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Abstract 

Niches regulate stem cell fate during development and disease. It is thus critical 

to understand the cellular behaviors that underlie stem cell-niche interactions. Cellular 

enwrapment of stem cells by their niche is observed in the C. elegans germ stem cell 

niche, the D. rerio hematopoietic niche, and the D. melanogaster intestinal and lymph 

niches. This widespread niche behavior is nevertheless difficult to dissect. In the visually 

and genetically tractable C. elegans germ stem cell niche, the distal tip cell (DTC) 

functions as a single-cell niche that elaborates to form a plexus of cellular processes 

enwrapping germ stem cells. Using the DTC niche as a model and tools including live 

imaging, genetic screens, and tissue-specific knockdown, we elucidate the regulation 

and function of cellular enwrapping behavior in C. elegans stem cell-niche interactions. 

In Chapter 2, I identify a set of DTC-autonomous genes including lin-40/MTA1 that 

directly promote DTC plexus formation. I also identify a set of germline-autonomous 

genes that indirectly promote enwrapment by the DTC plexus by supporting germ 

progenitor cell fate, suggesting that germ progenitor cells produce a cue for 

enwrapment. DTC plexus formation promotes GLP-1/Notch signaling and stem cell fate 

in enwrapped germ cells, suggesting a positive feedback loop between the niche and 

stem cells that expands the stem cell pool. In Chapter 3, I show that the adhesion 

molecules hmr-1/cadherin and sax-7/L1CAM promote DTC plexus formation. 
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Substantiating the idea that germ cells produce a cue for enwrapment, I show that 

outside the reciprocal interactions within the germ stem cell niche, escaped germ cells 

induce enwrapment by other somatic tissues. Outside of importance in normal niche 

establishment, these observations suggest that enwrapment could be coopted in disease 

states. Chapter 4 discusses the implications of this work.  
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1. Introduction: Cellular enwrapment in stem cell-niche dialog 

Stem cells require a niche, a microenvironment comprised of support cells and 

other signals that promote stem cell fate and coordinate production of new cells for 

tissue development, homeostasis, and regeneration. Niche dysfunction contributes to 

disease, and ectopic niches drive cancer metastasis and progression. Despite the 

importance of understanding stem cell-niche interactions in development and disease, 

relatively little is known about cellular behaviors mediating stem cell-niche 

communication.  

Schofield first proposed the concept of the niche as a requisite microenvironment 

that determines stem cell fate (Schofield 1978). In 1981, Kimble and White showed that 

C. elegans germ stem cells depended on a single mesenchymal cell (Kimble and White 

1981), the distal tip cell (DTC), early evidence supporting Schofield’s niche hypothesis. 

Over the following decades, DTC-expressed DSL ligands were identified that activated 

GLP-1/Notch signaling in germ stem cells (Henderson et al. 1994, Kershner et al. 2014), 

suggesting that cell contact-mediated signaling promoted stem cell fate. Niche support 

cells and signals were similarly identified in the Drosophila ovary and testis (Losick et al., 

2011) and the murine testis, intestine, skin, bone marrow, and brain (Lander et al., 2012).  

Building on identification of critical niche cells and signals, work shows that 

multiple niche cell behaviors impact stem cell-niche signaling. Niches communicate key 

signals to stem cells through direct cell contact, cellular protrusion-mediated signaling, 
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localized synapse-like signaling, modifications to extracellular matrix, and secreted cues 

(Inaba et al., 2016). Direct cell contact allows juxtacrine signaling through Notch and 

other membrane-tethered ligands and limits niche signaling to cells in direct contact. 

Simply increasing cell contact can result in signaling specificity, as seen in bract cell 

specification in the Drosophila leg: a signaling cell enwraps one of its neighbors (all of 

which are competent to respond) and specifies one bract cell via increased surface 

contact and EGF signaling (Peng et al., 2012). Cellular protrusions can also extend the 

range of niche signaling to a larger cell population and localize signals in synapse-like 

structures (Kornberg et al., 2014). Elaborate cellular protrusions, including cytonemes 

(Huang and Kornberg, 2015) and airinemes (Eom et al., 2015), promote long-distance 

Notch signaling. Cytonemes, specialized signaling filopodia, have been implicated in 

multiple other signaling pathways including Hedgehog (Sanders et al., 2013), Wnt 

(Snyder et al., 2015), and Dpp (Inaba et al., 2015; Roy et al., 2014) signaling. Stem cell 

nanotubes localize Tkv receptors and protrude to a Dpp source by embedding in niche 

cells in the Drosophila testis (Inaba et al., 2015), a mechanism thought to tightly restrict 

niche signals to the stem cell pool. Extracellular matrix can also modulate diffusion of 

secreted signals or provide a reservoir of bound growth factors (Inaba et al., 2016). In the 

Drosophila ovary, type IV collagen binds and sequesters BMP ligands to restrict niche 

signals (Xiaomeng Wang et al., 2008). Thus, multiple cellular mechanisms mediate stem 

cell-niche signaling. 
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Niches also enwrap stem cells with elaborate cellular protrusions. While 

enwrapment is observed in multiple stem cell niches, its regulation and function is 

unknown. Enwrapment behavior is speculated to promote stem cell fate through 

multiple potential mechanisms including niche-stem cell signaling, adhesion, and 

regulation of the stem cell microenvironment. Understanding the regulation and 

function of stem cell enwrapment impacts our understanding of tissue development, 

maintenance, regeneration, and disease.   

1.1 Conserved cellular enwrapping behavior and its potential 
roles in stem cell niches  

The elaborate processes of Sertoli cells, a niche cell in the mouse testis, were first 

observed by Enrico Sertoli in 1865 (França et al., 2016). Stem cell enwrapment has since 

been clearly observed in multiple niches. Zebrafish hematopoetic stem cells induce 

perivascular niche cells to extend dynamic enwrapping protrusions (Tamplin et al., 

2015). In the Drosophila intestine and lymph gland, niche cells extend projections that 

contact stem cells (Mandal et al., 2007; Mathur et al., 2010). Specialized contacts between 

neural stem cells and endothelial cells promote stem cell maintenance (Ottone et al., 

2014). The C. elegans germ stem cell niche also extends elaborate protrusions enwrapping 

germ stem cells (Byrd et al., 2014). Elucidating the role of this broadly observed cellular 

enwrapment behavior in stem cell niches will advance our understanding of stem cell 

biology and development. 
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Stem cell enwrapment may function through multiple mechanisms to promote 

stem cell fate. Niche elaboration to enwrap stem cells has been hypothesized to promote 

stem cell-niche signaling (Buszczak et al., 2016; Kornberg and Roy, 2014), retain stem 

cells in the niche with adhesion complexes (Chen et al., 2013), or regulate the stem cell 

microenvironment. First, enwrapment may promote cell signaling by increasing stem 

cell-niche contact and facilitating juxtacrine signaling or allowing subcellularly restricted 

synapse-like signaling. Enwrapment may share similarities to cell-cell signaling through 

other protrusive structures such as cytonemes and nanotubes (Buszczak et al., 2016) and 

comprise another specialized signaling mechanism.  

Secondly, niche enwrapment of stem cells could adhere them to the niche, 

ensuring stem cell maintenance and providing polarity cues. Adhesion complexes 

including integrins and cadherins are observed in multiple stem cell niches (Chen et al., 

2013). Reduced cadherin levels leads to loss of germ stem cells in the Drosophila ovary 

(Hsu and Drummond-Barbosa, 2009; Tseng et al., 2014). Finally, niche elaboration could 

impact the stem cell microenvironment, regulating metabolism (Chi et al., 2016), reactive 

oxygen species, oxidation, lipids (Bailey et al., 2015), ions, or extracellular matrix 

(Domingues et al., 2017). Elucidating whether these potential mechanisms mediate 

enwrapment and stem cell fate will improve our understanding of stem cell behavior.  
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1.2 Niche dysfunction in disease 

Elucidating stem cell-niche communication is not only essential for 

understanding stem cell biology but also impacts a conceptual understanding of disease, 

as dysfunctional niches are thought to underlie multiple human diseases. A key 

example, donor cell leukemia (in which leukemia returns following a stem cell 

transplant), is driven in part by an aberrant bone marrow microenvironment (Hoggatt et 

al., 2016; Wiseman, 2011). A specific niche-driven mechanism for leukemia is niche 

inflammation and secretion of proinflammatory cues, which drives hematopoetic 

genotoxic stress and mutations resulting in leukemia (Zambetti et al., 2016). Similarly, 

altered lipid metabolism in the ependymal cells of the subventricular zone niche reduces 

neural stem cell proliferation in a murine model of Alzheimer’s disease (Hamilton et al., 

2015). Loss of atypical Wnt signaling in endothelial cells of the subventricular zone niche 

enhances medulloblastoma development, supporting the role of a permissive 

microenvironment for tumor progression (Bassett et al., 2016). Overexpression of the 

spermatogonial niche cue GDNF (glial-derived neurotrophic factor) results in germ cell 

tumors (Silván et al., 2013), suggesting that overactivation of a niche cue can drive tumor 

formation. In all of these cases, disruption of the niche or misregulation of niche cues 

drives disease progression.   

The concept of a ‘metastatic niche’ promoting tumor cell survival at metastatic 

sites different from its originating microenviroment is also emerging. This model 



 

6 

suggests a new concept of metastasis: instead of tumor cells acquiring more aggressive 

characteristics during tumor progression, microenvironmental cues play a key driving 

role in metastasis (Peinado et al., 2017). This metastatic niche can be induced by tumor 

cells, can be formed by autocrine cancer cell signaling, or can arise in tissues that express 

similar signals to the tumor cell tissue of origin (Lander et al., 2012). 

Microenvironmental cues impact metastatic progression of many cancers (Peinado et al., 

2017; Psaila and Lyden, 2009; Wiseman, 2011). While many of the aberrant niche cues 

that drive diseases including cancer are being identified, the cellular behaviors that 

mediate disease are unknown but may also be coopted from normal niche development. 

1.3 A model for cellular enwrapment of stem cells: The C. 
elegans DTC niche 

Though cellular enwrapment of stem cells is broadly observed and of particular 

interest in mediating stem cell-niche interactions in development and potentially in 

disease, niches are difficult to visualize in many systems, especially in mammals due to 

the large size of tissues and rare occurrence of stem cell niches (Lander et al., 2012; 

Morrison and Spradling, 2008). Several visually accessible niches in the mouse are found 

in superficial tissues, including the calvarium hematopoetic niche (Celso et al., 2009), the 

spermatogonial niche (Nakagawa et al., 2010; Yoshida et al., 2007), and the hair follicle 

(Mesa et al., 2015; Rompolas et al., 2012). These superficial niches as well as techniques 

thinning long bones such as the tibia (Kim et al., 2017) have afforded opportunities for 

live imaging in mammalian stem cell niches. These techniques have resolved stem cell 
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lineages, tracked asymmetric and symmetric stem cell divisions, and uncovered 

unexpected cellular behaviors including spermatogonial stem cell transitions from 

syncytial to cellularized states and epithelial phagocytosis of hair follicle stem cells 

(Mesa et al., 2015; Park et al., 2016). These murine models are advancing our 

understanding of stem cell niches in vertebrates, but genetic studies are laborious and 

forward genetic studies are not highly practical. Drosophila tissues are also opaque, such 

that live imaging must be performed in superficial larval tissues or in ex vivo cultures 

(Sheng and Matunis, 2011), and tissues are commonly fixed for imaging. Fixation for 

antibody staining damages fine cellular structures, such that stem cell processes in the 

Drosophila testis were only recently observed (Inaba et al., 2015). Model systems ideal for 

visualization and live imaging of stem cell-niche interactions are transparent. Zebrafish 

have thus emerged as a model for live imaging, though genetic redundancy due to 

whole genome duplication can complicate genetic studies (Taylor et al., 2003).  

The C. elegans germ stem cell niche, the distal tip cell (DTC) is a simple, one-cell 

niche that is optically transparent and amenable to genetic, forward genetic, and whole 

genome RNAi screening strategies, making it a strong complement to existing models to 

examine stem cell niches. The gonad is comprised of two arms, each a blind-ended tube 

capped by a DTC maintaining a germ stem cell population (Kimble and White, 1981), 

which differentiates as germ stem cells divide and exit the niche. The mature DTC niche 

in adult animals elaborates to form a ‘plexus’ of cellular processes that enwraps germ 
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stem cells (Fig. 1) (Byrd et al., 2014; Kimble and Crittenden, 2007). This plexus correlates 

with the stem cell region (Byrd et al., 2014), suggesting that it may promote stem cell fate 

or inhibit differentiation. However, the function of these enwrapping processes is 

unknown. 
A

B

Figure 1

Treat L3/L4s with RNAi (145 genes)

Treat L1s with RNAi (708 genes)

Round 2: 

Round 1: 
Score adults for DTC defects (45 genes)

Score adults for DTC defects (29 genes)

+ developmental defects (100 genes)

Targeted RNAi Screen Design

transition zoneprogenitor zone

Elaborated Niche
(+24hr adult)

Developing Niche
(L4 stage)

plexus LEPs fragments

early germ cell 
proliferation

stem cells

DTC

germ cell 
nuclei

 

Figure 1: The DTC stem cell niche elaborates during development to enwrap 
germ stem cells. 

(A) The distal tip cell niche (DTC, green, lag-2 > GFP::CAAX) elaborates from a simple 
cap in the L4 larval stage (left) to form a plexus of processes enwrapping germ stem 
cells (magenta, mex-5 > H2B::mCh) in the adult C. elegans gonad 24 hours later (right). 
The germ stem cell pool (the distal-most 5 – 8 rows of germ cells), the progenitor zone 
(stem cells and their proliferative and early-differentiating progeny), and the meiotic 
transition zone (marked by entry into meiotic prophase) are labeled (bottom panel, 
third column). The DTC plexus region including the cap and short intercalating 
processes (SIPs) is labeled, and long external processes (LEPs) that extend farther than 
the plexus (white arrowheads) and fragments of processes are also indicated (black 
arrowheads, top panel, fourth column). Fluorescence images are full projections of the 
DTC from confocal z slices (see Methods). Lateral views of 3D isosurface renderings 
and transverse views of a 30-µm region of the DTC plexus rendering (boxed) (top 
panel, fifth and sixth columns) are shown indicating short intercalating processes 
(SIPs, arrowheads). Adult gonad image is comprised of two tiled images. Scale bars, 
10 µm. This figure was adapted from a publication entitled “Identification of 
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regulators of germ stem cell enwrapment by its niche in C. elegans” published in 
Developmental Biology in 2017.  

1.4 Conclusions 

 In this thesis, I use the visually and genetically tractable C. elegans germ stem cell 

niche to investigate the regulation and function of a conserved stem cell niche behavior, 

cellular enwrapment. In Chapter 2, I identify regulators of enwrapment in the germ stem 

cell niche. Both niche-autonomous genes and germline-autonomous genes promote 

niche formation, suggesting that reciprocal signaling between stem cells and their niche 

underlies enwrapping behavior. In Chapter 3, I demonstrate that cadherin and L1CAM 

synergistically promote enwrapping behavior, identifying the first canonical adhesion 

complex in the C. elegans DTC niche. Further supporting the idea that germ cells induce 

enwrapping behavior by the niche, germ cells that escape the gonad also trigger 

enwrapment by muscle cells, possibly by the same cadherin/L1CAM mechanism. 

Chapter 4 discusses the broader implications and future directions of this work.  
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2. Identification of regulators of germ stem cell enwrapment by 
its niche in C. elegans 

Chapter 2 was modified from a manuscript of the same title published in Developmental 

Biology (2017).  The authors of this manuscript are Lara M. Linden, Kacy L. Gordon, Ariel Pani, 

Sara G. Payne, Aastha Garde, Dane Burkholder, Qiuyi Chi, Bob Goldstein, and David R. 

Sherwood.  

2.1 Introduction  

Stem cells require a specialized microenvironment, or niche, comprised of 

support cells and signaling factors to coordinate stem cell maintenance with production 

of new cells for tissue renewal, organ regeneration, and tissue expansion (Mesa et al., 

2015). Niche dysregulation is implicated in diseases, including leukemia (Wiseman, 

2011; Zambetti et al., 2016), myelodysplastic syndrome (Hoggatt et al., 2016), 

Alzheimer’s disease (Hamilton et al., 2015), medulloblastoma (Bassett et al., 2016), and 

testicular germ cell tumors (Silván et al., 2013). Thus, understanding mechanisms that 

regulate stem cell-niche interactions is important for our basic understanding of tissue 

maintenance, growth, regeneration, and numerous human diseases.  

Niche cues are often restricted to stem cells in direct contact with niche cells 

(Inaba et al., 2016). In many niches, support cells extend cellular processes that enwrap 

stem cells. For example, in the mouse testis, Sertoli cells contribute to the niche and 

extend elaborate cytoplasmic processes around spermatogonial stem cells and 
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progenitors (Oatley et al., 2011; Smith et al., 2012). Regulated niche-germ cell contact is 

also seen in the Drosophila testis, where germ stem cells extend projections termed 

nanotubes into the niche (Inaba et al., 2015). In the Drosophila intestinal niche, the 

peripheral cell extends processes surrounding intestinal progenitors (Mathur et al., 

2010). Cellular extensions have also been observed in the Drosophila lymph gland niche 

(Mandal et al., 2007). Cellular enwrapment of hematopoietic stem cells by the 

perivascular niche of zebrafish has been referred to as “endothelial cuddling” (Tamplin 

et al., 2015). It has been speculated that enwrapment of stem cells might facilitate stem 

cell-niche signaling (Buszczak et al., 2016; Kornberg and Roy, 2014) or adhesion (S. Chen 

et al., 2013) to promote stem cell fate. Direct evidence for a role for enwrapment of stem 

cells, however, is lacking. Further, the mechanisms that promote this specialized 

behavior are poorly understood.  

In C. elegans, germline stem cells are maintained by a single-cell niche, called the 

distal tip cell (DTC) (Kimble and White, 1981). The DTC extends elaborate processes in 

young adults that contact germ progenitor cells (stem cells and their proliferative and 

early-differentiating progeny) (Byrd and Kimble, 2009; Byrd et al., 2014; Cinquin et al., 

2015; Crittenden et al., 2017; Lee et al., 2016; B. G. Wong et al., 2013). In the distal-most 

region of the gonad where the germ stem cells reside, the DTC extends elaborate 

processes that enwrap these cells, forming what has been termed the DTC plexus (Byrd 

et al., 2014; Lee et al., 2016). The correlation of the plexus with the stem cell pool 
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suggests that enwrapment might promote stem cell fate, repress differentiation, or both. 

Intriguingly, previous work showed that genetically forcing germ cells to differentiate 

caused loss of DTC elaboration (Byrd et al., 2014), suggesting that germ progenitor cells 

might be required to stimulate enwrapping behavior to construct the DTC plexus. 

Together these observations suggest possible reciprocal signaling interactions between 

the DTC and progenitor cells that promote stem cell fate.  

To identify regulators of germ stem cell enwrapment by the C. elegans DTC niche, 

a targeted RNAi screen of over 700 genes required for robust fecundity and cell 

communication was performed. Using germline- and DTC-specific RNAi strains, the 

screen isolated genes that function directly in the DTC to promote plexus formation. 

Reduction of the plexus correlated with a decrease in the stem cell pool, indicating that 

the enwrapment of germ cells within the plexus supports germ stem cell fate. The screen 

also identified genes that promote enwrapment and function within the germline. All of 

the germline-functioning genes analyzed were required for expansion of the germ 

progenitor zone, supporting the idea that germ stem cells foster enwrapping behavior to 

form the DTC plexus. Together, these studies reveal numerous genes that regulate germ 

stem cell enwrapment. Further, our results reveal an apparent positive feedback loop 

between the niche and the germ stem cells: enwrapment by the DTC niche promotes 

germ stem cell fate and germ stem cells signal back to the niche and stimulate 

enwrapment. 
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2.2 Results  

2.1.1 A targeted RNAi screen identifies genes required for DTC plexus 
formation 

The DTC niche in C. elegans hermaphrodites elaborates at the L4 larval stage 

from a cap-like structure with a few short intercalating processes (SIPs) that extend 

between germ cells to a dramatically elaborated plexus, composed of extensive 

processes that enwrap germ stem cells by the early adult stage (Fig. 1). As germ stem 

cells divide and are displaced from the niche, they differentiate into gametes, producing 

sperm during the L4 larval stage and oocytes in adult worms. We reasoned that genes 

promoting germ stem cell niche formation might impact fecundity. Additionally, we 

hypothesized that dynamic DTC enwrapment of germ cells would involve genes 

mediating cell-cell communication. We thus designed a targeted RNAi screen of 708 

genes known to be required for robust fecundity and cell communication (see Methods). 

RNAi knockdown was performed for these genes by first treating L1 worms containing 

markers for fluorescently-labeled DTC membranes and germ cell nuclei (Fig. 2 and 

Table 4). DTC morphology was then evaluated in 1- to 2-day-old adult animals. We used 

a >50% reduction in DTC plexus length as the criteria for a DTC plexus defect (the 

plexus surrounds one to four rows of germ cells instead of eight to nine rows as in wild-

type animals (Byrd et al., 2014)). Importantly, the plexus is defined as the portion of the 

DTC (including the cap) with short intercalating processes (SIPs) that enwrap germ cells 

and is distinct from the few long processes and fragments of DTC membrane that extend 
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beyond the SIPs (Byrd et al., 2014) (Fig. 1). These long processes do not correlate with the 

extent of the germ progenitor zone (Cinquin et al., 2015; Crittenden et al., 2006; 1994; 

Fitzgerald and Greenwald, 1995; Hall et al., 1999; Lee et al., 2016; Pepper et al., 2003), 

whereas the plexus region overlaps with the stem cell pool (Byrd et al., 2014). In our 

initial screen of 708 genes by L1 RNAi treatment, we found that RNAi-mediated loss of 

45 genes produced a DTC plexus defect in 15% or more of treated animals (Table 5; see 

Methods for rationale for determining the threshold for plexus defects). Knockdown of 

an additional 100 genes resulted in developmental defects, which precluded scoring of 

adults (Table 6).  

DTC

germ cell 
nuclei

A

B

Figure 1

Treat L3/L4s with RNAi (145 genes)

Treat L1s with RNAi (708 genes)

Round 2: 

Round 1: 
Score adults for DTC defects (45 genes)

Score adults for DTC defects (29 genes)

+ developmental defects (100 genes)

Targeted RNAi Screen Design

transition zoneprogenitor zone

Elaborated Niche
(+24hr adult)

Developing Niche
(L4 stage)

plexus

LEPs fragmentscapcap SIPs

early germ cell 
proliferation

stem cell pool

SIP

 

Figure 2: A targeted RNAi screen for regulators of enwrapment in the C. 
elegans germ stem cell niche. 

