccattctggtcaagagtcgatcgagt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

tcgttcaacatcgcattcgctaacaagttcgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

ttgagaatgttctttgcttcgcattgacaggatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

ttgaaatcatttggtagttttacagcggcggct

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

tcgtatcgttatatgctcctggcgatggttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006
836 

tggtccaactgattcttctcctggacgttacac
tcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

tgctcggatatattgaagtttcgcttcggttgtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

actcgctgttgaatttgttgcttgctgcttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

gctcgtcgtacgtatttcgacgatatgtacttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

unc-112 C47E8.7 WBGene00006

836 

gatgttccacgtcgaagatcctctggtgttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

ccattccagcggctccagaagtcgtattaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

gcaaattcgatcttccatcctgagcaggttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

tatcggagccattccaaatgattgtggtggttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

ttgaggtaaaggtcttgatggtgcaattccac

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

atgatgggaatgatggtttgtattgacgcactt

tacactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

tgctgaattggtggtggaagaggtgatgaga

tttacactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006
957 

tctgtactactatcacttcctccagaacattac
actcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

gtcaccgaagtcatccgtattgaatacgtgtc

ttacactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

ttggtagagtatgactccgatgggtagtacg

attacactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

ctcggagctctatgtcgacgaggttcttgtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

tagctgctgttgttgctgctgatgatgtttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

atcttggtattctgcagatgagcttgttgagtta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

aacggttgacggtttattggacgacggattg

gttacactcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

ctgctagcatttccatctgtatgtgtatgtttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

ttgtggtgcagcagccatagttcccattacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

wsp-1 C07G1.4 WBGene00006

957 

tactgctggcaatcccatcggtggtgttacac

tcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

gataacgatgacttcccgcatacacttctttac

actcggacctcgtcgacatgcatt 

FLAP-Y 
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Y41E3.7 Y41E3.7 WBGene00012

765 

caccgaaacttgattactgtcggctacggttt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

taatatcctgccgattccagagtgaggcttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

tcatcacgacgaatctgatgttgatgcgactt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

attgctcctgagcgtaggctgagaattgatta

cactcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

tgtcaaattcatcggaaatctctccatgttggtt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012
765 

tcctcctcatcatcggattcactaacgttacac
tcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

cgccgtgtccaactttaataattccctcgttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

tccgtctttcttgatattcgccttgaactcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

tctggattcatttctgcaccgttcggcttacact

cggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

tgttgatagtgttgctcttggagctgtcgaatt

acactcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

agtgtcgtctgttgttccggttgtcctggttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

tgttcagtgacctgtggcgcgaattctttttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

gttccgcgtcttttatagccttcttatcggttac

actcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

cgtttccagtgatatctagccatccagcttaca

ctcggacctcgtcgacatgcatt 

FLAP-Y 

Y41E3.7 Y41E3.7 WBGene00012

765 

catatccaacaggctcctgtttcccgttacact

cggacctcgtcgacatgcatt 

FLAP-Y 

imb-2 synonymous N/A N/A aatgaattgcttcatagctggtcccatctcctc

ctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A caagtgggtccatgtgctctggaagagacc
ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A tgatgaaatcagtctctggggcctcaaccctc

ctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ctggacgcacttctcgataagagagcagcc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ggacgtccttgaagaattgctggcggaagtc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A caggtgatagagcggacaagtggctttttatc

cctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ttccggactccttaacaagccagttatcgcct

cctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A cggcagatgtcagagttctcggcgatagac

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A tgtactcaataacgtttggaaggtgtggcatc

cctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A gaggaattggtcgatagcgaagtcgattgg

gtcctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A tcgtagaagacgaggagctttggcatgattg

gcctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ggaggaactcagactcgtaacggtcagcgc

ctcctaagtttcgagctggactcagtg 

FLAP-X 
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imb-2 synonymous N/A N/A ataagtggctcttggtctccgatagacttaac