 A targeted RNAi screen for failure of germ cell enwrapment identified 45 genes 
required early in development following L1 exposure to RNAi (at least 15% of 
examined animals had a 50% reduction in DTC plexus length), along with 100 genes 
producing developmental defects that precluded DTC scoring. A second round of 
screening identified 29 genes required specifically during the L4 and young adult 
stage, the critical period of DTC elaboration.  
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To more selectively identify genes that act during the critical period of DTC 

plexus formation and avoid developmental perturbations that might indirectly affect 

DTC enwrapping behavior, we performed an additional L3/L4 RNAi screen, exposing 

worms to RNAi approximately 12 hours prior to DTC plexus formation (Dalfó et al., 

2012; Kamath et al., 2001). With this temporally restricted knockdown strategy, we 

rescreened the 45 genes required for DTC plexus formation. We also rescreened the 100 

genes that were required for developmental progression after L1 RNAi treatment to 

avoid early developmental defects associated with loss of these genes. With this 

secondary screen, we identified 29 genes whose RNAi-mediated loss caused a DTC 

plexus defect (Table 1, Table 7). These genes represent multiple functional classes (Table 

1), including protein synthesis and degradation (hars-1, rpl-11.1, F23B12.7, 

W07E6.2/Notchless, ppp-1, uba-1, dre-1), mitochondrial function (nuo-1, let-754, C16A3.5, 

rpom-1, dld-1), cell signaling (clr-1, lin-3/EGF, sur-6), transport and vesicle trafficking 

(dyn-1, sec-10, emo-1, copa-1, sar-1), RNA regulation (rnp-7, snr-2), chromatin and 

transcription (lin-40/MTA1, pab-1, his-72), cytoskeleton (unc-112), and nuclear transport 

and signaling (ran-1/Ran, ftt-2). Four genes associated with the screen for which putative 

null alleles were available (ftt-2, lin-40, his-72, sur-6) showed a reduction in the DTC 

plexus. We also examined animals harboring a null mutation of exoc-8, a regulatory 

subunit of the exocyst complex (Jiu et al., 2012), as a surrogate for the exocyst 

component sec-10, whose null allele is lethal (Zou et al., 2015). Loss of exoc-8 also showed 
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a reduced DTC plexus. Together, the reduction of DTC elaboration in these null mutants 

confirms the specificity of their RNAi knockdown phenotypes and the fidelity of the 

screen (Fig. 3 and Table 8). 

Table 1: Genes required for DTC plexus formation in the L3/L4 stage. 

Gene Public 
Name 
(Reference)

Sequence 
Name (Gene)

CDS Description DTC Plexus 
Defect

Percent 
Defect

Tissue-specific RNAi 
Site of Action

nuo-1 C09H10.3 NADH ubiquinone oxidoreductase 7/11 64% DTC
let-754 C29E4.8 Adenylate kinase 4/16 25% DTC, GCs
C16A3.5 C16A3.5 NADH:ubiquinone oxidoreductase 4/20 20% DTC
rpom-1 Y105E8A.23 Mitochondrial RNA polymerase 4/20 20%
dld-1 LLC1.3 Dihydrolipoamide dehydrogenase 3/19 16% GCs

sec-10 C33H5.9 Exocyst subunit 7/18 39% DTC
emo-1 F32D8.6 Sec61p gamma subunit 4/15 27% DTC, GCs
copa-1 Y71F9AL.17 COPI complex alpha subunit 3/9 33% DTC, GCs
sar-1 ZK180.4 SAR (Secretion Associated, Ras-related) COPII vesicle coat protein 3/19 16%
dyn-1 C02C6.1 Dynamin GTPase 5/24 21%

rnp-7 K04G7.10 RNP (RRM RNA binding domain)-containing 4/20 20% DTC
snr-2 W08E3.1 Small nuclear ribonucleoprotein polypeptide 3/16 19% GCs

dre-1 K04A8.6 F-box domain-containing protein 9/29 31% GCs
hars-1 T11G6.1 Histidyl tRNA synthetase 8/10 80% DTC
rpl-11.1 T22F3.4 Large ribosomal subunit L11 5/17 29%
F23B12.7 F23B12.7 Constituent of 66S pre-ribosomal particles 7/19 37%
W07E6.2 W07E6.2 WD-repeat protein RSA4/Notchless 4/26 15% GCs
ppp-1 C15F1.4 Translation initiation factor eIF2B gamma subunit 3/19 16%
uba-1 C47E12.5 Ubiquitin-activating enzyme 6/18 33% GCs

lin-40 T27C4.4 Histone deacetylase complex, chromatin binding 9/19 47% DTC
pab-1 Y106G6H.2 Poly(A)-binding protein 7/29 24% DTC, GCs
his-72 Y49E10.6 H3 histone 3/20 15% GCs

clr-1 F56D1.4 Receptor tyrosine phosphatase 5/21 24%
sur-6 F26E4.1 Regulatory subunit of serine/ threonine protein phosphatase 2A 3/19 16%
lin-3 F36H1.4 EGF family ligand 4/27 15%

ran-1 K01G5.4 Ran GTPase 5/15 33% DTC, GCs
ftt-2/par-5a F52D10.3 14-3-3 signaling and scaffolding protein 5/18 28% DTC (ftt-2), GCs (par-5)

unc-112 C47E8.7 Fermitin, PH domain-containing protein 9/17 53% DTC

R08C7.1 R08C7.1 Protein coding gene 6/25 24% DTC, GCs

a ftt-2 RNAi also targets the close paralog par-5; thus, gene-specific RNAi was performed to determine site of action (Table S5).

Chromatin and transcription

Table 1. Genes required for DTC plexus formation in the L3/L4 stage. 

Mitochondria and energy metabolism

Transport and vesicle trafficking

RNA Regulation

Protein Synthesis and Degradation

Cell signaling

Nuclear Transport and signaling

Focal adhesion

Uncharacterized nematode-specific gene

Genes are grouped by reported function or predicted function based on homologs. DTC plexus defect is reported as the number of animals with a DTC defect out of total number of 
animals examined for that treatment. The negative control (empty RNAi vector L4440) showed a DTC plexus defect in 8/270 animals scored. Site of action determined by testing 
RNAis on tissue-specific RNAi strain is listed for distal tip cell (DTC)-specific RNAi and germ cell (GCs)-specific RNAi. For the site of action screen, defects >15% penetrance are 
indicated by bolding.                                                                                                                                                                                                                                                          
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Figure 3: DTC plexus defects after RNAi depletion validated with null alleles.  

In wild-type animals or worms fed control RNAi (L4440 empty vector), DTCs (lag-2 > 
2x mKate2::PH) display an elaborate plexus of processes by the one-day-adult stage. 
In RNAi-treated animals (A) and putative null alleles (B) for ftt-2, lin-40, his-72, and 
sur-6, DTC plexus defects of > 50% reduction in plexus length were observed. ftt-2 
RNAi also targets a close paralog, par-5. Confocal images are displayed as full 
projections of the DTC (left) and core 10 µm-thick projections of the DTC plexus from 
central confocal z slices (right; see Methods). Brackets indicate the length of the 
elaborated DTC plexus. Scale bar, 10 µm. 

2.1.2 Identification of genes that act in germ cells to promote plexus 
formation 

Germ progenitor cells may signal to the DTC to foster enwrapment during 

plexus formation. Forcing premature differentiation of germ cells in young adult 

animals has been reported to result in a failure of DTC elaboration, suggesting that germ 

progenitor cells are required for plexus formation (Byrd et al., 2014). This defect, 

however, was not quantified. We thus repeated the experiment, utilizing the GLP-
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1/Notch temperature-sensitive allele glp-1(e2144) that causes germ cell differentiation 

(adoption of meiotic fate) at 25°C (Austin and Kimble, 1987; Priess et al., 1987). 

Quantitative analysis revealed that the plexus completely failed to elaborate in glp-

1(e2144) animals after shifting L4 animals to the restrictive temperature (25°C) (Fig. 4A), 

suggesting that the DTC does not enwrap meiotic germ cells. This analysis confirms that 

initial DTC elaboration requires GLP-1/Notch signaling, presumably due to a 

requirement for germ progenitor cells, as previous studies have shown that restoration 

of germ progenitor cells in a GLP-1/Notch-deficient background restores the DTC plexus 

(Byrd et al., 2014). To determine whether the DTC plexus continues to depend on germ 

progenitor cells after it forms in young adults, we next performed a temperature shift 

after DTC elaboration occurred. Young adult animals exposed to the restrictive 

temperature showed reduced plexus length compared to control animals (Fig. 4A’), 

suggesting that germ progenitor cells help maintain the DTC plexus.  
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Figure 4: Germ progenitor cells are required for initiation and maintenance of 
the DTC plexus.  

(A) Forcing germ cell differentiation in temperature-sensitive glp-1(e2144) L4 larval 
animals at the restrictive temperature resulted in failure of DTC plexus initiation 
compared to control animals at the permissive temperature (***p < 0.0005, N.S., not 
significant (p > 0.05), n > 15 for each group, ANOVA followed by Tukey-Kramer HSD 
test). (A’) Forcing germ cell differentiation in glp-1(e2144) young adults at the 
restrictive temperature resulted in failure of DTC plexus maintenance compared to 
control animals at the permissive temperature (*p < 0.05, n > 23 for each group, 
ANOVA followed by Tukey-Kramer HSD test). Confocal images are displayed as 6 
µm-thick core projections of the DTC plexus or cap. Brackets indicate the length of 
the DTC plexus. Scale bars, 10 µm. 
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We next hypothesized that some of the genes identified in our screen might 

function indirectly in the germ cells to promote enwrapment, since the DTC appears to 

require a robust germ progenitor cell population to form and maintain the plexus. Thus, 

compromising germ progenitor cells may indirectly affect plexus formation. To 

determine if genes identified in our screen function cell-autonomously within the 

germline but not the DTC, we used the rrf-1(pk1417) background, which reduces somatic 

but not germline RNAi efficiency (Sijen et al., 2001). This strain has been widely used for 

germline-specific RNAi, although it has been reported to have RNAi activity in the 

intestine (Kumsta and Hansen, 2012). Importantly, the rrf-1 strain does not appear to be 

sensitive to RNAi in the DTC (Kumsta and Hansen, 2012), making it suitable for testing 

germline versus DTC site of action. 

Using the rrf-1 germline-specific RNAi strain, we identified a set of genes whose 

loss in the germline indirectly caused DTC plexus defects (Table 2). DTC defects were 

observed in > 15% of animals after germline RNAi knockdown of the histone variant his-

72 (Ooi et al., 2006), the polyA-binding protein pab-1, a subunit of the COPI Golgi-to-ER 

(endoplasmic reticulum) vesicle coat protein complex copa-1, the ER protein translocator 

Sec61p γ homolog emo-1, the GTPase ran-1/Ran, a regulator of ribosomal biogenesis 

W07E6.2/Notchless, and the 14-3-3 signaling protein par-5 (Fig. 5A).  SAGE analysis has 

indicated that these genes are expressed in dissected gonads, though multiple somatic 

gonad cells including the DTC are present in this sample (Xin Wang et al., 2009). 
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Notably, pab-1, W07E6.2, and par-5 have reported roles in germ cell proliferation 

(Aristizábal-Corrales et al., 2012; Ko et al., 2010; Voutev et al., 2006). Germline-

expression profiling previously showed that his-72, ran-1, W07E6.2, and snr-2 are 

enriched in wild-type animals compared to germline-depleted mutants (Reinke et al., 

2004), suggesting that these genes are expressed in the germline. Additionally, a single 

copy transgenic reporter for par-5 (Mikl and Cowan, 2014) is expressed in germ cells 

(Fig. 8). Though we did not observe expression of a copa-1 reporter in germ cells, 

germline silencing of multicopy transgenic arrays has been frequently observed (Praitis 

et al., 2001), and in situ hybridization for copa-1 from the NEXTDB database showed 

strong staining throughout the gonad (Antoshechkin and Sternberg, 2007).  

Table 2: Genes that function in germ cells to indirectly promote plexus 
formation. 

Gene Name defect total % defect
his-72 13 23 57%
pab-1 8 23 35%
copa-1 10 29 34%
emo-1 6 25 24%
ran-1 8 39 21%
W07E6.2 10 50 20%
ftt-2/par-5a 8 42 19%
uba-1 3 33 9%
dld-1 2 29 7%
snr-2 1 21 5%
let-754 1 27 4%
dre-1 1 44 2%
R08C7.1 1 66 2%
L4440 0 24 0%

Table 2. Genes that function in the germ cells to 
indirectly promote plexus formation. 

Germline-specific RNAi (L3/L4 plating)

DTC plexus defects were scored as >50% reduction in  
plexus length. The number of animals with DTC defects and 
the total number of animals examined are shown. All 29 
genes identified in whole-body RNAi screens were scored 
in the germline-specific rrf-1(pk1417); RNAi knockdown of 
genes not shown had no observable DTC defects. 

apar-5 and ftt-2 are close paralogs targeted by the same 
RNAi construct.
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To determine if loss of these germline-functioning genes might alter the DTC 

plexus indirectly by affecting germ progenitor cells, we next examined the germ cells 

after knockdown of selected genes. Short gonad arms with fewer germ cells were 

observed in germline-specific L1 knockdown of W07E6.2 (observed in 7/22 animals), 

copa-1 (21/25), pab-1 (23/28), and par-5 (7/29), compared to the RNAi control (L4440 

empty vector, 0/24). Reduced progenitor zone length was observed in 

W07E6.2/Notchless, copa-1, pab-1, and par-5 (Fig. 5A’). Large nuclei suggestive of 

premature differentiation or cell division defects in the distal gonad were also observed 

for par-5 (16/29 animals), copa-1 (21/25), and pab-1 (10/28), compared to the empty vector 

control (0/24). Taken together, these observations support the idea that while the DTC 

promotes germ stem cell fate (Byrd and Kimble, 2009; Kimble and White, 1981), the 

progenitor cells provide a reciprocal cue back to the DTC to promote its enwrapping 

behavior during plexus formation. 
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Figure 5: The DTC plexus depends on the germ cell progenitor zone.  

(A) Full projections of confocal z slices of DTCs (lag-2 > 2x mKate2::PH) show that 
RNAi depletion of W07E6.2, copa-1, par-5, and pab-1 result in a reduction of plexus 
length compared to control RNAi (L4440 empty vector) (**p < 0.005, ***p < 0.0005, n > 4, 
ANOVA followed by Tukey-Kramer HSD test). Brackets indicate the length of the 
DTC plexus. (A’) RNAi knockdown of W07E6.2, copa-1, par-5, and pab-1 resulted in 
loss or reduction of the germ progenitor zone compared to empty vector control (*p < 
0.05, **p < 0.005, ***p < 0.0005, n > 22 for all groups, ANOVA followed by Tukey-
Kramer HSD test). A single superficial confocal z slice of DAPI-stained germ cells is 
shown. Brackets indicate the length of the progenitor zone. Dashed boxes surround 
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meiotic nuclei identified by their crescent shape (inset magnification). Scale bars, 10 
µm. 

2.1.3 Identification of genes that act in the DTC to promote plexus 
formation  

We next wanted to determine if any genes identified in our screen promote DTC 

enwrapping behavior directly (cell-autonomously) in the DTC. To accomplish this, we 

generated a DTC-specific, RNAi-hypersensitized strain with fluorescently labeled DTC 

membranes to highlight the DTC plexus [(lag-2>mNeonGreen::PH::F2A::rde-1; rrf-

3(pk1426); rde-1(ne219)]; see Methods for construction and validation of DTC specificity 

and Fig. 6). DTC plexus defects were observed in >15% of animals after DTC knockdown 

of the 14-3-3 proteins ftt-2 and par-5, the sole C. elegans Ran GTPase ortholog ran-1, the 

NuRD nucleosome remodeling complex subunit lin-40/MTA1, the polyA-binding 

protein pab-1, the COPI subunit copa-1, the histidyl tRNA synthetase hars-1, the focal 

adhesion and muscle dense body component unc-112, and the spliceosome component 

rnp-7 (Table 3). Importantly, DTC knockdown of these eight genes did not grossly 

perturb the germline, consistent with specific knockdown and function in the DTC (n = 

20/20 animals per treatment showed wild-type size and regionalization of the germline) 

(Fig. 7). Three of these genes – ran-1, copa-1, and pab-1 – were required in both the DTC 

and germ cells, consistent with their essential cellular functions. Available expression 

reporters for lin-40 (McKay et al., 2003), sec-10, and copa-1 were expressed in the DTC 

(Fig. 8), consistent with a direct role in promoting DTC enwrapping behavior.  
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Figure 6: lag-2>NeonGreen::rde-1 expression is enriched in the DTC during 
development and specific to the DTC in L4 and adult stages.  

The lag-2 promoter drives expression of NeonGreen::RDE-1 specifically in DTCs 
(arrowheads) in the L4 and adult stages targeted in our screen. Entire animals are 
shown at each developmental stage at the same fluorescent intensity, demonstrating 
highest expression levels of lag-2 > NeonGreen::RDE-1 in L4 and adult DTCs. Earlier 
in development, lower expression of lag-2 > NeonGreen::rde-1 was observed in the 
somatic gonad precursors Z1 and Z4 in the L1 stage and in the seam cells in the L2 
stage. Punctate autofluorescence is observed in gut granules. All images are full 
projections of tiled images of the entire animal from confocal z slices. Only one DTC 
is sharply in focus in the L3 – adult stages during and after gonad migration. Five or 
more animals were examined per developmental stage. Scale bars, 10 µm. 
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Table 3: Genes that function in the DTC to promote enwrapment. 

Gene Name defect total % defect
ftt-2/par-5a 14 21 67%
ran-1 9 20 45%
hars-1 9 20 45%
lin-40 10 29 34%
pab-1 9 28 32%
copa-1 8 47 17%
rnp-7 3 20 15%
unc-112 3 20 15%
nuo-1 4 32 13%
sec-10 3 26 12%
emo-1 3 26 12%
C16A3.5 3 27 11%
let-754 2 30 7%
R08C7.1 2 33 6%
L4440 0 23 0%

Table 3. Genes that function in the DTC to 
promote plexus formation.

DTC-specific RNAi (L3/L4 plating)

DTC plexus defects were scored as >50% reduction in  
plexus length. The number of animals with DTC defects and 
the total number of animals examined are shown. All 29 
genes identified in whole-body RNAi screens were scored in 
the DTC-specific lag-2>RDE-1 strain; RNAi knockdown of 
genes not shown had no observable DTC defects. 

apar-5 and ftt-2 are close paralogs targeted by the same 
RNAi construct.
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Figure 7: Knockdown of DTC-autonomous genes does not grossly perturb the 
germline.  

(A) Loss of genes detected by the DTC-specific RNAi screen (hars-1, par-5, rnp-7, unc-
112, C16A3.5, copa-1, pab-1, lin-40, and ran-1) did not prevent germline proliferation 
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and progenitor zone development after L3/L4 RNAi plating of the DTC-specific 
strain, paralleling Table 3. One representative gonad arm showing wild-type germ 
cells is shown per treatment in superficial 2.5 µm-thick projections of DAPI-stained 
animals. 20 or more animals per treatment were examined for presence of germ 
progenitor cells, the pachytene and oocyte zones, and complete gonad migration 
similar to control empty vector-treated animals. (B) Likewise, loss of lin-40 and 
C16A3.5 by whole body RNAi treatment from the L1 stage did not prevent germline 
proliferation and progenitor zone development (mex-5 > H2B::mCherry), as a control 
for Figure 6. Scale bars, 20 µm. 
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Figure 8: Transgene reporter expression of genes that cell-autonomously 
promote DTC enwrapping behavior.  

Fluorescence image, left, corresponding differential interference contrast (DIC) 
image, middle, and overlay, right. Transcriptional (>) and translational (::) reporter 
construct expression was observed in the DTC in one-day-old adult animals. A 
translational reporter for the exocyst component sec-10 showed a punctate pattern in 
the DTC cell body (n = 11/11 animals observed). PAR-5::GFP was also expressed in 
germ cells. Arrowheads indicate DTC expression, and brackets indicate germ cell 
expression. copa-1 > GFP and sec-10 > SEC-10::GFP images are displayed as 8 µm-
thick projections from central confocal z slices. A single confocal z slice is shown for 
ftt-2 > FTT-2::mCh and par-5 > PAR-5::GFP. A wide-field fluorescence image of lin-40 
> GFP is shown. Scale bar, 10 µm. 
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Another gene that appeared to be required in both the DTC and germline to 

promote DTC plexus formation was par-5. However, the RNAi clone that targets par-5 is 

also predicted to knock down its close paralog ftt-2 (Li et al., 2007; Rual et al., 2004). To 

definitively determine the site of action of par-5 and ftt-2, we designed off target-

optimized RNAi constructs for par-5 and ftt-2 with the dsCheck program (Naito et al., 

2005) (Figure 8). Gene-specific knockdown of par-5 yielded strong DTC plexus defects in 

the germline-specific RNAi strain (Table 8 and Fig. 9) but not in the DTC-specific RNAi 

strain. These observations are consistent with the reported role of par-5 in directly 

promoting germ cell proliferation (Aristizábal-Corrales et al., 2012). Consistent with 

reports that par-5 is the sole germline C. elegans 14-3-3 protein (Aristizábal-Corrales et al., 

2012), a par-5 reporter transgene was expressed in germ cells (Fig. 8) and knockdown of 

ftt-2 in the germline did not affect DTC plexus formation. In contrast to par-5, loss of ftt-2 

in the DTC resulted in a plexus defect (Table 8), and a reporter for ftt-2 was expressed in 

the DTC (Fig. 9). Together these data suggest that this pair of 14-3-3 proteins in C. elegans 

act in distinct tissues to affect the niche: par-5 promotes DTC elaboration indirectly via 

its role in germ cell proliferation, and ftt-2 functions in the DTC to promote its 

enwrapping behavior. 
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Figure 9: Redesigned par-5 and ftt-2 RNAi clones are gene-specific.  

Using gene-specific RNAi constructs for the paralogs par-5 and ftt-2 revealed that 
par-5(RNAi) knockdown results in loss of expression of the translational reporter par-
5 > PAR-5::GFP but does not reduce expression of the translational reporter ftt-2 > 
FTT-2::mCherry. Conversely, ftt-2(RNAi) knocks down expression of ftt-2 > FTT-
2::mCherry but does not reduce expression of par-5 > PAR-5::GFP. All images are 
single confocal z slices. Scale bar, 10 µm. 

2.1.4 DTC enwrapment of germ stem cells promotes stem cell fate 

The DTC acts as the germline stem cell niche and expresses transmembrane 

Notch ligands that activate GLP-1/Notch signaling in germ cells and promote stem cell 

fate through direct transcriptional targets including sygl-1 (Kershner et al., 2014). We 

hypothesized that the function of DTC enwrapment of germ cells is to present a 

localized source of Notch ligands to a larger pool of cells than an unelaborated cell could 

contact, thereby allowing a single niche cell to maintain a robust stem cell population. 

Single molecule FISH for sygl-1 showed that germ stem cells actively transcribing sygl-1 

are more likely to contact DTC processes (Lee et al., 2016), suggesting that DTC contact 
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is required for sygl-1 expression. To assess the consequences of reduced DTC 

enwrapment on germ stem cells, we examined the robustness of niche signaling by 

utilizing a transcriptional reporter for sygl-1 (sygl-1 > H2B::GFP) (Kershner et al., 2014). 