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A agttgttccaattgaagtctccaacttgttgcc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ctcagcgttgtccttgatgttacggagagagc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A gggcaagttcctctccgcagcattgtcctcct

aagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A aaggcgtccgatggtgatagcggtgttccct

cctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ggtctggggccatgatatgttgttggttccctc
ctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ctcatcggaaagacgctcccacttttcccctc

ctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A atttctccgaggaatgggataagttgttctccc

ctcctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A gcaagcggcctcttggaccttcttgtcctcct

aagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ctccgagtccgtgttgcttagacttgtggcct

cctaagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A ggactcgttgtggtcctgggtcttcttgcctcc

taagtttcgagctggactcagtg 

FLAP-X 

imb-2 synonymous N/A N/A gtcgttatcgttgtgacgggcgaagaggga

gcctcctaagtttcgagctggactcagtg 

FLAP-X 

erm-1 C01G8.5 WBGene00001

333 

gtttgaactgctggaccaat Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ccgcaaccatttttctattt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gacacgcacattgatatcgc Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

aaaagttgctttcctgtggt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001
333 

cggagaccaatggttttgac Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtcagtgtactgaagtccaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ttcttgttcaatttcagcca Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

cttcttaacgtcctgagaca Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ggatagaatttggcgcggaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

attccatctttcacttggag Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

aagaacagaggtttccggtg Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

atttagcttgcatcgcgtaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtgtctctggaacatagtct Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gatcagcagtaagacatccg Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

agaacgcgttgaggaagcag Cal Fluor 610 
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erm-1 C01G8.5 WBGene00001

333 

acgtgtagttgcacgatgat Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gactccatacatctcgagat Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tagagatcagttcccttttt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

cgactttcggcgaaagacga Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gccttcttatcaattggttt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001
333 

cgtttgttgatacggagtcg Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tcgtgatttcccatacacaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

caatggtatctggctttctt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

cggcaatcttaagagcacga Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tgcttcagccaattcaagac Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tgcaattgcttgagttgagc Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tctgttccaatgcttgttta Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tgaagttgagcagtgagctc Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

atcactcattgctttttcgg Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtctctcaaatgacgtctct Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ttcacgttcacgagcatcaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001
333 

cgacttcttctctcatcgaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tctgtgtctgaagttgtctt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtagtgttgagtgtgttgtt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtgtccattggaaacgtgat Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tatcttcatcatcagtggca Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

catttgtgagttcagttgct Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ttgtggcacattctgatcag Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

atccagcttattcttgatct Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ttaacactgtcaagctcgcg Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

ccatatgcagaacgtcgtag Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

cacggatttgacggagagtc Cal Fluor 610 
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erm-1 C01G8.5 WBGene00001

333 

attcttcgttttgtgtttcc Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tttggaagttggtgggagac Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtaaaaggcactgatggggt Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

tttggcggcggatttaacaa Cal Fluor 610 

erm-1 C01G8.5 WBGene00001

333 

gtctttgcgcgagaaattcg Cal Fluor 610 

erm-1 C01G8.5 WBGene00001
333 

gtttgatggggagagagagg  Cal Fluor 610 

egfp N/A N/A ccagtgaacaattcttctcc Quasar 670 

egfp N/A N/A ctcgacgaggattgggacaa Quasar 670 

egfp N/A N/A ggagacggagaacttgtgtc Quasar 670 

egfp N/A N/A tgagggtgagctttccgtag Quasar 670 

egfp N/A N/A tttccggtggtgcagatgaa Quasar 670 

egfp N/A N/A gaaggtggtgacgagggttg Quasar 670 

egfp N/A N/A agaagcattggactccgtag Quasar 670 

egfp N/A N/A ttcatgtggtctgggtaacg Quasar 670 

egfp N/A N/A tggcggacttgaagaagtcg Quasar 670 

egfp N/A N/A tggtacgctcttggacgtat Quasar 670 

egfp N/A N/A tttccgtcgtccttgaagaa Quasar 670 

egfp N/A N/A tcgaacttgacctcggcacg Quasar 670 

egfp N/A N/A cgatacggttgacgagggtg Quasar 670 

egfp N/A N/A ttgaagtcgattcccttgag Quasar 670 

egfp N/A N/A cttgtgtccgaggatgtttc Quasar 670 

egfp N/A N/A tgggagttgtagttgtactc Quasar 670 

egfp N/A N/A ttgtcggccatgatgtagac Quasar 670 

egfp N/A N/A aagttgaccttgattccgtt Quasar 670 

egfp N/A N/A ctcgatgttgtgacggatct Quasar 670 

egfp N/A N/A tgttttgttggtagtggtcg Quasar 670 

egfp N/A N/A gttgtctgggaggaggactg Quasar 670 

egfp N/A N/A cggattgggtggagaggtag Quasar 670 

egfp N/A N/A gtgacgaactcgaggaggac Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

attcggcaaatgaggcatca Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

actcgttgtgatcttgagtc Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

aaaactcgcaggcctctaag Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gagatgtggaagcaccattg Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

agcagaactggtatgagctt Quasar 670 
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imb-2 R06A4.4 WBGene 

00002076 

ctcagaatatcgcatggagc Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

cattagctttcaacgcagga Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

aaacctaggcttgatatcct Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gaacaccttctgatattcca Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

tccaacagatcctttccaaa Quasar 670 

imb-2 R06A4.4 WBGene 
00002076 

tcatcaatgtgtccttgagg Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gcaagtattccagactcttt Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

catgaatggtatgagctcgc Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gtggcttcttgtcaaacatc Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

cagcacgtgatcgatcgaac Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

cgtcggatgcaatatgcgaa Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

aacagcggagaagattggcg Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

tgaactttcttgtttccgtc Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

tcttcttcgagagttgcgaa Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

ttgaccagttgatcgaggat Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gactacagcaccttgtgaat Quasar 670 

imb-2 R06A4.4 WBGene 
00002076 

gagccataatgtgttgttgg Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

tgataaagtccgtttcggga Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

catatgttccggtaacgact Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

cgtcacatctaacgagcaga Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gtaacgcgaagcacgattgt Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

ggacacgctttcgtcaaatc Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

aatcgcattgttgcacacac Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

cccgatgaactgtttcattg Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

attctgctggctattgatga Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

tccgcgttatccttaatatt Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

cgacgggattcatgttgatc Quasar 670 
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imb-2 R06A4.4 WBGene 

00002076 

tactgtccacgaagcgatag Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

gccgacttgttgtttgaatg Quasar 670 

imb-2 R06A4.4 WBGene 

00002076 

agagagacgttcacgcaacg Quasar 670 
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Appendix B 

FISH probes 

Table A.2: FERM, PH, and PH-like domain containing maternal transcripts 

WBGeneID gene_name interpro_description interpro_short_description domain_count 

WBGene0000010

2 

akt-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000010

3 

akt-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000014

9 

apl-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000042

0 

ced-6 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000042

6 

ced-12 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000056
4 

cnk-1 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0000056

5 

cnt-1 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0000089

4 

dab-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000109

3 

drp-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000111

6 

dyc-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000113

0 

dyn-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000115

3 

ech-4 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000133

0 

eps-8 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0000133

3 

erm-1 Band 4.1 domain Band_41_domain 10 

WBGene0000133

3 

erm-1 ERM family, FERM 

domain C-lobe 

ERM_FERM_C 2 

WBGene0000133
3 

erm-1 Ezrin/radixin/moesin ERM 2 

WBGene0000133

3 

erm-1 Ezrin/radixin/moesin-

like 

Ez/rad/moesin-like 16 

WBGene0000133

3 

erm-1 Ezrin/radixin/moesin, 

C-terminal 

ERM_C_dom 2 

WBGene0000133

3 

erm-1 FERM central 

domain 

FERM_central 4 

WBGene0000133

3 

erm-1 FERM conserved site FERM_CS 4 

WBGene0000133

3 

erm-1 FERM domain FERM_domain 2 
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WBGene0000133

3 

erm-1 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000133

3 

erm-1 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 4 

WBGene0000133

3 

erm-1 FERM, N-terminal FERM_N 2 

WBGene0000133

3 

erm-1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000133
3 

erm-1 Moesin tail domain 
superfamily 

Moesin_tail_sf 4 

WBGene0000133

3 

erm-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000136

6 

exc-5 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0000141

0 

feh-1 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0000148

8 

frm-1 Band 4.1 domain Band_41_domain 10 

WBGene0000148

8 

frm-1 Ezrin/radixin/moesin-

like 

Ez/rad/moesin-like 9 

WBGene0000148

8 

frm-1 FERM central 

domain 

FERM_central 4 

WBGene0000148

8 

frm-1 FERM conserved site FERM_CS 2 

WBGene0000148

8 

frm-1 FERM domain FERM_domain 2 

WBGene0000148

8 

frm-1 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000148

8 

frm-1 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 4 

WBGene0000148
8 

frm-1 FERM, N-terminal FERM_N 2 

WBGene0000148

8 

frm-1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000148

8 

frm-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000148

9 

frm-2 Band 4.1 domain Band_41_domain 10 

WBGene0000148

9 

frm-2 Ezrin/radixin/moesin-

like 

Ez/rad/moesin-like 8 

WBGene0000148

9 

frm-2 FERM central 

domain 

FERM_central 4 

WBGene0000148

9 

frm-2 FERM conserved site FERM_CS 2 

WBGene0000148

9 

frm-2 FERM domain FERM_domain 2 

WBGene0000148

9 

frm-2 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000148

9 

frm-2 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 4 

WBGene0000148
9 

frm-2 FERM, N-terminal FERM_N 2 
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WBGene0000148