The sygl-1 > H2B::GFP-positive cell population expanded 2.5-fold from the L4 to adult 

stages, correlating with the time window of plexus formation (Fig. 10). This might seem 

surprising given the reported similar lengths of the sygl-1 active transcription zone 

measured in germ cell diameters (Lee et al., 2016). However, the circumferential width 

of the distal gonad dramatically increases from L4 to adult stages (from ~3 germ cell 

diameters wide to ~5 germ cell diameters wide, Fig. 1), which might account for the 

increased sygl-1 > H2B::GFP-positive cell population. 
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Figure 10: The sygl-1-expressing germ stem cell population increases from L4 
to adult stages.  
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The number of germ cell nuclei expressing a reporter for the GLP-1/Notch 
transcriptional target sygl-1 (sygl-1 > H2B::GFP, green) increases 2.5-fold from L4 to 
adult stages (L4 stage, 48 cells on average; adult stage, 120 cells on average; n > 10 
animals per stage; p < 0.0001, Student’s t test) during the time window of DTC plexus 
formation (magenta, lag-2 > mCh::PH). Adult control data from Figure 6B is shown for 
reference. Scale bar, 10 µm. 

Strikingly, in rare cases of wild-type animals with the dense DTC plexus biased 

to one side of the gonad, sygl-1 > H2B::GFP was exclusively expressed in germ cells 

within the asymmetric plexus and was absent in distal germ cells on the other side of the 

gonad (n = 4/4 cases of asymmetric plexus formation and sygl-1 expression observed in 

688 animals) (Fig. 11A). Notably in two of these animals (shown in Fig. 11A), there were 

unbranched superficial DTC processes opposite the asymmetric plexus and no sygl-1 

reporter expression was observed. This is likely because the long superficial processes 

are not highly branched and do not intercalate between germ cells to effectively activate 

Notch expression.  

The distribution of sygl-1 > H2B::GFP-positive nuclei during the wild-type 

developmental progression of the L4-stage DTC cap to the adult plexus, as well as in the 

rare asymmetric adult plexus, suggest that DTC plexus-germ progenitor cell contact 

leads to sygl-1 reporter activation and the normal expansion of the germ stem cell pool in 

the adult. We hypothesized that RNAi causing plexus reduction would therefore cause a 

reduction in the number of sygl-1-positive cells. Indeed, whole body RNAi knockdown 

of the DTC-autonomous genes lin-40/MTA1 and C16A3.5, which specifically affected the 

DTC and did not perturb gonad development (Table 5, Fig. 7), resulted in reduction of 



 

34 

DTC plexus length and surface area and a reduced number of sygl-1 > H2B::GFP-positive 

nuclei (Fig. 11B). Notably, the number of sygl-1-reporter positive nuclei was similar to 

the number of cells observed in wild-type L4 animals with unelaborated DTCs (Fig. 10). 

Taken together, these observations offer compelling evidence that germ cell 

enwrapment within the adult DTC plexus extends Notch signaling to additional germ 

cells to promote germ stem cell fate. 
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Figure 11: Enwrapment by the DTC promotes germ stem cell fate.  

(A) Expression of the GLP-1/Notch transcriptional target sygl-1 (sygl-1 > H2B::GFP, 
green) was observed specifically in germ stem cells enwrapped by the DTC plexus in 
two cases of rare wild-type animals with the DTC plexus (magenta, lag-2 > mCh::PH) 
formed on one side of the gonad arm. 15 or 20 µm-thick projections of confocal z 
slices of sygl-1 > H2B::GFP-expressing cells, the DTC, and fluorescent overlay, 
isosurface renderings, and DIC images, from left to right, are shown. Dashed white 
lines indicate the gonad, and an asterisk marks autofluorescent gut granules. (B) lin-



 

36 

40 and C16A3.5(RNAi) animals showed a reduced number of sygl-1 > H2B::GFP-
expressing cells, left, reduced DTC plexus, middle, and reduced surface area of the 
DTC assessed by 3D isosurface renderings, right (***p < 0.0005; > 24 animals per 
category; ANOVA followed by Tukey-Kramer HSD test). Full projections of 
fluorescent images and isosurface renderings of the DTC are shown. All scale bars, 10 
µm. 

2.3 Discussion   

Niche cells transmit cues to promote stem cell fate. Cellular enwrapment of stem 

cells by their niche is commonly observed for a wide range of stem cell systems and is a 

potential mechanism for mediating signaling specificity. Despite its widespread 

occurrence, the regulation and function of enwrapment of stem cells by their niche 

support cells is poorly understood. We performed the first screen for regulators of 

enwrapment in the C. elegans germ stem cell niche and identified 29 genes required 

during the critical period when the distal tip cell (DTC) niche forms the DTC plexus by 

enwrapping germ stem cells. We further investigated whether these genes were 

required in the DTC niche or the stem cells. We confirmed that germ progenitor cells 

induce enwrapment by their niche and demonstrated that niche elaboration promotes 

germ stem cell fate. This reciprocal signaling between niche and stem cell may comprise 

a positive feedback loop that expands and maintains the stem cell pool.  

To detect genes required for DTC plexus formation, we performed an RNAi 

screen for severe loss of the DTC plexus. We stringently defined a DTC plexus defect as 

a 50% reduction in plexus length, which is not observed in wild-type animals. Thus we 

are confident that even low penetrance defects by RNAi are informative. As knockdown 
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of genes by feeding animals bacteria expressing dsRNA is often incompletely penetrant 

and variable (Simmer et al., 2003), a low penetrance defect by feeding RNAi can detect 

genes with significant roles. As a positive control, we performed RNAi to the key niche 

regulator lag-2 and observed a low penetrance defect by our stringent criteria. Finally, 

we validated our RNAi screen candidates with available mutant alleles, which showed 

higher penetrance defects and confirmed our screening approach.  

Previous work has suggested that there might be a dynamic interplay between 

the germ progenitor cells and the DTC to promote its enwrapping behavior during 

plexus formation. For example, an apparent dependence of the DTC processes on germ 

progenitor cells has been observed (Byrd et al., 2014), indicating that genes might affect 

DTC elaboration indirectly through their roles in the germline. To identify genes that 

promote DTC plexus formation and determine their site of action, we thus used targeted 

and tissue-specific RNAi to define sets of genes functioning specifically in the germline 

and DTC. Such temporally- and tissue-specific strategies enable dissection of the 

chicken-and-egg relationship of the niche and stem cells. 

DTC enwrapping behavior initiates plexus formation between the late L4 and 

young adult stages, a period of dramatic morphological change in the distal gonad. 

Careful examination of RNAi knockdown of several germline-functioning genes (copa-1, 

par-5, W07E6.2, and pab-1) revealed that all led to a reduced germ progenitor zone and to 

plexus reduction. Further, premature differentiation of distal germ cells in the glp-1(ts) 
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mutant similarly causes plexus reduction (Byrd et al., 2014). Thus, we hypothesize that 

the germ progenitor cells generate a cue to stimulate DTC enwrapping behavior to form 

the plexus in the late L4 and the early adult. As only the germ stem cells are enwrapped 

(see below), it is possible that only the stem cells generate a cue that promotes 

enwrapment. Alternatively, all of the mitotic cells at the L4 – adult transition may send a 

signal that stimulates enwrapment, and only those that then become enwrapped retain 

stemness through adulthood. This enwrapment-promoting cue may be generated 

specifically during the L4 – adult transition when the DTC plexus elaborates. 

Alternatively, the cue might be produced earlier and the DTC becomes receptive to the 

signal during the late L4 stage. Notably, the late L4 is the time when DTC migration to 

form the gonad arm is completed, suggesting that plexus formation might require 

cessation of migration (Byrd et al., 2014). The germ cell-autonomous genes we identified 

may act upstream of a potential germ progenitor cell cue, as none are secreted or 

transmembrane and thus are not likely candidates to be the cue itself. Further screens 

that identify germline-expressed secreted or transmembrane ligands required for DTC 

enwrapment may identify our hypothesized germ progenitor cell cue. In addition to a 

role for the germ progenitor cells in the L4 stage in promoting plexus formation, we also 

found that differentiation of germ progenitor cells in the one-day-old adult reduced the 

plexus. Thus the germ progenitor cells appear to stimulate enwrapping behavior during 

plexus formation and are also required for its maintenance. 



 

39 

Our screen was biased towards identifying genes required for fecundity, which 

may include genes that promote germ progenitor cell fate and thus act to support the 

process of stem cell enwrapment. This is likely the reason this screen did not reveal any 

genes whose reduction increased the DTC plexus. Notably, genes that function to 

repress DTC plexus length do exist, as loss of the mitochondrial 2-oxoglutarate carrier 

misc-1 increases the length of DTC processes and the germ progenitor zone (Gallo et al., 

2011).  

As our RNAi screen focused on genes with annotated roles in fecundity, it is 

possible that we failed to identify genes that promote enwrapment by the DTC but that 

do not dramatically affect fecundity. Indeed, while we show that a reduced plexus 

results in a smaller stem cell pool, it is not yet clear if this reduction in germ stem cells 

dramatically affects fecundity or whether the strong fecundity defects caused by these 

genes are due to pleiotropic roles in germline development. However, the observations 

that a number of the genes we screened function in the DTC to promote enwrapment 

and that this enwrapment regulates the stem cell pool are consistent with the idea that 

our screen of genes involved in fecundity likely enriched for direct regulators of germ 

stem cell enwrapment. It will be interesting to see in future screens if genes that do not 

alter fecundity reduce DTC elaboration.   

We favor the idea that the germ progenitor cells generate a cue that stimulates 

enwrapment, rather than acting to stretch DTC processes passively due to adhesion to 
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dividing germ cells. One important piece of evidence for this is that DTC elaboration 

initiates at a specific developmental stage, the L4-adult transition, when germ cell 

divisions have slowed (Roy et al., 2015). In addition, previous studies performed live 

imaging of DTC process growth and observed that DTC processes grow not only with 

the distal-to-proximal progression of dividing germ cells but also in the opposite 

direction (Wong et al, 2013). These studies also observed that processes form transient 

structures including rings and branching points and can grow in spurts, all dynamic 

behaviors that suggest that DTC elaboration is at least in part an active, DTC-

autonomous process.  

Using our newly developed DTC-specific RNAi strain, our studies identified 

genes that are required in the DTC for plexus formation. One gene that is necessary for 

DTC elaboration is lin-40/MTA1, a chromatin regulator, which is part of the nucleosome 

remodeling and histone deacetylation (NuRD) complex (Solari et al., 1999). Formation of 

other stem cell niches, including in the murine testis (Wu et al., 2017) and in the 

Drosophila ovary (Hitrik et al., 2016; Upadhyay et al., 2016), also requires specific 

chromatin regulators. As the DTC actively remodels from a simple cap to a highly 

branched and elaborate structure, energetically intensive and dynamic membrane 

addition and remodeling may also be key components underlying plexus formation. 

Consistent with this idea, our screen implicated genes required for mitochondria 

(NADH:ubiquinone oxidoreductases nuo-1/NDUFV1 and C16A3.5/NDUFB9), the 
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cytoskeleton (focal adhesion component unc-112/FERMT2), and exocytosis (exocyst 

complex component sec-10/EXOC-5). Interestingly, lin-3/EGF was identified in our initial 

whole body RNAi screen. The role of EGF signaling in other stem cell niches including 

in the Drosophila testis (H. Chen et al., 2013; Kitadate and Kobayashi, 2013; Sarkar et al., 

2007) and intestinal stem cell niches (Biteau and Jasper, 2011) suggests an interesting 

parallel between signaling pathways required in the C. elegans and Drosophila stem cell 

niches. 

Niches precisely regulate delivery of stemness signals by various mechanisms 

including cell-contact based signaling (Anklesaria et al., 1990; Ding et al., 2012), 

interactions with extracellular matrix (Xiaomeng Wang et al., 2008), and polarized 

signaling protrusions (Inaba et al., 2015; Mandal et al., 2007; Rojas-Ríos et al., 2012). The 

cellular enwrapment observed in the DTC plexus was previously hypothesized to 

facilitate juxtacrine cell-cell signaling, to anchor stem cells in the niche, or to impact the 

microenvironment (Byrd et al., 2014; Crittenden et al., 2006). The GLP-1/Notch ligands 

LAG-2 and APX-1 are both expressed in the DTC, and LAG-2 localizes to the entire DTC 

surface including its processes (Crittenden et al., 2006). Though we excluded the 

possibility that our candidates regulate lag-2 expression, some of the DTC-autonomous 

genes identified in our screen could regulate the expression of APX-1 or 

posttranslational modifications or localization of these ligands.  
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We examined a direct target of Notch signaling, sygl-1 (Kershner et al., 2014), to 

dissect the relationship of germ stem cells and the DTC plexus. By examining wild-type 

animals with asymmetric plexus formation and identifying genes that cell-

autonomously promote DTC plexus formation, we found that enwrapment by the 

plexus promotes expression of the stem cell marker sygl-1. The expansion of DTC 

processes between L4 and adult stages forms the plexus and encompasses a larger 

number of sygl-1-reporter-positive germ stem cells, potentially establishing the adult 

germ stem cell pool. We also examined rare wild-type animals with asymmetric plexus 

formation, allowing us to observe that distal germ cells without DTC plexus contacts do 

not express a sygl-1 reporter. These data show that all sygl-1 > GFP::H2B+ cells 

specifically reside within the asymmetric plexus, strongly suggesting that DTC-germ cell 

interactions directly promote Notch activation. Interestingly, the border of sygl-1 

expression was sharply tied to the side of gonad with the asymmetrically localized DTC 

plexus. This contrasts to the more graded distal-proximal decrease in sygl-1 expression 

at the end of the plexus observed in a typical distal-localized plexus (Lee et al., 2016). It 

is possible that cytoplasmic streaming within the syncytial gonad occurs most strongly 

along the distal-to-proximal axis, thus spreading sygl-1 mRNA (Lee et al., 2016) or the 

intracellular domain of GLP-1/Notch after interaction with its DTC-expressed ligands to 

proximal germ cell nuclei (but not nuclei orthogonal to this axis) in a graded manner.  
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Extending the idea that the plexus is tied to the germ stem cell pool, knockdown 

of DTC-functioning genes lin-40 and C16A3.5 showed a shorter DTC plexus phenotype 

and displayed reduced numbers of sygl-1 > GFP::H2B-expressing cells. We do not believe 

this decrease in Notch activation is caused by the failure of the DTC to produce or 

localize Notch ligands in these experiments because sygl-1 > GFP::H2B is still activated 

within the plexus, and germ cells do not differentiate in the distal zone, a hallmark 

phenotype of Notch signaling defects (Austin and Kimble, 1987). These observations 

support the idea that one key function of the DTC plexus — and perhaps other 

enwrapping stem cell niches — is to foster contact-mediated signaling in stem cells, 

extending the range of niche signaling to promote stem cell fate in a larger pool of cells.  

Taken together, our studies have identified new regulators of germ stem cell 

enwrapment by the DTC niche in C. elegans and have revealed a probable positive 

feedback loop between the enwrapping DTC and germ stem cells that reinforces and 

extends the germ stem cell pool. Our dissection of stem cell enwrapment provides 

reagents and assays to deepen our understanding of DTC plexus-germ cell interactions 

and identify and examine additional possible functions of the DTC plexus. As 

enwrapment of stem cells by niche support cells is broadly observed, we expect these 

studies will have wide-ranging significance to understanding stem cell regulation and 

human health. 
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3. Germ cells induce niche-like enwrapment in ectopic 
interactions with muscle 

This work was performed in collaboration with Sara G. Payne, Kacy L. Gordon, 

Jonnathan Singhal, and David R. Sherwood.  

3.1 Introduction  

Niches provide supportive microenvironments that promote stem cell fate 

(Lander et al., 2012). Recent work shows that stem cells also signal to their niche, 

demonstrating that reciprocal signaling occurs and suggesting potential feedback 

mechanisms for stem cell regulation (Byrd et al., 2014; Linden et al., 2017). Stem cells 

remodel their niches in many instances during development. In the C. elegans gonadal 

niche, germ progenitor cells promote niche elaboration, such that the niche enwraps 

germ stem cells and supports expansion of the germ progenitor pool (Linden et al. 2017). 

Murine hematopoietic stem cells have been recently shown to regulate the bone marrow 

microenvironment (Leiva et al., 2016), suggesting bidirectional signaling in this niche. 

Similarly, hematopoietic precursors in zebrafish regulate their perivascular niche, 

inducing dramatic cellular remodeling of niche cells to enwrap these stem cells (Tamplin 

et al., 2015). Spermatogonial stem cells can also signal to their niche and effect changes in 

Sertoli cells that cause reduced numbers of stem cells in a negative feedback mechanism 

(Garcia et al., 2017). Germline stem cells in the Drosophila ovary signal to their niche and 

maintain it as a functional niche (Barton et al., 2016; Gilboa and Lehmann, 2006; Ward et 

al., 2006). This reciprocal signaling not only occurs during development but also can be 
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co-opted in disease states including metastatic niche formation (Lander et al., 2012; 

Psalia and Lyden, 2009; Schepers et al., 2013). These observations show that stem cells 

regulate their niche and can dramatically change the morphology and function of the 

niche.  

C. elegans is a valuable model system well suited to live imaging of dynamic 

cellular behaviors. In the C. elegans gonad, the distal tip cell (DTC) niche enwraps germ 

stem cells with cellular processes and expresses DSL ligands, activating GLP-1/Notch 

signaling in germ stem cells (Byrd and Kimble, 2009). Germ progenitor cells (including 

germ stem cells and their early differentiating progeny, which cannot be distinguished 

cytologically (Crittenden et al., 2017)) promote enwrapment by the DTC (Byrd et al., 

2014), suggesting positive feedback interactions between these stem cells and the niche. 

We have previously hypothesized that germ cells signal to the DTC niche to trigger 

enwrapment (Linden et al. 2017).  

In this work, we substantiate the idea that germ cells trigger enwrapping 

behavior by their niche by showing that germ cells that escape the gonad can also trigger 

enwrapment by muscle cells. In basement membrane-compromised animals and 

hyperproliferative germline mutants, we observed gonadal ruptures followed by germ 

cell escape into the body cavity and subsequent dynamic cellular protrusions from the 

muscle specifically enwrapping germ cells. We hypothesized that germ cells induce 

enwrapping behavior by the niche and that, following escape from the gonad, this stem 
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cell-niche signaling mechanism is ectopically activated to induce germ cell enwrapment 

by muscle cells. We identified the adhesion molecules hmr-1/cadherin and sax-7/L1CAM 

as regulators of the DTC niche. These adhesion factors localize to both DTC and muscle 

protrusions, making them likely mediators of niche and ectopic enwrapment. Together, 

these results suggest that a normal niche behavior, cellular enwrapment, is coopted 

following germ cell escape. 

3.2 Results 

3.2.1 Escaped germ cells induce niche-like enwrapping by muscle 
cells 

Previous work showed that loss of the basement membrane component epi-

1/laminin-αB or the matrix receptors ina-1/integrin or ten-1/teneurin (Baum and Garriga, 

1997; Huang, 2003; Trzebiatowska et al., 2008) or activation of hypodermal daf-16/FOXO 

signaling (Qi et al., 2012) resulted in gonadal basement membrane ruptures and germ 

cell escape from the gonad. Because these “escaped” germ cells were reported to embed 

in other tissues (Huang et al., 2003) and germ cells are such potent regulators of the 

morphology of their niche (Byrd et al., 2014; Linden et al., 2017), we wanted to observe 

how these escaped germ cells interact with other somatic cells. To test whether germ 

cells actively invade other tissues as hypothesized (Huang et al., 2003; Qi et al., 2012), we 

labeled germ cell membranes (mex-5 > GFP::PH) and muscle cell membranes (myo-3 > 

GFP::CAAX) and performed live-cell timelapse imaging in epi-1(RNAi) animals with 

gonadal ruptures (Fig. 12). Surprisingly, germ cells did not migrate from sites of gonadal 
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ruptures and did not exhibit protrusions, suggesting that these cells are not invasive. 

Instead, germ cells appeared to leak out of the gonad passively. In striking contrast, 

muscle cells extended dynamic protrusions around escaped germ cells (Fig. 12). To 

confirm this observation in multiple genetic backgrounds, we examined muscle cell-

germ cell interactions following gonadal rupture induced by RNAi to the basement 

membrane component emb-9/collagen-α1 and the laminin-binding dgn-1/dystroglycan 

receptor as well as in a hyperproliferative germline mutant. In all treatments disrupting 

the gonadal basement membrane, escaped germ cells were enwrapped by muscle cells 

(Fig. 13A). These data suggest that germ cells embed in muscle due to a dynamic muscle 

cell enwrapping behavior. 
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Figure 12: Muscle cells and not escaped germ cells are invasive.  

Muscle cells (magenta, myo-3 > mCh::PH) extended dynamic protrusions surrounding 
escaped germ cells (green, mex-5 > GFP::PH) (n = 10/10 animals observed during 90-
minute timelapses). In contrast, germ cells did not migrate from sites of gonadal 
rupture or extend protrusions. Single confocal slices at 10-minute intervals over one h 
are shown. Scale bar, 10 µm. 
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Figure 13: Escaped germ cells trigger enwrapment by muscle cells but not by 
intestine or hypodermis. 
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 (A) Escaped germ cells (magenta, mex-5 > H2B::mCherry) are enwrapped by muscle 
(green, myo-3 > GFP::CAAX) following gonadal ruptures induced by basement 
membrane disruption following knockdown of basement membrane components epi-
1 and emb-9 and receptor dgn-1 or germline hyperproliferation (due to loss of 
germline meiotic entry regulators GLD-2 and GLD-1). Enwrapment was observed in 
epi-1(RNAi) animals (n = 22/22 cases of animals with germ cell enwrapment observed), 
emb-9(RNAi) (n = 4/5), dgn-1(RNAi) (n = 7/8), and gld-2(q497) gld-1(q485) (n = 10/12) 
animals. No cases of gonadal basement membrane rupture were observed in control 
empty vector-treated animals (n = 10/10 animals). Animals with gonadal ruptures were 
scored at the L4 stage, except for gld-2(q497) gld-1(q485) animals, which were scored as 
adults, as gonadal basement membrane rupture did not occur until this stage. (B) 
Escaped germ cells (magenta, mex-5 > H2B::mCherry) were not enwrapped by intestine 
(green, ges-1 > GFP, n = 17/17) or hypodermis (green, mlt-10 > GFP, n = 39/39) 
following treatment by epi-1(RNAi). Animals were scored at the L4 stage. A single 
confocal z slice is shown for ges-1 > GFP, and a 10 µm superficial projection from 
confocal z slices is shown for mlt-10 > GFP. Scale bars, 10 µm. 

To determine whether escaped germ cells were enwrapped by other somatic 

tissues, we labeled germ cells (mex-5 > H2B::mCherry or mex-5 > mCherry::PH), gut (ges-1 > 

GFP), and hypodermis (mlt-10 > GFP) in the worm and induced gonadal ruptures with 

epi-1(RNAi). Escaped germ cells were not enwrapped by hypodermis or intestine (Fig. 

13B), suggesting that escaped germ cell enwrapment is distinct from endodermal cell 

cannibalism of germ cells (Abdu et al., 2016) and may instead be a muscle-specific 

interaction with escaped germ cells. 

To determine if muscle cells specifically enwrap germ cells but not other cell 

types, we labeled multiple tissues in epi-1(RNAi) animals to compare muscle cell 

enwrapment of germ cells (mex-5 > H2B::mCh), somatic gonad cells (zmp-5 > GFP), and 

coelomocytes (unc-122 > GFP). Somatic dorsal uterine cells were not enwrapped by 

adjacent muscle protrusions in epi-1(RNAi) treatment, including multiple cases in which 
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adjacent germ cells were enwrapped (Fig. 14). We also examined whether coelomocytes 

were enwrapped by muscle, as coelomocytes are found in close proximity to muscle and 

are free in the body cavity. Coelomocytes were not enwrapped by muscle in epi-1(RNAi) 

animals, including cases in which adjacent germ cells were enwrapped. Together, these 

data suggest that muscle cells specifically enwrap escaped germ cells. 
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Figure 13: Muscle cells specifically enwrap germ cells.  

(A) Germ cells (magenta, mex-5 > H2B::mCherry) escape the gonad after epi-1(RNAi)-
induced gonadal basement membrane rupture and are enwrapped by muscle cells 
(green, myo-3 > GFP::CAAX) (n = 16/16 cases of gonad rupture and muscle 
enwrapment in L4 larval stage animals). (B) Muscle cells did not enwrap 
coelomocytes (magenta, marked by unc-122 > GFP) (n = 0/10 cases of enwrapment in 
animals observed, including n = 3 cases where adjacent germ cells were enwrapped). 
Muscle cells did not enwrap dorsal uterine cells (magenta, marked by zmp-5 > GFP) (n 
= 0/19 cases of enwrapment in animals observed, including n = 9 cases in which 
adjacent germ cells were enwrapped). Scale bars, 10 µm. 
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3.2.2 Escaped germ cells, regardless of differentiation state, induce 
enwrapment by muscle cells 

In the gonad, only the distal-most germ stem cells are enwrapped by the DTC 

niche. To test whether the ability of germ cells to induce ectopic muscle enwrapment 

depends on their differentiation state, we examined mutants that forced all germ cells to 

adopt a stem cell fate or differentiated fate. Animals with hyperproliferative germ stem 

cells due to loss of the meiotic entry regulators gld-2(q497) and gld-1(q485) displayed 

muscle enwrapment following gonadal basement membrane rupture (Fig. 13A), 

showing that these stem-like cells are competent to induce muscle enwrapment. Next, 

we examined animals in which all germ cells were shifted into meiosis by temperature-

sensitive inactivation of the GLP-1/Notch receptor glp-1(e2144) (Fox et al., 2015) prior to 

epi-1(RNAi)-induced gonadal rupture. These differentiating germ cells were enwrapped 

by muscle cells (Fig. 14), showing that meiotic cells are also competent to induce muscle 

enwrapment. These data together show that escaped germ cells, regardless of 

differentiation state, induce enwrapment by muscle cells. 
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Figure 14: Differentiation state of germ cells does not determine enwrapment 
by muscle.  

Meiotic germ cells in young adult glp-1(e2144) animals at the 25°C restrictive 
temperature (n = 26/27 cases of gonadal rupture showed germ cell enwrapment) were 
enwrapped by muscle following gonadal rupture induced by epi-1(RNAi) similarly to 
germ cells in control animals at the 16°C permissive temperature (n = 9/9, N.S., 
Fisher’s exact test). Germ cell nuclei were labeled with mex-5 > mCherry::H2B 
(magenta), and muscle cell membranes were labeled with myo-3 > GFP::CAAX 
(green). 5 µm projections from confocal z slices are shown. GCs, germ cells. Scale bar, 
10 µm. 

3.2.3 Adhesion components hmr-1/cadherin and sax-7/L1CAM 
synergistically promote niche enwrapment of germ cells 

Escaped germ cell enwrapment by muscle cell protrusions is morphologically 

similar to germ cell enwrapment by DTC niche protrusions (Byrd et al., 2014; Linden et 

al., 2017), which promote niche function. Previous work has shown that germ progenitor 

cells promote enwrapment by the DTC niche, potentially through a cue (Byrd et al., 

2014; Linden et al., 2017) triggering cellular remodeling of the niche. To identify a shared 

cue or multiple cues for enwrapment in the niche and ectopically by muscle cells, RNAi 
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screens of candidates including germ cell-expressed ligands and their complementary 

DTC- and muscle-expressed receptors are currently ongoing.  

In addition to a cue triggering enwrapment, we hypothesized that cellular 

machinery underlying enwrapment behavior would be similar between the DTC niche 

and muscle cells. Considering that all germ cells regardless of differentiation state 

induce enwrapment by muscle, we hypothesized that broadly-expressed components 

such as cellular adhesion genes, instead of stem cell-specific cues, might promote 

cellular enwrapment both in the niche and muscle. While no canonical adhesion 

complexes have so far been identified between DTC and germ cells (Jones et al., 2008), 

hmr-1/cadherin is known to be expressed in C. elegans primordial germ cells (Chihara et 

al. 2012), and E-cadherin is known to mediate somatic gonad enwrapping of primordial 

germ cells in Drosophila (Jenkins et al., 2003; Jemc et al. 2012).  

We therefore examined expression of cadherin in the C. elegans DTC niche. A 

GFP-knock-in strain endogenously tagging hmr-1/cadherin (Marston et al., 2016) showed 

hmr-1::GFP localization to the edge of the DTC membranes in contact with germ cells 

prior to and after the onset of niche elaboration (Fig. 15). We examined other 

components of the canonical C. elegans cadherin-catenin adhesion complex (Loveless et 

al., 2012), and found that GFP knock-in strains for hmp-1/α-catenin and hmp-2/β-catenin 

(Marston et al., 2016) localized similarly to hmr-1 to the edge of DTC membranes in 

contact with germ cells and were absent from the DTC cell body (Fig. 16). These data 
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show that the canonical C. elegans cadherin-catenin complex localizes to the DTC-germ 

cell interface.  
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Figure 15: hmr-1/Cadherin and sax-7/L1CAM localize to DTC niche 
protrusions contacting germ stem cells.  

Cadherin (green, endogenously tagged hmr-1::GFP) localizes in a punctate pattern to 
DTC processes (lag-2 > 2x mKate::PH, magenta) contacting germ cells throughout the 
time window of DTC elaboration, flanked by the L3 larval and adult stages (a similar 
pattern was observed in n = 15/15 animals at both stages examined). sax-7::GFP (green) 
labeled all DTC membranes (n = 10/10 animals at both stages), and corresponding DIC 
images are shown (middle). Arrowheads indicate the DTC cell body. 2 µm projections 
of superficial confocal z slices are shown. Scale bar, 10 µm. 
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Figure 16: The classical cadherin-catenin complex is localized to the DTC-germ 
cell interface. 

GFP knock-in lines that endogenously tag the alpha- and beta-catenins hmp-1 and 
hmp-2 as well as hmr-1/cadherin showed localization to the DTC-germ cell interface 
in adult animals. A single confocal z slice (left), corresponding DIC image (middle), 
and overlay (right) are shown. Arrowheads indicate punctate GFP localization at the 
DTC-germ cell interface, and dashed white lines outline the DTC cell body. Scale bar, 
10 µm. 

As previous work showed that hmr-1/cadherin acts redundantly with the 

adhesion molecule sax-7/L1CAM during cell shape changes in embryonic development 

(Grana et al., 2010), we also examined a sax-7::GFP reporter, which was expressed in the 

DTC (Fig. 15). A null sax-7(eq1) allele resulted in a mild shortening of the DTC plexus 

(Fig. 17). Cadherin knockdown in the sax-7(eq1) background resulted in a stronger DTC 

enwrapment defect than loss of sax-7 alone (Fig. 17), suggesting that these adhesion 

receptors cooperatively promote germ cell enwrapment by the niche. Efforts to knock 

down cadherin in a DTC-specific RNAi strain containing the sax-7(eq1) mutation are 
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underway. These data together suggest that sax-7/L1CAM and hmr-1/cadherin 

synergistically promote DTC enwrapment of germ cells.  
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Figure 17: hmr-1/Cadherin promotes DTC plexus elaboration synergistically 
with sax-7/L1CAM. 

Knockdown of cadherin reduces niche processes in the sax-7(eq1) null background (n 
= 6/12 animals with a DTC plexus defect) compared to control sax-7(eq1) animals (n = 
3/24 animals with a DTC plexus defect) (p < 0.05, Fisher’s exact test). As in Chapter 3, 
DTC plexus defect was defined as >50% reduction in the length of the DTC plexus 
(such that the plexus extends between one to four germ cell diameters instead of eight 
to nine in wild-type animals). Wild-type control animals did not show DTC plexus 
defects (n = 0/15 with a DTC plexus defect). Full projections of the DTC from confocal 
z slices are shown. 

3.2.4 hmr-1/cadherin and sax-7/L1CAM localize to muscle protrusions 
enwrapping escaped germ cells 

To determine whether muscle cells co-opt normal niche enwrapment behavior, 

we examined whether enwrapping behaviors in these tissues are similar. First, to 
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determine whether germ cell enwrapment by muscle cells is distinct from engulfment of 

apoptotic cells, we examined expression of a key node in the apoptotic signal for 

engulfment, transthyretin-like TTR-52. TTR-52::mCh was rarely localized to escaped 

germ cells (2% of escaped germ cells, Fig. 18A), showing that few escaped germ cells are 

apoptotic. To determine if muscle protrusions required engulfment pathway signaling, 

we examined a mutant for the engulfment receptor ced-1/Draper. We observed muscle 

enwrapment of escaped germ cells in all ced-1(e1745) animals examined (Fig. 18B), 

suggesting that muscle enwrapment of germ cells is distinct from Draper-mediated 

engulfment. Thus, our data suggests that enwrapment by muscle cells is not Draper-

dependent engulfment of dying cells but a distinct cell behavior, potentially akin to 

enwrapping by the niche.  
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Figure 18: Muscle enwrapment is distinct from engulfment of apoptotic cells. 

(A) A marker for engulfment of apoptotic cells (heat shock promoter >TTR-
52::mCherry) was enriched (arrowhead) in a small fraction of escaped germ cells 
following heat shock (2%, 13/604 escaped germ cells from 10 epi-1(RNAi)-treated L4 
animals showed TTR-52::mCh enrichment). A single confocal fluorescent slice and 
corresponding DIC image are shown. A dashed white outline indicates the gonadal 
basement membrane evident by DIC; the break in the dashed line indicates a break in 
the gonadal basement membrane. (B) Muscle membrane extensions (myo-3 > 
GFP::CAAX, green) enwrap escaped germ cells (mex-5 > mCherry :: H2B, magenta) in 
the ced-1/Draper engulfment-defective mutant ced-1(e1735) allele in all ruptured 
animals observed (100%, 16/16 animals observed showed extensively enwrapped 
germ cells), as in wild-type controls (100%, 16/16 animals observed). Animals were 
exposed to epi-1(RNAi) at the L1 larval stage to induce ruptures, and animals with 
large gonadal ruptures (such that all germ cells observed were escaped outside the 
gonadal BM) were imaged as L4 animals. Projections of the superficial-most five µm 
containing mCherry-labeled germ cells are shown in each fluorescent channel and as 
an overlay. Scale bars, 10 µm. 



 

60 

 

To determine if muscle enwrapment of germ cells may require the adhesion 

molecules hmr-1/cadherin and sax-7/L1CAM similarly to the niche, we examined the 

expression of these proteins during germ cell enwrapment by muscle. We found that 

endogenously tagged hmr-1::GFP as well as sax-7::GFP were localized to muscle 

protrusions enwrapping escaped germ cells (Fig. 19A,C). To knock out cadherin, we 

crossed the endogenously tagged hmr-1::GFP to a muscle-expressed GFP-nanobody::ZIF-

1 protein (myo-3 > DEG) (Wang et al., 2017), which recognizes GFP-tagged proteins and 

targets them to the E3 ubiquitin ligase complex for degradation (Armenti et al., 2014). 

However, hmr-1::GFP localization to muscle protrusions surrounding escaped germ cells 

was not lost in this background (Fig. 19B); other strategies for knocking out cadherin are 

in progress. These data show that, similarly to the DTC niche, hmr-1 and sax-7 localize to 

enwrapping protrusions, suggesting these adhesion proteins as ideal candidates for 

mediating muscle cell enwrapment.  
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Figure 19: hmr-1/cadherin and sax-7/L1CAM localize to muscle protrusions 
enwrapping escaped germ cells. 

(A) Endogenously tagged cadherin (magenta, hmr-1::GFP) localizes to muscle 
protrusions (green, myo-3 > mCh::PH) enwrapping escaped germ cells (DIC) (n = 
15/15). (B) Expression of the GFP nanobody-ZIF-1 degradation construct myo-3 > DEG 
(colabeled with myo-3 > H2B::mCh) in muscle cells did not eliminate cadherin 
localization to muscle protrusions (n = 3/3). (C) sax-7::GFP localizes to muscle 
protrusions surrounding escaped germ cells (DIC). Left to right, single confocal 
slice(s) in fluorescent channels, overlay, and a corresponding DIC (differential 
interference contrast) image are shown. Arrowheads indicate muscle protrusions with 
hmr-1::GFP or sax-7::GFP localized. A dashed white line indicates the gonadal 
basement membrane. Scale bar, 10 µm. 

3.2.5 Escaped germ cell proliferation depends on the DTC niche 

We observed that escaped germ cells proliferate outside the gonad following 

gonadal basement membrane rupture and that clusters of these cells variously expressed 

stem cell or differentiation markers (Fig. 20), suggesting that germ cells outside the 
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gonad are competent to make these fate decisions. We hypothesized that escaped germ 

cell fate might be affected by muscle cell enwrapment, particularly as enwrapment 

within the normal niche promotes stem cell fate. Escaped germ cells typically continue 

to proliferate in the body cavity of the animal and fail to normally enter the proximal 

gonad to become mature eggs, become fertilized, and form embryos that are laid from 

the body (Fig. 21). Because of germ cell dispersal throughout the body, we thought it 

was possible that these cells might be receiving proliferative cues from the enwrapping 

muscle cells, since long DTC processes continue to contact only a subset of escaped germ 

cells after gonadal rupture (Fig. 21). To determine whether the DTC niche cells are the 

source of cues required for escaped germ cell proliferation, we induced gonadal 

ruptures with epi-1(RNAi) and then laser-ablated the DTCs. We observed loss of germ 

cells over time in DTC-ablated animals (Fig. 22), suggesting that in unablated animals 

DTC contacts continue to promote proliferation of escaped germ cells. To determine 

whether muscle enwrapment impacts germ cell fate, we counted the number of muscle-

enwrapped compared to non-enwrapped mitotic and meiotic nuclei (Fig. 23). At 24 h 

post-ablation, a larger proportion of muscle-enwrapped cells compared to non-

enwrapped cells were mitotic (Fisher’s exact test, p < 0.0001). This trend did not hold at 

48 hours post-ablation (Fisher’s exact test, p = 0.52, N.S.). These data together suggest 

that muscle cell enwrapment does not maintain escaped germ cells in a proliferative 

state and that the DTC continues to be the major source of proliferative cues.  
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Figure 20: Escaped germ cells proliferate and differentiate outside of the 
gonad. 

Clusters of escaped germ cells variably express markers of differentiation or stem cell 
fate. (A) By inducing small distal gonadal basement membrane breaks by L3 larval 
stage exposure to epi-1(RNAi), a small mitotic germ progenitor cell population 
escaped, as shown in the schematic, and its fate was monitored one day later. (B) A 
reporter for the meiotic entry regulator, GLD-1, (green, pie-1 > H2B::GFP::gld-1 3’ 
UTR), was expressed in the differentiating pachytene region of the gonad (bracket) 
and in escaped germ cells, including some germ cells surrounded by muscle 
(magenta, myo-3 > GFP) (n = 8 cases of GLD-1 reporter expression in escaped germ 
cells in 10 animals). (C) A reporter for the stem cell marker sygl-1 (green, sygl-1 > 
H2B::GFP::sygl-1::3’ end), labeled the germ stem cell pool (bracket) and was expressed 
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in some escaped germ cells, including some surrounded by muscle (magenta) (n = 4/10 
cases). (C’) The sygl-1 stem cell reporter is expressed in escaped germ cells enwrapped 
by muscle. The gonadal basement membrane is outlined by dashed white lines, and 
arrowheads indicate escaped germ cells. Asterisk in (B) indicates the distal stem cell 
region, and the asterisk in (C) indicates the differentiating pachytene region. Scale 
bar, 10 µm. 
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Figure 21: DTC processes contact a subset of proliferating escaped germ cells 
following gonadal rupture. 

DTC processes (arrowheads, green, lag-2 > GFP::CAAX) contact a fraction of escaped 
germ cells (magenta, mex-5 > H2B::mCh) filling the body cavity of three-day-old adult 
animals following L1 exposure to epi-1(RNAi) to induce gonadal ruptures (n = 3/3 
cases observed). An asterisk indicates autofluorescence from debris in the proximal 
gonad. Compound fluorescent images are shown. Scale bar, 20 µm. 
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Figure 22: The DTC niche promotes escaped germ cell proliferation. 

Germ cell nuclei (mex-5 > H2B::mCherry) are shown in magenta, and DTCs (green, lag-
2 > GFP::CAAX) are indicated by arrowheads. DTC-ablated animals display fewer 
germ cells at 24 h post-ablation (n = 5/5 animals observed showed a fewer germ cell 
phenotype) and at 48 h post-ablation (n = 4/4 cases observed) compared to controls (n = 
0/5 at 24 h, 0/4 at 48 h).  Percentages of muscle-enwrapped and non-enwrapped mitotic 
and meiotic nuclei (assessed by nuclear morphology; see Methods) are displayed. At 
24 h post-ablation, 98/295 germ cells in five DTC-ablated animals were enwrapped by 
muscle cells, and at 48 h post-ablation, 15/130 germ cells in four DTC-ablated animals 
were enwrapped by muscle cells. Bright GFP indicates the DTCs, and lower levels of 
GFP expression are observed in muscle cells. All animals were treated with epi-
1(RNAi). Single confocal z slices are shown.  
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3.3 Discussion 

Reciprocal signaling between stem cells and their niche underlies stem cell 

regulation in many systems. However, niche cellular behaviors that mediate stem cell or 

cancer stem cell fate are poorly understood. We have previously shown that in C. elegans 

the distal tip cell (DTC) niche enwraps germ stem cells, which promotes stem cell fate, 

and that germ progenitor cells in turn promote enwrapment (Linden et al. 2017). In this 

work, we show that escaped germ cells specifically induce muscle cells to extend 

protrusions that enwrap escaped germ cells. This behavior is not selective for germ 

progenitor cells, however, suggesting that a more broadly expressed germ cell signal 

may promote muscle enwrapment. By examining adhesion candidates, we found that 

both niche and muscle cells localize hmr-1/cadherin and sax-7/L1CAM to enwrapping 

protrusions. Enwrapment of germ stem cells in C. elegans is a cellular mechanism for 

mediating stem cell-niche signaling, and our data suggest that germ cells within and 

outside the niche induce cellular enwrapping behavior by somatic tissues.  

We observe that escaped germ cells induce muscle cell protrusions to enwrap 

them. Muscle protrusions break through a likely intact muscle basement membrane in a 

germ cell hyperproliferative background that presumably directly compromises the 

gonadal basement membrane. Muscle cells may have the molecular and cellular 

machinery to break through their basement membrane and extend processes, as they 

extend muscle arms to neurons during development in response to secreted cues 
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(Seetharaman et al., 2011; Chan et al., 2014). Since escaped germ cells and muscle cells 

are initially separated by the muscle basement membrane, we hypothesize that germ 

cells secrete a diffusible cue that induces muscle cells to break out of their basement 

membrane and enwrap the signaling cells. If this hypothesized germ cell cue is 

expressed by germ cells in the intact gonad, it is unclear why this cue would not transit 

through the gonadal basement membrane. Basement membranes can act as sinks for 

secreted signals including growth factors (Yurchenco et al. 2011), and the gonadal 

basement membrane is thicker than the thin muscle basement membrane facing the 

pseudocoelom (Huang et al., 2003). Differences between the gonadal and muscle 

basement membranes in terms of thickness and modifications are hypotheses for how 

the germ cell cue apparently permeates the muscle but not gonadal basement 

membrane.  

Both progenitor cells and differentiating germ cells induced enwrapment by 

muscle cells after gonad rupture, whereas only germ progenitor cells induce 

enwrapment within the DTC niche. In addition to the germ progenitor cue, 

differentiating germ cells may produce a cue for enwrapment, as these meiotic germ 

cells within the gonad are enwrapped by short protrusions from the somatic gonadal 

sheath cells (Hall et al., 1999). Potentially, muscle cells may respond to both of these cues 

and thus enwrap both progenitor and differentiating germ cells, whereas the DTC may 

respond specifically to germ progenitor cells.  
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Only muscle cell-germ cell interactions were observed after gonadal rupture and 

germ cell escape, unlike previous reports that germ cells embedded in intestine in 

laminin null mutants (Huang et al., 2003). Potentially, the disruptive fixation procedure 

for TEM of the already disorganized laminin mutants resulted in more apparent cell-cell 

contacts. In the live-cell imaging performed in this work, only muscle cell-germ cell 

interactions were observed, which would suggest that these tissues coincidently express 

compatible cues that enable ectopic interactions and disruption of normal tissue 

boundaries.  