9 

frm-2 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000148

9 

frm-2 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000149

0 

frm-3 Band 4.1 domain Band_41_domain 10 

WBGene0000149

0 

frm-3 Ezrin/radixin/moesin-

like 

Ez/rad/moesin-like 8 

WBGene0000149
0 

frm-3 FERM central 
domain 

FERM_central 4 

WBGene0000149

0 

frm-3 FERM conserved site FERM_CS 2 

WBGene0000149

0 

frm-3 FERM domain FERM_domain 2 

WBGene0000149

0 

frm-3 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000149

0 

frm-3 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 4 

WBGene0000149

0 

frm-3 FERM, N-terminal FERM_N 2 

WBGene0000149

0 

frm-3 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000149

0 

frm-3 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0000149

1 

frm-4 Band 4.1 domain Band_41_domain 9 

WBGene0000149

1 

frm-4 FERM central 

domain 

FERM_central 4 

WBGene0000149
1 

frm-4 FERM domain FERM_domain 2 

WBGene0000149

1 

frm-4 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000149

1 

frm-4 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 4 

WBGene0000149

1 

frm-4 FERM, N-terminal FERM_N 1 

WBGene0000149

1 

frm-4 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000149

1 

frm-4 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000149

2 

frm-5.1 Band 4.1 domain Band_41_domain 5 

WBGene0000149

2 

frm-5.1 FERM central 

domain 

FERM_central 2 

WBGene0000149

2 

frm-5.1 FERM domain FERM_domain 2 

WBGene0000149

2 

frm-5.1 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000149
2 

frm-5.1 FERM, C-terminal 
PH-like domain 

FERM_PH-like_C 4 

WBGene0000149

2 

frm-5.1 FERM, N-terminal FERM_N 1 
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WBGene0000149

2 

frm-5.1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000149

2 

frm-5.1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000149

3 

frm-7 Band 4.1 domain Band_41_domain 1 

WBGene0000149

3 

frm-7 FERM central 

domain 

FERM_central 2 

WBGene0000149
3 

frm-7 FERM domain FERM_domain 1 

WBGene0000149

3 

frm-7 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000149

3 

frm-7 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 2 

WBGene0000149

3 

frm-7 FERM, N-terminal FERM_N 1 

WBGene0000149

3 

frm-7 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000149

4 

frm-8 Band 4.1 domain Band_41_domain 2 

WBGene0000149

4 

frm-8 FERM central 

domain 

FERM_central 4 

WBGene0000149

4 

frm-8 FERM domain FERM_domain 2 

WBGene0000149

4 

frm-8 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000149

4 

frm-8 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000149
6 

frm-10 Band 4.1 domain Band_41_domain 1 

WBGene0000149

6 

frm-10 FERM domain FERM_domain 2 

WBGene0000149

6 

frm-10 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000149

6 

frm-10 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000151

5 

gap-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000170

9 

grk-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000174

3 

grp-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000197

3 

hmg-3 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000197

4 

hmg-4 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000203

7 

hum-4 Band 4.1 domain Band_41_domain 8 

WBGene0000203
7 

hum-4 FERM central 
domain 

FERM_central 8 

WBGene0000203

7 

hum-4 FERM domain FERM_domain 8 
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WBGene0000203

7 

hum-4 FERM superfamily, 

second domain 

FERM_2 8 

WBGene0000203

7 

hum-4 PH-like domain 

superfamily 

PH-like_dom_sf 8 

WBGene0000203

9 

hum-6 Band 4.1 domain Band_41_domain 2 

WBGene0000203

9 

hum-6 FERM central 

domain 

FERM_central 3 

WBGene0000203

9 

hum-6 FERM domain FERM_domain 2 

WBGene0000203
9 

hum-6 FERM superfamily, 
second domain 

FERM_2 2 

WBGene0000203

9 

hum-6 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000203

9 

hum-6 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000204

6 

icln-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000216

3 

ist-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000217

6 

jip-1 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0000221

3 

kin-32 Band 4.1 domain Band_41_domain 1 

WBGene0000221

3 

kin-32 FERM domain FERM_domain 2 

WBGene0000221

3 

kin-32 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000221

3 

kin-32 FERM/acyl-CoA-

binding protein 
superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000221