We identified the first definitive adhesion components to mediate DTC-germ cell 

interactions; specifically, the classical cadherin hmr-1 promoted DTC niche enwrapping 

behavior synergistically with sax-7/L1CAM. The classical cadherin complex mediates 

signaling interactions and impacts cell polarity as well as functioning in cell adhesion 

(Chen et al., 2013; McEwen et al., 2012). As hmr-1/cadherin and sax-7/L1CAM function 

synergistically in DTC plexus formation similarly to C. elegans gastrulation (Grana et al., 

2011), we hypothesize that known cadherin and L1CAM interactions in this context may 

also regulate DTC niche formation. hmr-1 and sax-7 enrich apical non-muscle myosin 

NMY-2 in ingressing cells (Grana et al., 2010) and interact with the Rac pathway, 

potentially to stabilize cytoskeletal linkages to the cadherin-catenin complex under 

tension (Loveless et al., 2012). These known interactions with the cytoskeleton prior to 

embryonic transcription suggest that hmr-1/cadherin and sax-7/L1CAM may act directly 
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rather than through transcriptional mechanisms. sax-7 has an ankyrin-binding domain 

and an intracellular FERM domain that interacts with ezrin, mediating interactions with 

actin (Dickson et al. 2002). Further, cadherin is known to stabilize filopodia during C. 

elegans ventral enclosure (Raich et al., 199) and in mouse embryonic compaction (Fierro-

Gonzalez et al., 2013). As DTC elaboration appears to be a dynamic, cell-autonomous 

process (Wong et al., 2013) not passively driven by adhesion to dividing germ cells, we 

speculate that cadherin and L1CAM may promote DTC process stabilization during 

outgrowth through recruitment or stabilization of cytoskeletal components. A previous 

RNAi screen for DTC elaboration defects did not implicate the Rac GTPases ced-10 and 

mig-2 in DTC elaboration (Linden et al., 2017), but these components may function 

redundantly. Simultaneous knockdown of these Rac GTPases and visualization and 

targeted screens of cytoskeletal components may identify cadherin and L1CAM effectors 

in DTC process outgrowth. As cadherins are also frequently implicated in stem cell-

niche adhesion (Chen et al., 2013) and signaling, such as BMP signaling activated at 

adherens junctions in the Drosophila testis niche (Michel et al., 2011), hmr-1/cadherin may 

have multiple roles in promoting DTC process stabilization, adhesion to germ cells, and 

niche signaling. 

We hypothesized that since cadherin and L1CAM promote DTC process growth, 

their localization might change at the late L4 stage when DTC elaboration initiates. 

However, we did not observe dramatic changes in endogenously tagged hmr-1::GFP 



 

70 

expression or localization during the transition from unelaborated DTC cap in the early 

L4 stage to the highly elaborated DTC plexus in the adult stage. It is possible that a 

subset of cadherin molecules are engaged at the cell membrane and the remainder are 

freely diffusing, as observed in other systems (Cavey et al., 2008), and that the active 

subset of cadherin increases at the L4 – adult transition.  

Germ cell enwrapment by muscle cells showed distinct features from other cell 

wrapping behaviors including engulfment and endodermal cell cannibalism. The 

engulfment receptor ced-1/Draper was not required for muscle protrusions, and a key 

node in the apoptotic signal for engulfment, transthyretin-like TTR-52, was rarely 

localized to escaped germ cells. Endoderm cell cannibalism is a developmentally 

programmed interaction in which embryonic intestinal cells ingest portions of 

primordial germ cells (Abdu et al., 2016), but we did not observe escaped germ cell-

intestinal cell interactions. These observations together suggest that enwrapment of 

escaped germ cells by muscle cells is a cellular behavior distinct from engulfment and 

endodermal cell cannibalism. Instead, localization of hmr-1/cadherin and sax-7/L1CAM 

to both muscle and niche protrusions suggests that muscle enwrapment is most akin to 

germ cell enwrapment by the DTC niche.  

While escaped germ cells induced niche-like enwrapping behavior by muscle 

cells, these escaped cells did not proliferate or survive long-term without the DTC niche. 

This suggests that escaped germ cells ectopically induce one aspect of niche behavior, 
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enwrapment, but that other niche cues are required to promote stem cell fate. This 

observation is consistent with previous work showing that DTC enwrapment of germ 

stem cells promotes GLP-1/Notch signaling (Linden et al., 2017). Muscle cells do not 

express the niche lag-2 or apx-1 Notch ligands in a muscle-specific RNAseq dataset 

(Blazie et al., 2015), consistent with the failure of muscle enwrapment to maintain germ 

cell proliferation. These data suggest that niche function is comprised by at least two 

mechanisms, enwrapment and GLP-1/Notch signaling, and possibly both need to be 

triggered in muscle cells for them to function as an ectopic niche. This could be tested in 

future studies by expressing Notch ligands in the muscle to determine whether muscle 

enwrapment and Notch signaling is sufficient to build an ectopic niche to promote 

escaped germ cell proliferation. 

Taken together, our studies show that germ cell signaling and cadherin-based 

adhesion in the C. elegans germ stem cell niche is coopted in ectopic tissue interactions 

between germ cells and muscle cells, in both cases promoting cellular enwrapment 

behavior. Coincidental reuse of niche signals in other tissues has been suggested to 

allow metastatic progression. Our observations add ectopic enwrapment, a cellular 

interaction observed in many stem cell niches, to concepts that may advance our 

understanding of regenerative biology and metastatic niche formation. We expect these 

studies will impact our understanding of fundamental stem cell-niche interactions and 
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how these developmental mechanisms can be aberrantly activated to promote disease 

states. 
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4. Conclusions:  Implications and future directions of studies of 
germ stem cell enwrapment in the C. elegans DTC niche 

While stem cell enwrapment is widely observed, its function and regulation 

during development and disease have been difficult to interrogate. This work used the 

C. elegans germ stem cell niche to characterize cellular enwrapping behavior, its function, 

and key regulators. In Chapter 2, I show that germ stem cell enwrapment by the DTC is 

highly regulated, as a set of DTC-autonomous genes directly promote enwrapment, and 

a set of germline-autonomous genes indirectly promote enwrapment by the DTC. 

Enwrapment by the DTC promotes niche GLP-1/Notch signaling and stem cell fate. 

These observations together suggest that reciprocal signaling underlies a positive 

feedback loop promoting stem cell maintenance via cellular enwrapping behavior. In 

Chapter 3, I show that germ cells escaping their niche induce enwrapment by muscle 

cells, substantiating the idea of a germ cell cue for enwrapment. The DTC niche and 

muscle cells both localize hmr-1/cadherin in enwrapping protrusions, implicating 

adhesion complexes in enwrapment. Together, this data shows that enwrapment 

promotes niche-stem cell signaling in developmental interactions and also occurs during 

ectopic interactions that could have importance to regenerative therapies and occur in 

disease states.  



 

74 

4.1 Roles of stem cell enwrapment by the DTC niche 

Stem cell enwrapment has been hypothesized to promote stem cell-niche 

signaling, adhesion, or microenvironmental changes (Buszczak et al., 2016; Chen et al., 

2013; Domingues et al., 2017). The C. elegans germ stem cell niche provides a visually 

and genetically tractable system to dissect these hypothesized roles in a cell-specific 

manner. The most attractive hypothesis for the function of DTC elaboration has been cell 

contact-mediated signaling. The DTC niche provides DSL ligands to GLP-1/Notch-

expressing germ stem cells (Henderson et al., 1994; Nadarajan et al., 2009), and niche 

processes have been long-thought to promote juxtacrine Notch signaling (Byrd et al., 

2014). Validating this idea, I show in Chapter 2 that the elaboration of the dense 

processes of the DTC plexus indeed promotes Notch signaling in germ cells. Specifically, 

the densely-packed intercalating processes of the DTC plexus, but not long superficial 

processes, trigger Notch signaling. This suggests that a threshold surface area of DTC-

germ cell contact may be sufficient to trigger Notch signaling, consistent with 

observations that the DSL ligand LAG-2 is expressed on the entire DTC membrane 

(Crittenden et al., 2006). Thus, cell contact-mediated signaling is likely one key function 

of DTC plexus elaboration. It is also possible that some molecular interactions between 

the DTC and germ cells with known signaling functions – particularly Notch ligand-

receptor pairs (Chen et al., 2013) – may also moonlight in adhesive roles. 



 

75 

DTC enwrapment of germ stem cells also requires adhesion complexes. In 

Chapter 3, I show that hmr-1/cadherin and sax-7/L1CAM synergistically promote 

enwrapment. hmr-1/cadherin strikingly localizes to the DTC-germ cell interface. Other 

components of the cadherin-catenin complex including alpha- and beta-catenins also 

localize to this interface. These components stabilize filopodia during ventral enclosure 

in C. elegans embryos (Raich et al., 1999) and during compaction of mouse embryos 

(Fierro-González et al., 2013). Thus, the cadherin complex and L1CAM may promote 

process stabilization during DTC elaboration. Work determining the effectors of hmr-

1/cadherin and sax-7/L1CAM and whether cadherin-based adhesion promotes stem cell 

retention in the DTC niche, as in the Drosophila ovary (Hsu and Drummond-Barbosa, 

2009; Tseng et al., 2014), is ongoing. It is also possible that the adhesive complexes that 

localize to the DTC-germ cell interface may also promote DTC polarity or DTC-germ cell 

signaling, as cadherin participates directly and indirectly in multiple signaling 

interactions (Chen et al., 2013; Michel et al., 2011).  

Finally, stem cell enwrapment by the DTC may regulate the stem cell 

microenvironment or tissue structure. The DTC plexus might be an important surface 

for regulating metabolism (Chi et al., 2016), oxidation and lipids (Bailey et al., 2015), 

ions, or extracellular matrix (Domingues et al., 2017) in the stem cell microenvironment. 

Together, these observations suggest multiple functions of stem cell enwrapment by the 
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DTC and further questions that can be answered using the C. elegans germ stem cell 

niche.  

4.2 Identifying direct regulators of stem cell enwrapment 

To identify regulators of germ stem cell enwrapment by the DTC, we employed 

targeted screening and candidate-based strategies. We hypothesized that DTC 

elaboration promotes formation of a large stem cell pool underlying robust, continued 

fecundity. Thus, as an initial screen, we focused on genes required for fecundity and cell 

communication, described in Chapter 2. Since loss of many of these genes caused early 

developmental defects precluding assessment of adults, we temporally targeted RNAi-

mediated gene knockdown to the L3/L4 larval stage, just prior to DTC elaboration. We 

combined this temporally restricted screen with tissue-specific RNAi strains to identify 

genes required directly (cell-autonomously) in the DTC or indirectly in germ cells to 

promote DTC elaboration. This screen revealed a positive feedback loop between 

enwrapment promoting stem cell fate and germ progenitor cells promoting DTC 

elaboration.  

A limitation of this targeted RNAi screen of genes involved in fecundity was that 

this strategy enriched for genes functioning indirectly in germ cells to promote DTC 

elaboration. This screen used whole body RNAi knockdown and captured genes with 

pleiotropic defects in early larval and gonadal development. Exposure to RNAi later in 

development circumvented this issue but likely reduced the efficiency of detection due 
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to the shorter exposure to RNAi. Pilot rounds of EMS mutagenesis screening, while 

rapid and successful at identifying strains with highly penetrant DTC elaboration 

defects, similarly identified mutants with fecundity defects and fewer germ cells. Thus, 

tissue-specific RNAi screens will likely be more efficient in identifying direct regulators 

of germ stem cell niche elaboration.  

To identify the hypothesized germ cell cue for enwrapment by the DTC (Linden 

et al., 2017) will require identifying this cue from amongst many germline genes that 

promote germ cell proliferation upstream of this cue and indirectly promote DTC 

elaboration. Our initial screen identified many genes in this latter class that are required 

for germline proliferation, and none of these genes encoded transmembrane or secreted 

proteins, suggesting that none were the germ cell cue. A candidate-based approach 

based on germline expression (Reinke et al., 2004) could focus on secreted and 

transmembrane proteins expressed in the germline. An important caveat to discussion of 

the hypothesized germ cell cue is that this signal could be a lipid or metabolite, which 

could not be directly identified in genetic screens, or the cue could be a redundantly-

acting set of genes. A candidate approach could also be helpful in identifying the germ 

cell cue. For example, lin-3/EGF was identified in initial whole body RNAi screens, and 

EGF signaling is known to mediate stem cell-niche interactions in Drosophila.  

To avoid enriching for genes indirectly acting in germ cells to promote germline 

proliferation and gonad development, DTC-specific screening is most promising for 
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identifying direct, cell-autonomous regulators of enwrapment. To identify genes 

functioning cell-autonomously in the DTC to promote its elaboration, we suggest several 

tools and assays for future screens and validation of genes identified in these screens. 

First, to perform DTC-specific RNAi screens, we generated a hypersensitized, DTC-

specific RNAi strain, which operates by rescuing the Argonaut RDE-1 under the DTC-

specific lag-2 promoter in the rde-1 null background. This DTC-specific RNAi strain will 

facilitate high-throughput screening for cell-autonomous regulators of enwrapment by 

the DTC. Secondly, a low-throughput complementary approach is utilizing literature 

searches and reporter strains to identify genes expressed in the DTC, particularly gene 

products that localize to DTC processes. Finally, we are developing a DTC-specific 

protein degradation based on the auxin-TIR1 system (Zhang et al., 2015), which allows 

rapid conditional and reversible protein degradation, in order to confirm that genes 

identified in large-scale screens function in the DTC.   

Candidate screens have also been useful in identifying regulators of stem cell 

enwrapment. A candidate approach for adhesion molecules with known DTC 

expression yielded hmr-1/cadherin as described in Chapter 3. As the DTC elaborates at a 

specific developmental stage (the late L4 larval stage), we have also begun testing 

whether other developmental programs known to initiate at this stage are reused in 

DTC elaboration. Since mature sperm are produced at the late L4 stage, we examined 

spermless gonads in unmated feminized fog-2(q71) mutants to test whether sperm 
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provide a cue for niche elaboration. These spermless animals show wild-type DTC 

plexus length (average length, 37.3 um) compared to wild-type control animals (40.0 um; 

n = 13 in each treatment; p = 0.40, Student’s t test), showing that spermatogenesis is not 

required for DTC elaboration. Another process occurring at the late L4 stage is the 

cessation of DTC migration, so an attractive hypothesis is that DTC elaboration 

repurposes migration machinery for process elaboration. Integrins, essential for DTC 

migration and stem cell-niche interactions in other systems (Chen et al., 2013), switch 

from expression of two integrin alpha subunits, ina-1 and pat-2, to solely pat-2 at the end 

of migration (Meighan and Schwarzbauer, 2007). pat-2 and other genes required for 

migration would be interesting candidates to test.  

4.3 Building an ectopic niche 

Our observations that escaped germ cells trigger ectopic enwrapment by muscle 

cells (Chapter 3) provide an opportunity to test the requirements for an ectopic niche, 

which might be informative for regenerative therapies (DeWard et al., 2014; Lane et al., 

2014) and provide insight into metastatic niche formation. Similarly to our hypothesized 

germ cell cue that triggers muscle cells to break out of their encasing basement 

membrane and extend enwrapping protrusions, cancer cells secrete cues that prime pre-

metastatic sites and remodel stromal cells, forming a metastatic niche. Cancer cells 

secrete cues and exosomes that prime distant sites, termed the pre-metastatic niche, for 

metastasis by increasing vascular leakiness and altering extracellular matrix (Peinado et 
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al., 2017). After tumor cell arrival, cancer cells can activate stromal cells to produce niche 

components, inducing metastatic niche formation (Lander et al., 2012). Imaging of tumor 

cell metastasis in mouse (Suetsugu et al., 2015) and zebrafish (He et al., 2012) suggest 

close associations between tumor cells and the stromal metastatic niches. How these 

aberrant niche cells contact and interact with tumor cells is poorly understood.  

Our germ cell escape model can be used to test the requirements for an ectopic 

niche, dissecting the contributions of niche signals and cellular behaviors impacting 

germ cell survival and proliferation. We hypothesize that cellular enwrapping behavior, 

in addition to or supporting niche signaling, may support escaped germ cell 

proliferation. Expression of known niche cues including DSL ligands and TGF-beta 

could be tested in combination with or without robust cellular enwrapment via loss of 

hmr-1/cadherin and sax-7/L1CAM. As previous work showed that enwrapment in the 

niche promotes stem cell fate, we predict that ectopic enwrapment provided with niche 

cues will robustly promote stem cell fate.  

4.4 Ectopic enwrapment – an inductive invasion event 

The observation that escaped germ cells trigger enwrapment by muscle cells 

suggests a new type of cell invasion, which we propose terming inductive invasion. In 

contrast to a typical invasive cell that actively breaks down a basement membrane 

barrier and enters another tissue, we show that germ cells passively embed in muscle as 

muscle protrusions dynamically surround them. Our data suggest that germ cells 
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produce a secreted cue that induces enwrapment, as escaped germ cells induce muscle 

protrusions, presumably requiring muscle cells to break down their encasing basement 

membrane. Muscle cells may be primed to extend protrusions through their basement 

membrane as they form muscle arm extensions to neurons in response to secreted cues 

during development (Chan et al., 2014; Seetharaman et al., 2011). Because muscle does 

not extend projections to germ cells within intact gonads, gonadal ruptures or germ cell 

escape likely results in release or production of this cue. Previous work has shown that 

permeability barriers form around differentiating germ cells in the Drosophila and 

murine testis (Cheng and Mruk, 2012; Fairchild et al., 2015). Fluorescent dye injections 

(Fairchild et al., 2015) would determine if the basement membrane surrounding the C. 

elegans gonad also forms a permeability barrier that could trap the germ cell cue. These 

data suggest that ectopic germ cells are able to induce invasion, breaking down tissue 

barriers, and induce enwrapment, a niche behavior. Given other parallels between our 

model and metastatic niche formation (see section 4.3), it is possible that cellular 

behaviors including inductive invasion could be at play in metastasis. Further live 

imaging of metastases would determine whether tumor cells induce invasion during 

formation of metastatic niches.  

4.5 Technological advances to propel the study of cellular 
enwrapping behavior  

Several technologies hold significant promise to gaining further mechanistic 

insight into cellular enwrapment. An alternate approach to genetic screens would be to 
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generate transcriptomes for DTCs contacting germ progenitor cells, which induce 

enwrapment, or differentiating cells, which do not trigger enwrapment. To a 

complementary end, DTC transcriptomes generated during a developmental series 

centered on the timepoint of initial DTC elaboration in the larval L4 stage would 

similarly determine if a transcriptional program mediates initiation of enwrapment at 

this developmental stage. This may identify a transcriptional program initiating 

enwrapping behavior, a promising direction as genetic screens (Chapter 2) have 

identified a nucleosome remodeling factor, lin-40/MTA1, that is essential for DTC plexus 

formation. Transcriptional profiling in the lin-40 null allele and other mutant 

backgrounds would also be informative when this technique is optimized in our lab. In 

parallel to generating DTC transcriptomes, profiling muscle cells in animals with or 

without germ cell escape could test the idea that escaped germ cells elicit a 

transcriptional response in the cells that enwrap them. Identifying genes upregulated in 

the presence of the germ cell cue in both cases of induced enwrapment in the DTC and 

muscle cells may suggest prime candidates for mediating signaling downstream from 

the germ cell cue. This approach would circumvent one caveat of genetic screens – 

genetic redundancy – as multiple key candidates could be identified and then knocked 

down simultaneously. Transcriptomes for specific cell types in C. elegans, including 

muscle, pharynx, and intestine (Blazie et al., 2015) as well as the gonadal leader cell in 
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males, the linker cell (Schwarz et al., 2012), have elucidated drivers of cell-specific 

behaviors.  

Key strengths of the C. elegans germ stem cell niche are its accessibility to 

visualization of cellular behaviors and genetic manipulation. Both strengths are 

currently areas of dramatic growth. Advances in super-resolution light microscopy 

(Combs and Shroff, 2017), long-term live imaging in C. elegans (Keil et al., 2017), and 

imaging of endogenous metabolic states (Stringari et al., 2017) allow further 

optimization of the transparent, structurally simple C. elegans germ stem cell niche for 

visualization. In combination with these improvements in imaging, the advent of 

CRISPR-Cas9 has led to rapid generation of knockout alleles and endogenously-tagged 

genes with optimized, photoconvertible, or photoactivatable fluorophores (Dickinson 

and Goldstein, 2016) as well as motifs that permit temporally and spatially restricted 

degradation (Armenti et al., 2014; Wang et al., 2017; Zhang et al., 2015). As previous 

genetic strategies often lead to silencing of transgenic constructs in the germline (Praitis 

et al., 2001), these CRISPR-based single copy insertion techniques are particularly useful 

for the C. elegans germline. Visualization of DTC processes simultaneously with precise 

readouts of germ cell metabolic state, Notch activation, and subcellular structures and 

organelles over developmental time combined with the ability to precisely knock out 

genes of interest in the DTC, muscle, and germ cells will accelerate our studies.  
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4.6 Concluding remarks 

C. elegans has been used to identify new cellular behaviors, from elucidating the 

genetics of apoptosis (Horvitz et al., 1994) to endodermal cannibalism of primordial 

germ cells (Abdu et al., 2016) to enwrapment in the germ stem cell niche (Byrd et al., 

2014; Linden et al., 2017). The strengths of C. elegans in terms of imaging and genetic 

tools are growing and further enabling deep understanding of the cell biology of these 

processes. These techniques in C. elegans will enable answering some of the most 

exciting questions in stem cell niche biology – what are the reciprocal signals and 

feedback loops between niche and stem cells, how can we repopulate aged niches, how 

do cancer cells ectopically establish niches to metastasize, and what is the role of the 

niche microenvironment including metabolism and matrix in mediating robust stem cell 

populations.  



 

85 

Appendix A 

A.1 Chapter 2 Materials and Methods 

A.1.1 Worm Strains 

Worm strains were maintained on NGM plates at 16, 18, or 20°C (Brenner, 1974). 

In strain descriptions, we designate linkage to a promoter with a greater-than sign (>) 

and designate in-frame protein fusions with a double semicolon (::). The following 

transgenes and alleles were used in this study: qyIs353(lag-2>GFP::CAAX), qyIs382(lag-

2>mCh::PH), stIs11646(egr-1a::H1-wCherry), sEx10059(Y71F9AL.17::GFP), crc102(ftt-2>ftt-

2::Spep-TEV-mCherry); LGI, cpIs121(lag-2>mNG::PH::F2A::rde-1), rrf-1(pk1417), exoc-

8(ok2523), sur-6(sv30)/hT2; LGII, qSi26(sygl-1>H2B::GFP::sygl-1 3' UTR), oaSi10(par-5>par-

5::GFP), cpIs91(lag-2>2x mKate2::PH), cpIs122(lag-2>mNeonGreen::PH), naSi2(mex-

5>H2B::mCh), rrf-3(pk1426); LGIII, his-72(tm2066), glp-1(e2144); LGIV, lin-40(gk255)/nT1 

[qIs51], teIs1(oma-1::GFP); LGV, qIs19(lag-2>GFP::unc-54), qIs56(lag-2>GFP), rde-1(ne219); 

LGX, ftt-2(n4426). Mutations were followed in crosses by PCR, sequencing, or 

previously reported phenotypes. naSi2 was a kind gift from Jane Hubbard. 

A.1.2 Molecular Biology and Strain Construction  

We utilized the DTC-specific expression of the lag-2 promoter to drive 

membrane-targeted GFP::CAAX and mCherry::PH. The 2.8 kb region upstream of the lag-

2 ATG start codon was amplified by PCR and cloned into the pPD95.75 vector at HindIII 

and BamHI sites. The lag-2 promoter region was then amplified and fused to 
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GFP::CAAX (pSA129) or mCh::PH (pAA173 (Ziel et al., 2009)) by fusion PCR and 

coinjected with transformation marker pPD#MM016B (unc-119) as well as EcoRI-

digested salmon sperm DNA and pBluescript II as carrier DNA at 50 ng/uL into unc-

119(ed4) animals. pPD95.75 was a gift from Andrew Fire (Addgene plasmid # 1494), and 

pSA129 was a gift of Scott Alper. Integrated lines were obtained by standard protocol 

(Inoue et al., 2002). Other DTC marker strains were generated via CRISPR-Cas9 

mediated recombination to insert lag-2 > mNG::PH or lag-2 > 2x mKate2::PH near the 

standard MoSCI insertion site ttTi5605 on chromosome II (Dickinson and Goldstein, 

2016). 

To develop a RNAi-hypersensitized DTC-specific RNAi strain that labels the 

DTC plexus, a single copy of lag-2>mNG::PH::F2A::rde-1 was inserted into the MoSCI site 

ttTi4348 on chromosome I in the rrf-3(pk1426); rde-1(ne219) background. In contrast to a 

previously generated DTC-specific RNAi strain (Martynovsky et al., 2012), this new 

strain contains the RNAi-hypersensitive mutation rrf-3 to facilitate screening (Simmer et 

al., 2003). Additionally, this new DTC-specific strain labels the DTC cell membrane 

instead of predominantly labeling the cell body with cytoplasmic GFP. Finally, in 

contrast to the previous strain which contains two transgenic arrays, this new DTC-

specific strain contains one single copy transgene, lag-2>mNG::PH::F2A::rde-1, labeling all 

rde-1-rescued cells with NeonGreen. This single copy strategy also reduces background 

DTC migration defects present in the previous strain; in contrast, our strain shows wild-



 

87 

type migration (Table 9). The lag-2 promoter is specific to the DTC in L4 and adult stages 

(Fig. S1) and has been previously used for DTC-specific RNAi (Martynovsky et al., 2012; 

Tannoury et al., 2010; Wong et al., 2014). We observed broader lag-2 expression in the L1 

stage in the somatic gonad precursors Z1 and Z4 and in the L2 stage in the seam cells. To 

avoid knockdown in these other tissues, we utilized L3/L4 platings on RNAi for scoring 

of DTC plexus defects, thus allowing DTC-specific knockdown. 

To confirm that the DTC-specific strain was sensitive to RNAi in the DTC, 

worms were treated with RNAi to genes known to regulate DTC migration cell-

autonomously (gon-1 (Blelloch and Kimble, 1999), mig-38 (Martynovsky et al., 2012)), 

and penetrant DTC migration defects were observed (Table 9). To confirm that the DTC-

specific RNAi strain was insensitive to RNAi in other tissues, worms were treated with 

RNAi to germline- and muscle-expressed genes. First, worms were treated with RNAi 

for four essential germline genes (gld-1 (Francis et al., 1995), glh-1 (Gruidl et al., 1996), fbf-

2 (Crittenden et al., 2002), fog-3 (Ellis and Kimble, 1995)), and expected phenotypes were 

observed in the germline-specific rrf-1(pk1417) strain but not in the DTC-specific lag-

2>RDE-1 strain (Table 9). Next, worms were treated with RNAi to the muscle-expressed 

collagen emb-9 (Graham et al., 1997), and worm rupture was observed in the whole-body 

RNAi-sensitized strain rrf-3(pk1426) but not in the DTC-specific lag-2>RDE-1 strain 

(Table 9). (Guide sequences for targeting the MoSCI sites are: chromosome I, 

GAAATCGCCGACTTGCGAGG; chromosome II, atatcagtctgtttcgtaa.) 
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Off-target optimized RNAi constructs including 200 or 600 bp of coding 

sequence were designed using the Web portal dsCheck (Naito et al., 2005), transformed 

into the RNAi vector HT115, and retested in tissue-specific RNAi strains to confirm DTC 

plexus defects (Table 8). The redesigned ran-1 clone caused a highly penetrant DTC 

plexus defect (100%, n = 30). The redesigned W07E6.2 clone did not show a penetrant 

defect, so we cannot rule out off-target effects; alternatively, the shorter RNAi construct 

may be ineffective. Primers are available upon request. 

A.1.3 L1 Plating RNAi Screen 

We carried out a targeted RNAi screen of genes known to affect fecundity and 

cell communication utilizing the C. elegans ORF-RNAi feeding RNAi library (Rual et al., 

2004) (Table 4). Specifically, we selected genes with reported RNAi phenotypes of 

‘reduced brood size’ (649 genes) or ‘fewer germ cells’ (31 genes) utilizing the WormMart 

tool on WormBase.org. We also selected genes annotated with the cell communication 

GO term (GO:0007154) (74 genes) (Ashburner et al., 2000), utilizing 

http://go.princeton.edu/cgi-bin/GOTermFinder. We then added a short list of additional 

candidate genes based on literature searches of other cases of cell enwrapping behaviors: 

actin regulation (9 genes), germline ensheathment in Drosophila, engulfment and glial 

cell ensheathment in C. elegans (8 genes), and entosis of cancer cells (3 genes). We 

performed L1 RNAi treatments targeting 708 total genes and L3/L4 RNAi treatments 

targeting 145 genes according to standard protocols (Dalfó et al., 2012; Kamath et al., 
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2001). The L1 stage was chosen for the initial high throughput screen, as synchronized 

worms can be rapidly manipulated at this stage (Rual et al., 2004). To determine a 

biologically relevant cutoff and as a positive control, we performed RNAi to the key 

niche regulator lag-2, a DTC-expressed Notch ligand (Henderson et al., 1994), and 

observed a low penetrance defect (7% of animals scored, Table 5). To confidently 

identify genes of interest, we set a more stringent threshold of 15%, which is statistically 

significant for a sample size of 40 animals (close to the number that can be scored in one 

experiment) in a Fisher’s exact test. Since we also stringently defined a DTC plexus 

defect as a 50% reduction in plexus length, which is not observed in wild-type animals, 

we are confident that even low penetrance defects by RNAi suggest genes with 

significant roles in DTC plexus formation. Knockdown of genes by feeding animals 

bacteria expressing dsRNA is often incompletely penetrant and variable (Simmer et al., 

2003), such that a low penetrance defect by feeding RNAi can detect genes with 

significant roles. The known stem cell regulator fbf-2 was identified in this screen. fbf-2 

RNAi may knock out both fbf-1 and fbf-2 (Crittenden et al., 2002) and serves as a control 

for known genes affecting the stem cell niche. 

A.1.4 L3/L4 Plating Followup Screens 

To assay the effect of RNAi knockdown specifically during the time window of 

DTC elaboration, RNAi clones resulting in a DTC plexus defect or developmental 

defects in the L1 screen were repeated in a second screen with a later RNAi exposure. 
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We exposed worms to RNAi approximately 12 hours prior to DTC plexus formation in 

the L3/L4 stage (Byrd et al., 2014; B. G. Wong et al., 2013) to target the developmental 

window of DTC elaboration. Synchronized L1s were plated on OP50 and then 

transferred to RNAi plates at the L3/early L4 stages, determined by observing vulval 

invagination (approximately 47 hours post L1 plating at 18°C). L3/L4 animals were 

transferred to RNAi plates by washing five times in M9 to remove OP50 bacteria. Adults 

were scored after 1.5 – 2 days of RNAi feeding. Twenty-nine RNAi treatments resulted 

in DTC plexus defects in 15% or more of animals exposed (Table 1, Table 7) and were 

sequenced to confirm the correct insert. We then knocked down these candidate genes in 

the germline-specific rrf-1 strain (Kumsta and Hansen, 2012) and our newly developed 

DTC-specific RNAi strain. We expected variability in gene knockdown by RNAi given 

these different strain backgrounds, particularly for the DTC-specific line containing the 

RNAi-hypersensitizing mutation rrf-3 (Simmer et al., 2003) and rescuing the RNAi 

response in the DTC with lag-2 > RDE-1. Due to this variability, while we focus on genes 

whose loss results in  > 15% penetrance defects, we report all scoring data in these 

screens (Table 2, Table 3). 

A.1.5 Scoring DTC Morphology 

DTC plexus defects were scored as >50% reduction in DTC plexus length at the 

one-day-adult stage, staged as 24 hours after the midL4 stage at 20°C as previously 

described (Byrd et al., 2014). We retained genes whose knockdown produced DTC 
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plexus defects in > 15% of animals exposed to RNAi in initial screens. Animals that 

bagged, displayed incorrect gonad migration, failed to reach the egg-laying adult stage, 

or showed reduced lag-2 reporter expression were excluded from scoring. Scoring was 

performed blind to the identity of the RNAi clone. 

A.1.6 Quantification of DTC Morphology and germline characteristics  

Measurements of germline progenitor zone length, which has been previously 

referred to as the proliferative or mitotic zone, and length of the DTC plexus were 

performed as previously described (Byrd et al., 2014; Crittenden et al., 2017). Briefly, the 

progenitor zone was measured from the distal end of the gonad to the first row of germ 

cells containing multiple crescent-shaped nuclei indicating meiotic prophase in DAPI-

stained animals. The DAPI staining method was modified from a previous protocol 

(Hanazawa et al., 2004). Animals were collected in M9, pelleted and fixed in ice-cold 

methanol for one minute, washed in PBS-TX100 three times, then stained with 1 µg/mL 

DAPI (diamidino-2-phenylindole, Thermo Scientific #62248) in PBS-TX100 for 30 min, 

followed by three PBS-TX100 washes prior to imaging.  

DTC plexus length was determined as the extent of short intercalating DTC 

processes (SIPs) along the gonad arm, excluding single SIPs separated by more than 25 

µm (approximately 5 germ cell diameters). These criteria allowed the measurement of 

the plexus region of densely-packed intercalating processes.  
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The number of sygl-1-expressing cells was determined by counting the number 

of nuclei with detectable nuclear sygl-1>H2B::GFP (Kershner et al., 2014) in the distal 

gonad. This sygl-1 reporter does not capture the difference between sygl-1 active 

transcription and the diffusion of mRNA between syncytial germ cells as in (Lee et al., 

2016). As germline-expressed transgenes are commonly silenced in C. elegans  (Frøkjær-

Jensen et al., 2016; Praitis et al., 2001), we utilized the oma-1::GFP transgene to reduce 

silencing (Shirayama et al., 2012). Animals that showed germline silencing were 

excluded from analysis. As a control for the experiment reducing lin-40 and C16A3.5 

expression and examining DTC plexus formation and GLP-1/Notch signaling, we found 

that lag-2 expression was not altered by lin-40 or C16A3.5 RNAi treatment (data not 

shown). LAG-2 protein levels and localization were not assessed, nor was expression of 

another DTC-expressed Notch ligand, apx-1 (Nadarajan et al., 2009).  

Additionally, we confirmed that knockdown of DTC-autonomous genes 

including lin-40 and C16A3.5 did not cause gross germline defects (Fig. S4). Wild-type 

gonad length was determined by migration of the gonad arm adjacent to or past the 

uterus. Wild-type proliferation and differentiation of germ cells was assayed by scoring 

for the presence of the progenitor, pachytene, and oocyte zones by examining chromatin 

structure in DAPI-stained or mCherry::histone labeled germ cells at timepoints matching 

previous assays. All quantification was performed blind. 
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A.1.7 Germ cell fate manipulation 

glp-1(e2144) animals were maintained at 16°C. Early L4 animals or young adult 

animals (28 hours past the mid-L4 stage) were transferred to new plates, some of which 

were imaged (T0) and some of which were transferred to the restrictive temperature 

(25°C) or returned to the permissive temperature (16°C) to be imaged 24 hours later. For 

comparisons of DTC elaboration between L4 stage T0 and upshifted or control glp-

1(e2144) adult animals, the extent of the SIPs under the cap or plexus was measured (Fig. 

3A). 

A.1.8 Statistical Analysis 

Fisher’s exact tests, ANOVA followed by the Tukey-Kramer HSD test, or two-

tailed unpaired Student’s t tests were performed in JMP Pro 13 as noted in figure 

legends and text. Power calculations performed in JMP Pro 13 were used to determine 

sample size. 

A.1.9 Microscopy and image acquisition, processing, and analysis 

Confocal DIC and fluorescent images were acquired on an AxioImager A1 

microscope (Carl Zeiss) equipped with an EMCCD camera (Hamamatsu Photonics), a 

100x or 40x Plan-Apochromat (1.4 NA) objective, and a spinning disc confocal scan head 

(CSU-10; Yokogawa Electric Corporation) driven by µManager software (Edelstein et al., 

2010) at 20°C. Widefield DIC and fluorescent images were acquired with an AxioImager 

A1 microscope (Carl Zeiss) equipped with a CCD camera (AxioCam MRm; Carl Zeiss) 
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and 100x Plan-Apochromat objective (1.4 NA) driven by Axiovision software (Carl 

Zeiss). Worms were mounted on 5% noble agar pads containing 0.01 M sodium azide for 

imaging. 

Images were processed with FIJI 2.0 and Photoshop CS6 (Adobe Systems Inc.). 

Images of entire germlines were comprised of multiple images stitched with the FIJI 

pairwise stitching method (Preibisch et al., 2009). Confocal images were displayed as full 

projections of the entire DTC or core projections of the central z slices as previously 

described, as the outer surface of the DTC obscures viewing the plexus (Byrd et al., 

2014). Core projections were generated in FIJI from a stack of z slices acquired at 

intervals of 0.5 or 1 µm and are 10 µm-thick projections unless otherwise noted in figure 

legends. Isosurface renderings of the DTC cell membrane were built in Imaris 7 

(Bitplane) using a threshold that captured the DTC plexus, and the total surface area of 

the DTC was measured blind. Figures and graphs generated by JMP Pro 13 were 

constructed using Illustrator CS6 (Adobe Systems Inc.). 

A.2 Chapter 2 Supplementary Tables 
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Table 4: 708 genes required for fertility or cell communication were targeted 
by RNAi and assessed for DTC plexus defects. 

Gene WB ID Gene Public Name Sequence Name  

WBGene00001303 emo-1 F32D8.6 
WBGene00004915 snr-2 W08E3.1 
WBGene00004807 skr-1 F46A9.5 
WBGene00004422 rpl-11.1 T22F3.4 
WBGene00006701 ubc-1 C35B1.1 
WBGene00021133 tomm-22 W10D9.5 
WBGene00004919 snr-6 Y49E10.15 
WBGene00007355 rpb-6 C06A1.5 
WBGene00003806 npp-20 Y77E11A.13 
WBGene00003076 lsm-1 F40F8.9 
WBGene00004454 rpl-41 C09H10.2 
WBGene00012187 rpb-11 W01G7.3 
WBGene00004916 snr-3 T28D9.10 
WBGene00003162 mdh-2 F20H11.3 
WBGene00001748 gsp-2 F56C9.1 
WBGene00009966 F53B7.3 F53B7.3 
WBGene00000142 aos-1 C08B6.9 
WBGene00004390 rnp-7 K04G7.10 
WBGene00002061 ife-3 B0348.6 
WBGene00019823 fnta-1 R02D3.5 
WBGene00001502 ftt-2 F52D10.3 
WBGene00000865 cyb-1 ZC168.4 
WBGene00021714 cyh-1 Y49F6B.1 
WBGene00010794 LLC1.3 LLC1.3 
WBGene00003825 ntl-2 B0286.4 
WBGene00003803 npp-17 F10G8.3 
WBGene00022742 ZK430.7 ZK430.7 
WBGene00006793 unc-59 W09C5.2 
WBGene00004180 pri-1 F58A4.4 
WBGene00001558 gdi-1 Y57G11C.10 
WBGene00019211 H18N23.2 H18N23.2 
WBGene00006863 gyg-1 F56B6.4 
WBGene00006540 tbg-1 F58A4.8 
WBGene00008920 eef-1G F17C11.9 
WBGene00004721 san-1 ZC328.4 
WBGene00006373 syx-5 F55A11.2 
WBGene00005078 src-2 F49B2.5 
WBGene00001431 fkb-6 F31D4.3 
WBGene00018991 F56F11.4 F56F11.4 
WBGene00001168 eef-1A.1 F31E3.5 
WBGene00020930 hlh-30 W02C12.3 
WBGene00001039 dnj-21 T19B4.4 
WBGene00004914 snr-1 Y116A8C.42 
WBGene00001911 his-37 C50F4.7 
WBGene00000209 asg-1 K07A12.3 
WBGene00003065 lpd-9 T21C9.5 
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WBGene00003989 pfn-1 Y18D10A.20 
WBGene00004452 rpl-38 C06B8.8 
WBGene00019947 htz-1 R08C7.3 
WBGene00020931 W02D3.1 W02D3.1 
WBGene00012357 W09D6.4 W09D6.4 
WBGene00012216 W02D9.10 W02D9.10 
WBGene00021293 Y25C1A.6 Y25C1A.6 
WBGene00012553 cco-2 Y37D8A.14 
WBGene00015810 C16A3.5 C16A3.5 
WBGene00012550 Y37D8A.10 Y37D8A.10 
WBGene00006725 ubl-1 H06I04.4 
WBGene00004821 skr-15 F54D10.1 
WBGene00009712 F44G4.2 F44G4.2 
WBGene00017772 clec-1 F25B4.9 
WBGene00004438 rpl-25.1 F55D10.2 
WBGene00007974 dhfr-1 C36B1.7 
WBGene00004816 skr-10 Y105C5B.13 
WBGene00006583 tnc-2 ZK673.7 
WBGene00010678 K08F4.3 K08F4.3 
WBGene00000516 cki-1 T05A6.1 
WBGene00018793 F54C4.1 F54C4.1 
WBGene00006917 vha-8 C17H12.14 
WBGene00001234 eif-6 C47B2.5 
WBGene00006715 ubc-20 F40G9.3 
WBGene00007019 mdt-19 Y71H2B.6 
WBGene00014086 ZK809.3 ZK809.3 
WBGene00000804 csc-1 Y48E1B.12 
WBGene00013094 Y51H1A.3 Y51H1A.3 
WBGene00000293 cap-2 M106.5 
WBGene00001229 eif-3.F D2013.7 
WBGene00006374 syx-4 T01B11.3 
WBGene00005018 sqt-3 F23H12.4 
WBGene00019767 rpa-2 M04F3.1 
WBGene00011883 T21B10.1 T21B10.1 
WBGene00004698 rsp-1 W02B12.3 
WBGene00004306 ran-5 R12C12.2 
WBGene00004705 rsp-8 C18D11.4 
WBGene00010556 rack-1 K04D7.1 
WBGene00012484 car-1 Y18D10A.17 
WBGene00007777 C27D8.1 C27D8.1 
WBGene00001031 dnj-13 F54D5.8 
WBGene00011510 T05H10.6 T05H10.6 
WBGene00001394 fat-2 W02A2.1 
WBGene00011831 T19B10.2 T19B10.2 
WBGene00015413 C04C3.3 C04C3.3 
WBGene00008452 mrps-5 E02A10.1 
WBGene00021038 W05F2.6 W05F2.6 
WBGene00003230 mex-5 W02A2.7 
WBGene00003831 nuo-1 C09H10.3 
WBGene00008338 C55A6.9 C55A6.9 
WBGene00018963 ucr-1 F56D2.1 
WBGene00013260 rsr-2 Y57A10A.19 
WBGene00015296 C01F1.1 C01F1.1 



 