3 

kin-32 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000229

7 

ect-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000269

4 

let-502 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000299

9 

lin-10 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0000314

3 

max-1 Band 4.1 domain Band_41_domain 2 

WBGene0000314

3 

max-1 FERM central 

domain 

FERM_central 4 

WBGene0000314

3 

max-1 FERM domain FERM_domain 2 

WBGene0000314

3 

max-1 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0000314

3 

max-1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0000314
3 

max-1 PH-like domain 
superfamily 

PH-like_dom_sf 6 

WBGene0000324

3 

mig-10 PH-like domain 

superfamily 

PH-like_dom_sf 3 
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WBGene0000347

5 

mtm-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000347

7 

mtm-5 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000347

8 

mtm-6 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000347

9 

mtm-9 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000359

3 

nfm-1 Band 4.1 domain Band_41_domain 5 

WBGene0000359
3 

nfm-1 ERM family, FERM 
domain C-lobe 

ERM_FERM_C 1 

WBGene0000359

3 

nfm-1 Ezrin/radixin/moesin-

like 

Ez/rad/moesin-like 6 

WBGene0000359

3 

nfm-1 Ezrin/radixin/moesin, 

C-terminal 

ERM_C_dom 4 

WBGene0000359

3 

nfm-1 FERM central 

domain 

FERM_central 2 

WBGene0000359

3 

nfm-1 FERM domain FERM_domain 1 

WBGene0000359

3 

nfm-1 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000359

3 

nfm-1 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 2 

WBGene0000359

3 

nfm-1 FERM, N-terminal FERM_N 1 

WBGene0000359

3 

nfm-1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000359

3 

nfm-1 Moesin tail domain 

superfamily 

Moesin_tail_sf 6 

WBGene0000359
3 

nfm-1 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0000379

5 

npp-9 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0000380

2 

npp-16 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000383

0 

num-1 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0000396

5 

pdk-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000403

6 

plc-1 Band 4.1 domain Band_41_domain 7 

WBGene0000403

6 

plc-1 FERM central 

domain 

FERM_central 7 

WBGene0000403

9 

plc-4 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000404

5 

pll-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000421

3 

ptp-1 Band 4.1 domain Band_41_domain 5 

WBGene0000421

3 

ptp-1 FERM central 

domain 

FERM_central 2 

WBGene0000421
3 

ptp-1 FERM conserved site FERM_CS 2 
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WBGene0000421

3 

ptp-1 FERM domain FERM_domain 1 

WBGene0000421

3 

ptp-1 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000421

3 

ptp-1 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 2 

WBGene0000421

3 

ptp-1 FERM, N-terminal FERM_N 1 

WBGene0000421

3 

ptp-1 FERM/acyl-CoA-

binding protein 
superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000421

3 

ptp-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000430

6 

ran-5 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000485

5 

sma-1 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0000492

8 

soc-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000494

7 

sos-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000606

2 

stn-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000643

1 

tag-52 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000643

7 

mrck-1 PH-like domain 

superfamily 

PH-like_dom_sf 5 

WBGene0000645

0 

tag-77 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0000646

8 

rhgf-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000647
6 

rhgf-2 PH-like domain 
superfamily 

PH-like_dom_sf 3 

WBGene0000649

6 

cgef-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000650

8 

tns-1 PH-like domain 

superfamily 

PH-like_dom_sf 7 

WBGene0000676

7 

unc-31 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0000677

0 

unc-34 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0000677

1 

tln-1 Band 4.1 domain Band_41_domain 1 

WBGene0000677

1 

tln-1 FERM central 

domain 

FERM_central 2 

WBGene0000677

1 

tln-1 FERM conserved site FERM_CS 2 

WBGene0000677

1 

tln-1 FERM domain FERM_domain 1 

WBGene0000677

1 

tln-1 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000677

1 

tln-1 FERM/acyl-CoA-

binding protein 
superfamily 

FERM/acyl-CoA-bd_prot_sf 2 
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WBGene0000677

1 

tln-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000680

3 

unc-70 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0000680

5 

unc-73 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0000682

0 

unc-89 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000683

1 

unc-104 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000683
6 

unc-112 Band 4.1 domain Band_41_domain 1 

WBGene0000683

6 

unc-112 FERM central 

domain 

FERM_central 3 

WBGene0000683

6 

unc-112 FERM conserved site FERM_CS 1 

WBGene0000683

6 

unc-112 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000683

6 

unc-112 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000688

7 

vav-1 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0000695

7 

wsp-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000752

0 

C11E4.6 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000768

0 

maa-1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000784

0 

C31C9.6 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000784
9 

tbc-19 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0000800

6 

tag-325 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000840

4 

wbp-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000855

5 

F07C6.4 Band 4.1 domain Band_41_domain 1 

WBGene0000855

5 

F07C6.4 FERM central 

domain 

FERM_central 2 

WBGene0000855

5 

F07C6.4 FERM domain FERM_domain 2 

WBGene0000855

5 

F07C6.4 FERM superfamily, 

second domain 

FERM_2 1 

WBGene0000855

5 

F07C6.4 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 2 

WBGene0000855

5 

F07C6.4 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000866

6 

F10G8.8 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000891
9 

vps-36 PH-like domain 
superfamily 

PH-like_dom_sf 1 
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WBGene0000892

7 

snx-17 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0000906

5 

F22G12.5 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000912

0 

F25H2.6 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000929

2 

F31D4.5 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0000933

7 

uig-1 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0000953
4 

F38B7.3 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0000981

8 

acbp-3 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0000993

0 

F52D10.2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001064

1 

crml-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001077

4 

K11E4.2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001090

7 

M88.4 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001168

0 

T10B10.3 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001173

1 

acbp-5 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0001201

9 

dkf-2 PH-like domain 

superfamily 

PH-like_dom_sf 5 

WBGene0001219
8 

W02B8.2 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0001235

2 

dkf-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001245

7 

acbp-6 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0001256

0 

Y37D8A.25 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001276

5 

Y41E3.7 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0001283

5 

ani-3 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001286

8 

tbc-9 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0001288

9 

icap-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0001293

0 

obr-1 PH-like domain 

superfamily 

PH-like_dom_sf 3 

WBGene0001303
8 

ani-1 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0001313

5 

rga-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 
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WBGene0001322

3 

efa-6 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0001368

2 

Y105E8A.2

5 

PH-like domain 

superfamily 

PH-like_dom_sf 7 

WBGene0001368

7 

exoc-8 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001395

5 

kri-1 FERM central 

domain 

FERM_central 2 

WBGene0001395

5 

kri-1 FERM domain FERM_domain 2 

WBGene0001395
5 

kri-1 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0001401

9 

ZK632.12 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001421

5 

obr-3 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0001510

0 

B0280.2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001510

7 

viro-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001541

8 

pac-1 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0001595

5 

C18B2.4 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001633

1 

obr-4 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001665

5 

acbp-1 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0001746

3 

F14D12.1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001807
5 

tbc-11 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0001828

5 

smk-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0001878

8 

shc-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001884

9 

spt-16 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001894

9 

acbp-4 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

WBGene0001908

7 

F59A6.5 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001946

2 

ccm-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001948

7 

ephx-1 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0001960

8 

ani-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001961

5 

K10B4.3 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001972
6 

bris-1 PH-like domain 
superfamily 

PH-like_dom_sf 4 
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WBGene0001974

9 

M03A8.3 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0001982

1 

gtf-2H1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0002020

9 

T04C9.1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0002086

7 

shc-2 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0002140

6 

frm-5.2 Band 4.1 domain Band_41_domain 10 

WBGene0002140
6 

frm-5.2 FERM central 
domain 

FERM_central 4 

WBGene0002140

6 

frm-5.2 FERM domain FERM_domain 4 

WBGene0002140

6 

frm-5.2 FERM superfamily, 

second domain 

FERM_2 2 

WBGene0002140

6 

frm-5.2 FERM, C-terminal 

PH-like domain 

FERM_PH-like_C 8 

WBGene0002140

6 

frm-5.2 FERM, N-terminal FERM_N 2 

WBGene0002140

6 

frm-5.2 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 2 

WBGene0002140

6 

frm-5.2 PH-like domain 

superfamily 

PH-like_dom_sf 4 

WBGene0002192

9 

dcap-1 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0002239

1 

prhg-1 PH-like domain 

superfamily 

PH-like_dom_sf 6 

WBGene0002245

3 

ncap-1 PH-like domain 

superfamily 

PH-like_dom_sf 2 

WBGene0002259
3 

ZC328.3 PH-like domain 
superfamily 

PH-like_dom_sf 1 

WBGene0002288

0 

tbc-2 PH-like domain 

superfamily 

PH-like_dom_sf 1 

WBGene0004460

3 

acbp-7 FERM/acyl-CoA-

binding protein 

superfamily 

FERM/acyl-CoA-bd_prot_sf 1 

 