97 

WBGene00009448 zfp-2 F35H8.3 
WBGene00010304 clpf-1 F59A2.4 
WBGene00001582 gfi-2 K02A11.1 
WBGene00017716 F22F4.1 F22F4.1 
WBGene00006796 unc-62 T28F12.2 
WBGene00001340 etr-1 T01D1.2 
WBGene00002226 klp-16 C41G7.2 
WBGene00017895 vrk-1 F28B12.3 
WBGene00014095 ZK829.4 ZK829.4 
WBGene00003052 lmn-1 DY3.2 
WBGene00004980 spk-1 B0464.5 
WBGene00011480 T05E11.3 T05E11.3 
WBGene00010279 letm-1 F58G11.1 
WBGene00006914 vha-5 F35H10.4 
WBGene00002027 hsr-9 T05F1.6 
WBGene00003473 mtl-1 K11G9.6 
WBGene00020297 T07A9.9 T07A9.9 
WBGene00003474 mtl-2 T08G5.10 
WBGene00000447 ceh-24 F55B12.1 
WBGene00020636 T20H4.5 T20H4.5 
WBGene00004788 sft-4 C54H2.5 
WBGene00004887 smn-1 C41G7.1 
WBGene00003920 par-5 M117.2 
WBGene00000099 air-2 B0207.4 
WBGene00022455 Y110A7A.4 Y110A7A.4 
WBGene00008505 F01G4.6 F01G4.6 
WBGene00003779 nob-1 Y75B8A.2 
WBGene00006433 sdhb-1 F42A8.2 
WBGene00000250 bir-2 C50B8.2 
WBGene00001948 hlh-1 B0304.1 
WBGene00000406 cdk-4 F18H3.5 
WBGene00000933 dap-3 C14A4.2 
WBGene00013737 tpst-1 Y111B2A.15 
WBGene00001250 elt-2 C33D3.1 
WBGene00013981 ZK507.6 ZK507.6 
WBGene00004010 pha-1 Y48A6C.5 
WBGene00000871 cye-1 C37A2.4 
WBGene00002050 ifa-1 F38B2.1 
WBGene00006595 top-1 M01E5.5 
WBGene00001093 drp-1 T12E12.4 
WBGene00004374 rme-2 T11F8.3 
WBGene00003020 lin-35 C32F10.2 
WBGene00003577 ndg-4 F56F3.2 
WBGene00003476 mtm-3 T24A11.1 
WBGene00003813 nrf-6 C08B11.4 
WBGene00000383 cdc-14 C17G10.4 
WBGene00000837 cul-2 ZK520.4 
WBGene00000585 cogc-2 C06G3.10 
WBGene00020064 kbp-1 R13F6.1 
WBGene00004823 skr-17 C06A8.4 
WBGene00018998 flap-1 F57B9.7 
WBGene00002068 ify-1 C27A2.3 
WBGene00001486 frh-1 F59G1.7 
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WBGene00015842 C16C8.4 C16C8.4 
WBGene00020466 T12F5.1 T12F5.1 
WBGene00007623 C16C10.2 C16C10.2 
WBGene00009442 F35G12.5 F35G12.5 
WBGene00022851 ZK1127.4 ZK1127.4 
WBGene00016381 sgo-1 C33H5.15 
WBGene00008380 D1054.14 D1054.14 
WBGene00020392 knl-3 T10B5.6 
WBGene00019678 K12H4.3 K12H4.3 
WBGene00020073 sdz-28 R52.1 
WBGene00010353 H02I12.5 H02I12.5 
WBGene00001040 dnj-22 T23B12.7 
WBGene00022852 ZK1127.5 ZK1127.5 
WBGene00007110 B0035.11 B0035.11 
WBGene00015146 abi-1 B0336.6 
WBGene00004465 rpn-9 T06D8.8 
WBGene00018893 tag-345 F55F8.5 
WBGene00015943 tiar-1 C18A3.5 
WBGene00004985 spo-11 T05E11.4 
WBGene00011142 R08D7.1 R08D7.1 
WBGene00019400 K04G7.1 K04G7.1 
WBGene00009701 egg-3 F44F4.2 
WBGene00006735 ula-1 C26E6.8 
WBGene00018037 chtl-1 F35C8.7 
WBGene00009035 F22B3.4 F22B3.4 
WBGene00011747 sna-2 T13F2.7 
WBGene00007444 C08F8.2 C08F8.2 
WBGene00003788 npp-2 T01G9.4 
WBGene00001513 gad-1 T05H4.14 
WBGene00020375 T09B4.1 T09B4.1 
WBGene00002034 htp-3 F57C9.5 
WBGene00018890 F55F8.2 F55F8.2 
WBGene00019883 met-2 R05D3.11 
WBGene00001134 eat-3 D2013.5 
WBGene00022855 tcer-1 ZK1127.9 
WBGene00010093 capg-2 F55C5.4 
WBGene00001005 dlc-1 T26A5.9 
WBGene00017926 F29C4.2 F29C4.2 
WBGene00022357 kbp-4 Y92C3B.1 
WBGene00000235 baf-1 B0464.7 
WBGene00001235 elb-1 Y41C4A.10 
WBGene00009734 F45G2.8 F45G2.8 
WBGene00013605 Y95D11A.1 Y95D11A.1 
WBGene00004482 rps-13 C16A3.9 
WBGene00006708 ubc-13 Y54G2A.31 
WBGene00006713 ubc-18 R01H2.6 
WBGene00016249 C30C11.1 C30C11.1 
WBGene00004479 rps-10 D1007.6 
WBGene00004483 rps-14 F37C12.9 
WBGene00004430 rpl-18 Y45F10D.12 
WBGene00004429 rpl-17 Y48G8AL.8 
WBGene00010579 K05C4.2 K05C4.2 
WBGene00022043 Y65B4BR.8 Y65B4BR.8 
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WBGene00004813 skr-7 Y47D7A.1 
WBGene00015164 ykt-6 B0361.10 
WBGene00011334 T01E8.6 T01E8.6 
WBGene00022881 ZK1248.11 ZK1248.11 
WBGene00021035 W05F2.3 W05F2.3 
WBGene00019495 sdz-24 K07E8.3 
WBGene00020320 T07F8.4 T07F8.4 
WBGene00008825 F14H3.6 F14H3.6 
WBGene00012903 vps-2 Y46G5A.12 
WBGene00009478 syx-7 F36F2.4 
WBGene00006585 tni-3 T20B3.2 
WBGene00021644 Y47G6A.18 Y47G6A.18 
WBGene00017244 apy-1 F08C6.6 
WBGene00016142 C26E6.6 C26E6.6 
WBGene00021910 stim-1 Y55B1BM.1 
WBGene00011722 T11G6.8 T11G6.8 
WBGene00010766 K11B4.1 K11B4.1 
WBGene00010892 M18.8 M18.8 
WBGene00006536 tbb-1 K01G5.7 
WBGene00011638 ostb-1 T09A5.11 
WBGene00021074 W07E6.2 W07E6.2 
WBGene00019680 K12H4.5 K12H4.5 
WBGene00006515 tag-170 C05D11.3 
WBGene00016204 gsto-1 C29E4.7 
WBGene00010036 cpar-1 F54C8.2 
WBGene00017356 F10E9.4 F10E9.4 
WBGene00017319 F09G8.3 F09G8.3 
WBGene00000263 F23H11.5 F23H11.5 
WBGene00017830 rpb-8 F26F4.11 
WBGene00003826 ntl-3 Y56A3A.1 
WBGene00009595 F40F12.7 F40F12.7 
WBGene00044318 tag-267 W06E11.2 
WBGene00022798 ZK688.3 ZK688.3 
WBGene00020443 esyt-2 T12A2.15 
WBGene00012652 Y39A1A.14 Y39A1A.14 
WBGene00010905 M88.2 M88.2 
WBGene00006396 taf-12 Y56A3A.4 
WBGene00012645 Y39A1A.6 Y39A1A.6 
WBGene00021901 tag-262 Y54H5A.3 
WBGene00022793 ZK686.3 ZK686.3 
WBGene00012166 nuo-6 W01A8.4 
WBGene00009161 F26E4.6 F26E4.6 
WBGene00018597 F48C1.4 F48C1.4 
WBGene00019253 H31G24.1 H31G24.1 
WBGene00013406 Y63D3A.7 Y63D3A.7 
WBGene00021839 nduf-5 Y54E10BL.5 
WBGene00008414 D2030.4 D2030.4 
WBGene00007412 stip-1 C07E3.1 
WBGene00009688 F44E5.1 F44E5.1 
WBGene00006882 vab-19 T22D2.1 
WBGene00007684 C18E9.4 C18E9.4 
WBGene00011634 T09A5.5 T09A5.5 
WBGene00018475 F45E12.5 F45E12.5 
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WBGene00017925 F29B9.11 F29B9.11 
WBGene00021921 Y55F3AM.3 Y55F3AM.3 
WBGene00017121 cyc-2.1 E04A4.7 
WBGene00017073 D2096.6 D2096.6 
WBGene00002196 kin-10 T01G9.6 
WBGene00001999 hrp-1 F42A6.7 
WBGene00006542 tbp-1 T20B12.2 
WBGene00004931 sod-2 F10D11.1 
WBGene00002827 let-653 C29E6.1 
WBGene00017982 F32D1.2 F32D1.2 
WBGene00011892 T21C9.4 T21C9.4 
WBGene00011015 R04F11.2 R04F11.2 
WBGene00011391 T03D8.2 T03D8.2 
WBGene00014112 ZK856.11 ZK856.11 
WBGene00001974 hmg-4 T20B12.8 
WBGene00004194 prx-5 C34C6.6 
WBGene00002216 klp-3 T09A5.2 
WBGene00020423 T10F2.4 T10F2.4 
WBGene00006386 taf-5 F30F8.8 
WBGene00000836 cul-1 D2045.6 
WBGene00000382 cdc-6 C43E11.10 
WBGene00004754 sec-23 Y113G7A.3 
WBGene00003902 pab-1 Y106G6H.2 
WBGene00016837 C50F2.3 C50F2.3 
WBGene00006382 taf-1 W04A8.7 
WBGene00010629 K07C5.6 K07C5.6 
WBGene00012528 pap-1 Y32F6A.3 
WBGene00005015 spt-5 K08E4.1 
WBGene00003367 mix-1 M106.1 
WBGene00002203 kin-20 F46F2.2 
WBGene00000833 cts-1 T20G5.2 
WBGene00000150 apm-1 F55A12.7 
WBGene00004320 rbx-1 ZK287.5 
WBGene00002066 ifg-1 M110.4 
WBGene00008670 F11A3.2 F11A3.2 
WBGene00001002 div-1 R01H10.1 
WBGene00019121 npl-4.2 F59E12.5 
WBGene00020921 W01C8.5 W01C8.5 
WBGene00009119 F25H2.5 F25H2.5 
WBGene00018149 F37C12.1 F37C12.1 
WBGene00010428 dcn-1 H38K22.2 
WBGene00007400 C07A9.2 C07A9.2 
WBGene00020107 R151.2 R151.2 
WBGene00017423 F13C5.2 F13C5.2 
WBGene00021022 W04B5.5 W04B5.5 
WBGene00022458 Y110A7A.8 Y110A7A.8 
WBGene00018064 F35F11.1 F35F11.1 
WBGene00015478 C05D10.2 C05D10.2 
WBGene00007463 C08H9.2 C08H9.2 
WBGene00021759 Y50D7A.11 Y50D7A.11 
WBGene00011412 T04A8.11 T04A8.11 
WBGene00012977 Y48A6C.4 Y48A6C.4 
WBGene00001740 gro-1 ZC395.6 
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WBGene00011367 T02C12.2 T02C12.2 
WBGene00006463 nduf-2.2 T26A5.3 
WBGene00000276 byn-1 F57B9.5 
WBGene00000673 col-98 F14F7.1 
WBGene00008514 F02A9.4 F02A9.4 
WBGene00000770 cpb-1 C40H1.1 
WBGene00007980 C36E8.1 C36E8.1 
WBGene00018152 acs-4 F37C12.7 
WBGene00000872 cyk-1 F11H8.4 
WBGene00019380 K04C2.2 K04C2.2 
WBGene00016170 C27F2.8 C27F2.8 
WBGene00003134 mat-3 F10C5.1 
WBGene00006516 vps-16 C05D11.2 
WBGene00017778 psf-1 F25B5.7 
WBGene00021503 Y40D12A.2 Y40D12A.2 
WBGene00044072 tag-246 ZK1128.5 
WBGene00022801 pcp-5 ZK688.6 
WBGene00000799 crn-6 K04H4.6 
WBGene00021533 Y42G9A.3 Y42G9A.3 
WBGene00019836 R02F2.7 R02F2.7 
WBGene00011815 bath-43 T16H12.5 
WBGene00022797 ZK688.2 ZK688.2 
WBGene00017302 F09F7.5 F09F7.5 
WBGene00003589 nex-2 T07C4.9 
WBGene00001087 dpy-28 Y39A1B.3 
WBGene00020068 cra-1 R13F6.10 
WBGene00007008 rfp-1 R05D3.4 
WBGene00004735 sbp-1 Y47D3B.7 
WBGene00015525 rha-2 C06E1.10 
WBGene00000371 cco-1 F26E4.9 
WBGene00004244 puf-8 C30G12.7 
WBGene00004888 smo-1 K12C11.2 
WBGene00009051 nduf-6 F22D6.4 
WBGene00003123 mag-1 R09B3.5 
WBGene00009454 F36A2.7 F36A2.7 
WBGene00020348 T08B2.8 T08B2.8 
WBGene00023172 Y23H5A.8 Y23H5A.8 
WBGene00012376 nduf-7 W10D5.2 
WBGene00016740 C48B6.2 C48B6.2 
WBGene00013958 ZK265.6 ZK265.6 
WBGene00009668 cfim-1 F43G9.5 
WBGene00021638 Y47G6A.9 Y47G6A.9 
WBGene00012735 sptf-3 Y40B1A.4 
WBGene00019005 F57B10.8 F57B10.8 
WBGene00019076 F59A3.3 F59A3.3 
WBGene00008612 fbxa-103 F09C3.4 
WBGene00000502 chp-1 Y110A7A.13 
WBGene00001647 gna-2 T23G11.2 
WBGene00012950 Y47H9C.7 Y47H9C.7 
WBGene00011058 fdps-1 R06C1.2 
WBGene00004415 rpl-4 B0041.4 
WBGene00006518 tag-173 F27D4.5 
WBGene00011944 T23D8.3 T23D8.3 
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WBGene00013128 Y52B11A.9 Y52B11A.9 
WBGene00015021 B0205.6 B0205.6 
WBGene00012487 Y18D10A.23 Y18D10A.23 
WBGene00007857 C31H5.6 C31H5.6 
WBGene00006565 tfg-1 Y63D3A.5 
WBGene00011064 R06C7.5 R06C7.5 
WBGene00013593 Y87G2A.1 Y87G2A.1 
WBGene00008413 D2030.3 D2030.3 
WBGene00001333 erm-1 C01G8.5 
WBGene00021327 Y34D9A.1 Y34D9A.1 
WBGene00003790 npp-4 Y54E5A.4 
WBGene00019698 riok-1 M01B12.5 
WBGene00003062 lpd-6 K09H9.6 
WBGene00004043 plk-2 Y71F9B.7 
WBGene00016906 C53D5.5 C53D5.5 
WBGene00011971 T23G11.6 T23G11.6 
WBGene00009052 ekl-1 F22D6.6 
WBGene00007252 C01H6.2 C01H6.2 
WBGene00021680 Y48G1C.7 Y48G1C.7 
WBGene00002783 let-607 F57B10.1 
WBGene00022464 Y110A7A.19 Y110A7A.19 
WBGene00004143 pqn-59 R119.4 
WBGene00001568 gei-11 F32H2.1 
WBGene00018891 F55F8.3 F55F8.3 
WBGene00003074 lars-2 ZK524.3 
WBGene00021277 Y23H5B.6 Y23H5B.6 
WBGene00004186 prpf-4 F22D6.5 
WBGene00007975 gls-1 C36B1.8 
WBGene00010562 cdc-48.3 K04G2.3 
WBGene00001596 gld-2 ZC308.1 
WBGene00021660 Y48G1A.4 Y48G1A.4 
WBGene00007047 wts-1 T20F10.1 
WBGene00018508 F46F11.1 F46F11.1 
WBGene00003847 blmp-1 F25D7.3 
WBGene00013129 Y52B11A.10 Y52B11A.10 
WBGene00000079 adr-1 H15N14.1 
WBGene00004753 sec-8 Y106G6H.7 
WBGene00009127 F25H5.5 F25H5.5 
WBGene00001066 dpy-4 Y41E3.2 
WBGene00015205 B0495.6 B0495.6 
WBGene00022119 Y71F9AL.17 Y71F9AL.17 
WBGene00018866 F55A12.8 F55A12.8 
WBGene00002041 hum-8 Y66H1A.6 
WBGene00010545 K03H1.10 K03H1.10 
WBGene00008400 drh-3 D2005.5 
WBGene00010993 R03E1.2 R03E1.2 
WBGene00022739 toe-1 ZK430.1 
WBGene00007029 mys-1 VC5.4 
WBGene00001130 dyn-1 C02C6.1 
WBGene00018270 F41C3.4 F41C3.4 
WBGene00012602 Y38E10A.24 Y38E10A.24 
WBGene00017056 D2062.4 D2062.4 
WBGene00012992 Y48C3A.10 Y48C3A.10 
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WBGene00007014 mdt-10 T09A5.6 
WBGene00006875 vab-9 T22C8.8 
WBGene00008404 D2013.6 D2013.6 
WBGene00013255 Y57A10A.10 Y57A10A.10 
WBGene00010458 K01C8.6 K01C8.6 
WBGene00012005 jun-1 T24H10.7 
WBGene00011759 T13H5.5 T13H5.5 
WBGene00008455 E02H1.1 E02H1.1 
WBGene00017746 F23F1.5 F23F1.5 
WBGene00012329 sre-44 W07G1.2 
WBGene00013168 arp-1 Y53F4B.22 
WBGene00013267 Y57A10A.27 Y57A10A.27 
WBGene00008640 F10B5.3 F10B5.3 
WBGene00003526 nas-7 C07D10.4 
WBGene00003730 nhx-2 B0495.4 
WBGene00003119 mac-1 Y48C3A.7 
WBGene00007479 C09F9.2 C09F9.2 
WBGene00016116 C25H3.7 C25H3.7 
WBGene00012204 W02B12.9 W02B12.9 
WBGene00013144 Y53C12B.2 Y53C12B.2 
WBGene00015297 sco-1 C01F1.2 
WBGene00020796 T25D3.2 T25D3.2 
WBGene00010051 F54D5.5 F54D5.5 
WBGene00019893 sgt-1 R05F9.10 
WBGene00007192 B0491.5 B0491.5 
WBGene00015513 C06A8.2 C06A8.2 
WBGene00000894 dab-1 M110.5 
WBGene00021546 Y43H11AL.2 Y43H11AL.2 
WBGene00004185 pro-1 R166.4 
WBGene00015515 spdl-1 C06A8.5 
WBGene00001402 fbf-2 F21H12.5 
WBGene00013004 Y48E1B.5 Y48E1B.5 
WBGene00007464 C08H9.3 C08H9.3 
WBGene00012458 ash-2 Y17G7B.2 
WBGene00011523 T06D8.2 T06D8.2 
WBGene00013096 mcd-1 Y51H1A.6 
WBGene00017124 E04F6.4 E04F6.4 
WBGene00011348 T01H3.2 T01H3.2 
WBGene00018355 F42G2.6 F42G2.6 
WBGene00010830 M02G9.1 M02G9.1 
WBGene00000890 sig-7 F39H2.2 
WBGene00006737 ulp-2 Y38A8.3 
WBGene00011067 vps-11 R06F6.2 
WBGene00000410 cdk-9 H25P06.2 
WBGene00007413 pro-2 C07E3.2 
WBGene00009661 patr-1 F43G6.9 
WBGene00001186 egl-18 F55A8.1 
WBGene00003073 lars-1 R74.1 
WBGene00001352 evl-14 H38K22.1 
WBGene00009078 rpb-12 F23B2.13 
WBGene00019945 R08C7.1 R08C7.1 
WBGene00009653 F43D9.1 F43D9.1 
WBGene00017924 F29B9.10 F29B9.10 
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WBGene00001906 his-32 F17E9.10 
WBGene00022776 ZK616.6 ZK616.6 
WBGene00011740 T12G3.5 T12G3.5 
WBGene00022312 clec-171 Y77E11A.9 
WBGene00016793 arp-11 C49H3.8 
WBGene00010485 ant-1.3 K01H12.2 
WBGene00016374 swd-2.2 C33H5.7 
WBGene00019948 R08C7.4 R08C7.4 
WBGene00018932 F56B3.8 F56B3.8 
WBGene00021882 Y54G2A.17 Y54G2A.17 
WBGene00009893 F49E11.7 F49E11.7 
WBGene00003130 map-2 Y116A8A.9 
WBGene00010709 nol-9 K09B11.2 
WBGene00001241 elo-3 D2024.3 
WBGene00007199 B0513.7 B0513.7 
WBGene00019264 H35B03.2 H35B03.2 
WBGene00018361 F42G8.10 F42G8.10 
WBGene00020296 T07A9.8 T07A9.8 
WBGene00022046 Y66H1A.4 Y66H1A.4 
WBGene00015538 sams-3 C06E7.1 
WBGene00000816 csn-4 Y55F3AM.15 
WBGene00000817 csn-5 B0547.1 
WBGene00004056 pmk-2 F42G8.3 
WBGene00006416 sams-5 T13A10.11 
WBGene00001007 dli-1 C39E9.14 
WBGene00012888 sas-6 Y45F10D.9 
WBGene00011481 imp-2 T05E11.5 
WBGene00009006 F21D5.1 F21D5.1 
WBGene00008686 F11A10.5 F11A10.5 
WBGene00019821 R02D3.3 R02D3.3 
WBGene00001338 ears-2 T07A9.2 
WBGene00022310 Y77E11A.7 Y77E11A.7 
WBGene00016376 sec-10 C33H5.9 
WBGene00006699 uba-1 C47E12.5 
WBGene00014078 ZK792.5 ZK792.5 
WBGene00010890 ddb-1 M18.5 
WBGene00004140 pqn-55 R09E10.7 
WBGene00022301 cpsf-1 Y76B12C.7 
WBGene00012769 Y41E3.11 Y41E3.11 
WBGene00000441 ceh-18 ZC64.3 
WBGene00017641 csr-1 F20D12.1 
WBGene00001310 end-1 F58E10.2 
WBGene00020865 T27E4.7 T27E4.7 
WBGene00002344 let-70 M7.1 
WBGene00007616 C15H11.8 C15H11.8 
WBGene00001915 his-41 C50F4.5 
WBGene00003861 oig-3 Y50E8A.3 
WBGene00008620 F09C6.10 F09C6.10 
WBGene00016989 CD4.3 CD4.3 
WBGene00016990 vps-37 CD4.4 
WBGene00005241 srh-16 F55C5.9 
WBGene00010473 cdr-5 K01D12.14 
WBGene00003846 odd-2 C34H3.2 
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WBGene00013677 Y105E8A.19 Y105E8A.19 
WBGene00000449 ceh-27 F46F3.1 
WBGene00008225 C50B8.3 C50B8.3 
WBGene00020910 W01A11.2 W01A11.2 
WBGene00000813 csn-1 Y59A8A.1 
WBGene00018823 F54E2.1 F54E2.1 
WBGene00013585 cyp-42A1 Y80D3A.5 
WBGene00009485 F36G9.3 F36G9.3 
WBGene00020999 W03F9.1 W03F9.1 
WBGene00013687 exoc-8 Y105E8B.2 
WBGene00004909 snf-10 Y32F6A.2 
WBGene00003816 asns-1 F25G6.6 
WBGene00000876 cyl-1 C52E4.6 
WBGene00019353 K03B4.1 K03B4.1 
WBGene00003406 mrg-1 Y37D8A.9 
WBGene00001857 hil-6 F59A7.4 
WBGene00009992 F53F4.10 F53F4.10 
WBGene00010867 tag-260 M04G12.1 
WBGene00017984 F32D1.5 F32D1.5 
WBGene00013766 prmt-1 Y113G7B.17 
WBGene00020705 T22H9.1 T22H9.1 
WBGene00008346 C56A3.8 C56A3.8 
WBGene00004020 pho-1 EGAP2.3 
WBGene00006311 sun-1 F57B1.2 
WBGene00020808 T25F10.6 T25F10.6 
WBGene00009103 F25B3.6 F25B3.6 
WBGene00003812 nrf-5 F55B12.5 
WBGene00002632 let-413 F26D11.11 
WBGene00010631 cash-1 K07C5.8 
WBGene00001089 dre-1 K04A8.6 
WBGene00020340 T08B1.1 T08B1.1 
WBGene00011318 cdt-2 T01C3.1 
WBGene00004203 psa-1 Y113G7B.23 
WBGene00003025 lin-40 T27C4.4 
WBGene00001095 dars-2 F10C2.6 
WBGene00001110 duo-1 F38B7.5 
WBGene00000228 atn-1 W04D2.1 
WBGene00009084 F23B12.7 F23B12.7 
WBGene00012337 W07G4.3 W07G4.3 
WBGene00003242 mig-6 C37C3.6 
WBGene00009098 ehbp-1 F25B3.1 
WBGene00006935 vars-1 ZC513.4 
WBGene00002148 gon-14 F44C4.4 
WBGene00002229 klp-19 Y43F4B.6 
WBGene00018812 F54D11.2 F54D11.2 
WBGene00017295 F09E10.5 F09E10.5 
WBGene00004949 sox-2 K08A8.2 
WBGene00019760 calu-1 M03F4.7 
WBGene00003087 lsy-2 F49H12.1 
WBGene00019620 fah-1 K10C2.4 
WBGene00008605 mlt-9 F09B12.1 
WBGene00008746 F13E6.2 F13E6.2 
WBGene00004238 ptr-24 F46G10.5 
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WBGene00018878 glit-1 F55D10.3 
WBGene00018640 F49E10.2 F49E10.2 
WBGene00007287 gck-4 C04A11.3 
WBGene00018016 lrr-1 F33G12.4 
WBGene00002001 hars-1 T11G6.1 
WBGene00002879 let-754 C29E4.8 
WBGene00020097 larp-1 R144.7 
WBGene00017237 pole-2 F08B4.5 
WBGene00010870 M05B5.2 M05B5.2 
WBGene00001859 hil-8 T05E8.2 
WBGene00000413 cdt-1 Y54E10A.15 
WBGene00012990 Y48C3A.8 Y48C3A.8 
WBGene00019219 H20J04.4 H20J04.4 
WBGene00021313 paqr-2 Y32H12A.5 
WBGene00006444 shn-1 C33B4.3 
WBGene00004090 ppp-1 C15F1.4 
WBGene00018285 smk-1 F41E6.4 
WBGene00010425 lpin-1 H37A05.1 
WBGene00013680 Y105E8A.23 Y105E8A.23 
WBGene00003561 ncr-1 F02E8.6 
WBGene00020441 T12A2.7 T12A2.7 
WBGene00019402 K04G7.11 K04G7.11 
WBGene00003041 lin-61 R06C7.7 
WBGene00021445 Y39A3CR.5 Y39A3CR.5 
WBGene00002201 kin-18 T17E9.1 
WBGene00009455 phip-1 F36A2.8 
WBGene00015092 B0261.4 B0261.4 
WBGene00003083 lst-1 T22A3.3 
WBGene00021541 Y42H9B.3 Y42H9B.3 
WBGene00020901 T28F2.2 T28F2.2 
WBGene00009128 F25H5.6 F25H5.6 
WBGene00012732 Y40B1A.1 Y40B1A.1 
WBGene00005023 sqv-5 T24D1.1 
WBGene00019502 K07G6.1 K07G6.1 
WBGene00019489 K07E1.1 K07E1.1 
WBGene00002079 xpo-2 Y48G1A.5 
WBGene00000390 cdc-42 R07G3.1 
WBGene00000424 ced-10 C09G12.8 
WBGene00004266 rab-1 C39F7.4 
WBGene00004273 rab-10 T23H2.5 
WBGene00022678 sar-1 ZK180.4 
WBGene00004302 ran-1 K01G5.4 
WBGene00003401 mpk-1 F43C1.2 
WBGene00001834 hda-1 C53A5.3 
WBGene00004927 snx-1 C05D9.1 
WBGene00006352 sur-6 F26E4.1 
WBGene00000183 arf-3 F57H12.1 
WBGene00004268 rab-5 F26H9.6 
WBGene00003829 nud-1 F53A2.4 
WBGene00003395 mom-2 F38E1.7 
WBGene00002246 lag-2 Y73C8B.4 
WBGene00001061 dpl-1 T23G7.1 
WBGene00000566 cnt-2 Y39A1A.15 
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WBGene00002245 lag-1 K08B4.1 
WBGene00008311 rskn-2 C54G4.1 
WBGene00001996 hpl-2 K01G5.2 
WBGene00003239 mig-2 C35C5.4 
WBGene00004357 rho-1 Y51H4A.3 
WBGene00001972 hmg-1.2 F47D12.4 
WBGene00002992 lin-3 F36H1.4 
WBGene00001082 dpy-23 R160.1 
WBGene00004297 rad-51 Y43C5A.6 
WBGene00003048 lit-1 W06F12.1 
WBGene00003605 nhr-6 C48D5.1 
WBGene00004786 sex-1 F44A6.2 
WBGene00006751 unc-11 C32E8.10 
WBGene00006773 unc-37 W02D3.9 
WBGene00002007 hsp-3 C15H9.6 
WBGene00003397 mom-5 T23D8.1 
WBGene00000548 clr-1 F56D1.4 
WBGene00007784 ruvb-1 C27H6.2 
WBGene00001835 hda-2 C08B11.2 
WBGene00021170 arx-4 Y6D11A.2 
WBGene00000199 arx-1 Y71F9AL.16 
WBGene00004205 psr-1 F29B9.4 
WBGene00000182 arf-1.2 B0336.2 
WBGene00001561 gei-4 W07B3.2 
WBGene00003893 ost-1 C44B12.2 
WBGene00007352 cdc-48.1 C06A1.1 
WBGene00007554 pptr-2 C13G3.3 
WBGene00002147 ire-1 C41C4.4 
WBGene00006794 unc-60 C38C3.5 
WBGene00002010 hsp-6 C37H5.8 
WBGene00022193 ppfr-4 Y71H2B.3 
WBGene00012939 Y47D3B.1 Y47D3B.1 
WBGene00003670 nhr-80 H10E21.3 
WBGene00001688 gpr-1 F22B7.13 
WBGene00002081 ina-1 F54G8.3 
WBGene00019030 inft-1 F58B6.2 
WBGene00000201 arx-3 Y79H2A.6 
WBGene00000205 arx-7 M01B12.3 
WBGene00000089 aex-6 Y87G2A.4 
WBGene00004202 pry-1 C37A5.9 
WBGene00021275 Y23H5B.4 Y23H5B.4 
WBGene00016265 nmur-4 C30F12.6 
WBGene00016328 pde-5 C32E12.2 
WBGene00003186 mek-2 Y54E10BL.6 
WBGene00003639 nhr-49 K10C3.6 
WBGene00006805 unc-73 F55C7.7 
WBGene00006958 wve-1 R06C1.3 
WBGene00004778 ser-3 K02F2.6 
WBGene00009116 F25H2.2 F25H2.2 
WBGene00004271 rab-7 W03C9.3 
WBGene00002008 hsp-4 F43E2.8 
WBGene00002297 ect-2 T19E10.1 
WBGene00006787 unc-52 ZC101.2 
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WBGene00004264 qua-1 T05C12.10 
WBGene00007006 npr-3 C10C6.2 
WBGene00020689 npr-12 T22D1.12 
WBGene00002335 let-60 ZK792.6 
WBGene00001330 eps-8 Y57G11C.24 
WBGene00004077 pop-1 W10C8.2 
WBGene00006757 unc-18 F27D9.1 
WBGene00000203 arx-5 Y37D8A.1 
WBGene00005791 srw-44 F14F8.6 
WBGene00003650 nhr-60 F57A10.5 
WBGene00007260 olrn-1 C02C6.2 
WBGene00009932 F52D10.6 F52D10.6 
WBGene00021324 Y34B4A.8 Y34B4A.8 
WBGene00003891 osm-11 F11C7.5 
WBGene00003056 lon-2 C39E6.1 
WBGene00004854 slt-1 F40E10.4 
WBGene00020712 ckr-1 T23B3.4 
WBGene00014051 tag-341 ZK669.1 
WBGene00022004 Y59H11AL.1 Y59H11AL.1 
WBGene00006957 wsp-1 C07G1.4 
WBGene00003776 nmy-1 F52B10.1 
WBGene00004947 sos-1 T28F12.3 
WBGene00002694 let-502 C10H11.9 
WBGene00004287 rac-2 K03D3.10 
WBGene00011734 mlc-5 T12D8.6 

For each RNAi clone tested, the corresponding gene WormBase ID, 
public name, and sequence name are given. We examined 5 – 66 
animals per RNAi treatment after L1 plating to detect DTC plexus 
defects.  
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Table 5: Identification of genes required for DTC plexus formation in an L1 
RNAi experiment. 

Sequence 
Name 

Gene ID Total Scored 
DTC Plexus 

Defect 
Other Phenotypes Observed 

Y77E11A.7 Y77E11A.7 6 +++ 
 

Y48G1C.7 Y48G1C.7 8 +++ fgcs, large nuclei 

C15F1.4 ppp-1 6 +++ fgcs 

B0491.5 B0491.5 7 +++ 
 

Y48G1A.4 Y48G1A.4 11 +++ fgcs, Rbs 

F10C2.6 dars-2 13 +++ fgcs 

C33H5.9 sec-10 8 +++ large nuclei 

W02B12.9 W02B12.9 9 +++ Rbs 

Y66H1A.4 Y66H1A.4 7 +++ Sick 

W07E6.2 W07E6.2 12 +++ fgcs 

F26F4.11 rpb-8 10 +++ fgcs 

C39E9.14 dli-1 5 +++ Egl 

M18.5 ddb-1 13 +++ 
 

F20H11.3 mdh-2 21 +++ 
 

F22D6.5 prpf-4 17 +++ fgcs 

ZC64.3 ceh-18 12 +++ large nuclei 

W01G7.3 rpb-11 22 +++ fgcs 

Y38E10A.24 Y38E10A.24 16 +++ 
 

F23B12.7 F23B12.7 13 +++ 
 

K04A8.6 dre-1 20 +++ fgcs 

C16A3.5 C16A3.5 21 ++ 
 

H35B03.2 H35B03.2 14 ++ 
 

F52D10.3 ftt-2 11 ++ Rup, Egl 

R02D3.5 fnta-1 20 ++ 
 

F43G6.9 patr-1 21 ++ 
 

R06C1.2 fdps-1 17 ++ no oocytes 

Y41E3.11 Y41E3.11 13 ++ 
 

F42G8.10 F42G8.10 13 ++ 
 

C17H12.14 vha-8 22 ++ 
 

F10G8.3 npp-17 19 ++ fgcs, increased sperm 

M106.1 mix-1 20 ++ differentiating gcs, fgcs, Mig 

C37C3.6 mig-6 5 ++ Mig 
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T27C4.4 lin-40 21 ++ 
 

T22H9.1 T22H9.1 16 ++ Rup 

Y55F3AM.15 csn-4 17 ++ Sick 

C09F9.2 C09F9.2 17 ++ 
 

T05H10.6 T05H10.6 23 ++ 
 

F21H12.5 fbf-2 18 ++ 
 

F10E9.4 F10E9.4 18 ++ fgcs 

F29B9.10 F29B9.10 18 ++ 
 

Y48E1B.5 Y48E1B.5 19 ++ 
 

C09H10.3 nuo-1 26 ++ fgcs 

Y49E10.6 his-72 20 ++ 
 

C04C3.3 C04C3.3 20 ++ 
 

T04A8.11 T04A8.11 20 ++ fgcs, Muv, Mig 

Y73C8B.4 lag-2 133 + fgcs 

Penetrance of DTC defect observed was scored as follows: +++, > 30% penetrance defect; ++, > 15% 
defect; +, > 5% defect. As a positive control, lag-2 RNAi was examined and showed a low penetrance 
defect (10/133 animals). Phenotypes reported were observed in > 3 animals. Animals were scored as 1-
1.5-day-adults following exposure to RNAi from the L1 larval stage. fgcs (fewer germ cells), Rbs 
(Reduced brood size), Ste (Sterile), Egl (Egg-laying defective), Rup (ruptured through the vulva), Mig 
(DTC migration defective), Muv (Multivulva). Germ cell phenotypes are bolded. Sick animals were 
small and sluggish.  
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Table 6: Genes required for viability and developmental progression 
following L1 exposure to RNAi. 

Sequence Name Gene ID Phenotype 

C08B6.9 aos-1 Ste, arrest 
F55A12.7 apm-1 fgcs, Ste 

B0336.2 arf-1.2 Ste 
D2045.1 atx-2 Rbs, Rup 
F25D7.3 blmp-1 Rup 
F57B9.5 byn-1 fgcs, Ste 
C06A8.2 C06A8.2 delay 
C08H9.3 C08H9.3 Rbs, delay 
C50F2.3 C50F2.3 Ste, arrest 
R07G3.1 cdc-42 Ste, Rup 
K04G2.3 cdc-48.3 fgcs, Ste 
Y54E10A.15 cdt-1 Ste, Pvl 
T25G3.2 chs-1 delay 
Y77E11A.9 clec-171 Ste, delay 
F56D1.4 clr-1 Ste, Rup, Clr 
Y71F9AL.17 copa-1 Let 
Y76B12C.7 cpsf-1 Sm 
T20G5.2 cts-1 fgcs, Ste 
C52E4.6 cyl-1 Egl 
D1054.14 D1054.14 Ste, Rup 
T19B4.4 dnj-21 fgcs, no oocytes, arrest 
T23B12.7 dnj-22 Ste 
M110.5 dyn-1 Let, arrest, rup 
E02H1.1 E02H1.1 Ste, delay 
D2013.7 eif-3.F delay 
F32D8.6 emo-1 arrest 
F01G4.6 F01G4.6 Ste 
F02A9.4 F02A9.4 Ste, delay 
F10B5.3 F10B5.3 Ste, Pvl 
F11A3.2 F11A3.2 no germ cells, Ste 
F43D9.1 F43D9.1 Ste, Pvl, Rup 
F44G4.2 F44G4.2 fgcs, Ste 
F46F11.1 F46F11.1 arrest 
F53B7.3 F53B7.3 Ste 
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F55A12.8 F55A12.8 Ste, Pvl 
F55F8.3 F55F8.3 Rbs, Pvl, delay 
F32H2.1 gei-11 fgcs, Ste 
F22B7.13 gpr-1 Large nuclei, Ste 
T11G6.1 hars-1 arrest 

C53A5.3 hda-1 Ste 
F54G8.3 ina-1 Ste 
K04C2.2 K04C2.2 fgcs, Ste 
K12H4.3 K12H4.3 Ste 
F57B10.1 let-607 Rup, delay 
M7.1 let-70 Ste 
C29E4.8 let-754 Ste 
F36H1.4 lin-3 Ste 
W06F12.1 lit-1 Differentiating, Ste, Pvl, Rup 
LLC1.3 dld-1 Ste, arrest 
H37A05.1 lpin-1 Let, Pvl, Rup, Clr 
Y48C3A.7 mac-1 Ste 
F09B12.1 mlt-9 Let 
B0495.4 nhx-2 delay 
Y77E11A.13 npp-20 Ste, arrest 
Y106G6H.2 pab-1 Ste, Pvl 
W10C8.2 pop-1 Rbs, Rup, Pvl 
Y113G7B.23 psa-1 fgcs, Ste, Pvl, Rup 
R03E1.2 R03E1.2 Ste, Pvl, arrest 
R08C7.1 R08C7.1 Ste 
R08D7.1 R08D7.1 Ste, Pvl 
C39F7.4 rab-1 arrest 
K01G5.4 ran-1 Ste 
Y51H4A.3 rho-1 Ste, Pvl, Rup 
K04G7.10 rnp-7 Ste, Pvl, fgcs 
T22F3.4 rpl-11.1 delay 
Y45F10D.12 rpl-18 no germ cells, delay 
C09H10.2 rpl-41 arrest 
Y105E8A.23 rpom-1 delay 
Y57A10A.19 rsr-2 Rup 
C27H6.2 ruvb-1 Ste, Pvl, Rup 
ZC328.4 san-1 delay 
ZK180.4 sar-1 arrest 
C01F1.2 sco-1 delay 
C33H5.15 sgo-1 Ste, Pvl 
W08E3.1 snr-2 arrest 
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T28D9.10 snr-3 Clr, arrest 
Y49E10.15 snr-6 Ste, arrest 
K08E4.1 spt-5 fgcs, Ste, Pvl 
F26E4.1 sur-6 Ste 
T13H5.5 T13H5.5 Ste, delay 
T20H4.5 T20H4.5 Ste 
W04A8.7 taf-1 Ste, arrest 
W10D9.5 tomm-22 arrest 
C47E12.5 uba-1 arrest 
H06I04.4 ubl-1 Let, arrest 
F56D2.1 ucr-1 Ste, delay 
C47E8.7 unc-112 Paralyzed 
W09C5.2 unc-59 fgcs, Ste 
C38C3.5 unc-60 Ste 
ZC513.4 vars-1 Ste 
W03F9.1 W03F9.1 Ste 
Y110A7A.19 Y110A7A.19 Ste, Pvl 
Y39A1A.14 Y39A1A.14 fgcs, Ste, Pvl, Rup 
Y43H11AL.2 Y43H11AL.2 Ste, Pvl 
Y47D3B.1 Y47D3B.1 Let 
Y48A6C.4 Y48A6C.4 no germ cells, Ste 
Y52B11A.10 Y52B11A.10 fgcs, Ste 
ZK1127.5 ZK1127.5 differentiating gcs, fgcs, Ste, Pvl 
ZK430.7 ZK430.7 Ste 
ZK616.6 ZK616.6 Rbs, Ste, Pvl 
 Phenotypes reported were observed in > 3 animals. fgcs (fewer germ cells), 
Rbs (Reduced brood size), Ste (Sterile), Egl (Egg-laying defective), Rup 
(ruptured through the vulva), Mig (DTC migration defective), Muv 
(Multivulva), Pvl (Protruded vulva). Germ cell phenotypes are bolded. Sterile 
worms could not be rapidly distinguished from developmentally delayed 
young adults.  
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Table 7: Identification of genes required for DTC plexus formation in an L3/L4 
RNAi experiment. 

Sequence 
Name 

Gene ID Total Scored 
DTC Plexus 

Defect 
Other Phenotypes 
Observed 

T11G6.1 hars-1 10 +++ 
 

C09H10.3 nuo-1 11 +++ fgcs 
C47E8.7 unc-112 17 +++ 

 
T27C4.4 lin-40 19 +++ fgcs 
C33H5.9 sec-10 18 +++ fgcs 
F23B12.7 F23B12.7 19 +++ 

 
C47E12.5 uba-1 18 +++ 

 
K01G5.4 ran-1 15 +++ 

 
Y71F9AL.17 copa-1 9 +++ Ste 
K04A8.6 dre-1 29 ++ fgcs 
T22F3.4 rpl-11.1 17 ++ 

 
F52D10.3 ftt-2 18 ++ 

 
F32D8.6 emo-1 15 ++ fgcs 
C29E4.8 let-754 16 ++ 

 
Y106G6H.2 pab-1 29 ++ 

 
R08C7.1 R08C7.1 25 ++ fgcs, Clr, sick 
F56D1.4 clr-1 21 ++ gonad rupture 
M110.5 dyn-1 24 ++ 

 
K04G7.10 rnp-7 20 ++ 

 Y105E8A.23 rpom-1 20 ++ 
 

C16A3.5 C16A3.5 20 ++ 
 

W08E3.1 snr-2 16 ++ fgcs 
LLC1.3 dld-1 19 ++ 

 
F26E4.1 sur-6 19 ++ 

 
ZK180.4 sar-1 19 ++ 

 
C15F1.4 ppp-1 19 ++ 

 
W07E6.2 W07E6.2 26 ++ 

 Y49E10.6 his-72 20 ++ 
 F36H1.4 lin-3 27 ++ 
 Y48G1C.7 Y48G1C.7 22 + 
 

C50F2.3 C50F2.3 30 + fgcs 
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C53A5.3 hda-1 23 + 
 

Y48C3A.7 mac-1 23 + 
 

ZK1127.5 ZK1127.5 31 + 
 

Y48A6C.4 Y48A6C.4 31 + 
 

W03F9.1 W03F9.1 24 + 
 

W02B12.9 W02B12.9 24 + 
 

C09H10.2 rpl-41 24 + 
 

F21H12.5 fbf-2 24 + large nuclei 
Y45F10D.12 rpl-18 16 + 

 
D2013.7 eif-3.F 17 + 

 
F43G6.9 patr-1 26 + 

 
T20H4.5 T20H4.5 26 + 

 
M117.2 par-5 18 + 

 
T05H10.6 T05H10.6 18 + 

 
K04G2.3 cdc-48.3 9 + 

 
M18.5 ddb-1 18 + 

 
ZK616.6 ZK616.6 19 + 

 
C33H5.15 sgo-1 30 + 

 
F20H11.3 mdh-2 20 + 

 
H35B03.2 H35B03.2 20 + 

 
F10G8.3 npp-17 20 + 

 
T13H5.5 T13H5.5 21 + 

 
F09B12.1 mlt-9 21 + 

 
M7.1 let-70 22 - 

 
C06A8.2 C06A8.2 23 - 

 
B0495.4 nhx-2 23 - 

 
F25D7.3 blmp-1 24 - 

 
K08E4.1 spt-5 26 - 

 
F55F8.3 F55F8.3 26 - 

 
W09C5.2 unc-59 27 - 

 
Y41E3.11 Y41E3.11 14 - 

 
F10E9.4 F10E9.4 30 - 

 
F32H2.1 gei-11 15 - 

 
C04C3.3 C04C3.3 15 - 

 
D1054.14 D1054.14 31 - 

 
ZC513.4 vars-1 17 - 

 
Y66H1A.4 Y66H1A.4 36 - Mig 
C27H6.2 ruvb-1 18 - 
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W06F12.1 lit-1 19 - 
 

Y51H4A.3 rho-1 19 - 
 

C01F1.2 sco-1 19 - 
 

F44G4.2 F44G4.2 20 - 
 

F57B10.1 let-607 20 - 
 

C37C3.6 mig-6 20 - 
 

C52E4.6 cyl-1 20 - 
 

F43D9.1 F43D9.1 21 - 
 

F55A12.8 F55A12.8 21 - 
 

H06I04.4 ubl-1 21 - 
 

R06C1.2 fdps-1 21 - 
 

C39E9.14 dli-1 22 - 
 

F29B9.10 F29B9.10 22 - 
 

Y110A7A.19 Y110A7A.19 23 - 
 

ZK430.7 ZK430.7 23 - 
 

Y76B12C.7 cpsf-1 23 - 
 

Y77E11A.13 npp-20 23 - 
 

F57B9.5 byn-1 25 - 
 

Y55F3AM.15 csn-4 25 - 
 

T22H9.1 T22H9.1 25 - 
 

F22B7.13 gpr-1 26 - large nuclei 
Y48E1B.5 Y48E1B.5 26 - 

 
W10C8.2 pop-1 27 - 

 
C38C3.5 unc-60 29 - 

 
K12H4.3 K12H4.3 29 - 

 
B0336.2 arf-1.2 30 - 

 
Y57A10A.19 rsr-2 31 - 

 
F11A3.2 F11A3.2 33 - 

 
Y113G7B.23 psa-1 25 - 

 
Y39A1A.14 Y39A1A.14 22 - 

 
R03E1.2 R03E1.2 20 - 

 
F10B5.3 F10B5.3 22 - 

 
Y43H11AL.2 Y43H11AL.2 19 - 

 
Y54E10A.15 cdt-1 19 - 

 
R08D7.1 R08D7.1 18 - 

 
F02A9.4 F02A9.4 26 - 

 
E02H1.1 E02H1.1 20 - 

 
Y77E11A.9 clec-171 23 - 
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F56D2.1 ucr-1 19 - 
 

W04A8.7 taf-1 27 - 
 

Y49E10.15 snr-6 18 - large nuclei 
C08B6.9 aos-1 23 - 

 
K04C2.2 K04C2.2 22 - 

 
T20G5.2 cts-1 11 - 

 
T23B12.7 dnj-22 14 - 

 
Y52B11A.10 Y52B11A.10 34 - 

 
F55A12.7 apm-1 24 - 

 
F54G8.3 ina-1 26 - 

 
F01G4.6 F01G4.6 30 - 

 
F53B7.3 F53B7.3 20 - 

 
D2045.1 atx-2 8 - 

 
C08H9.3 C08H9.3 20 - 

 
Y48G1A.4 Y48G1A.4 10 - 

 
T04A8.11 T04A8.11 23 - 

 
M106.1 mix-1 26 - 

 
H37A05.1 lpin-1 17 - 

 
Y47D3B.1 Y47D3B.1 30 - 

 
T25G3.2 chs-1 22 - 

 
ZC328.4 san-1 24 - 

 
T28D9.10 snr-3 20 - 

 
T19B4.4 dnj-21 26 - 

 
W10D9.5 tomm-22 23 - 

 
F46F11.1 F46F11.1 26 - 

 
C39F7.4 rab-1 18 - 

 
W01G7.3 rpb-11 18 - 

 
Y77E11A.7 Y77E11A.7 27 - 

 
F26F4.11 rpb-8 30 - 

 
F10C2.6 dars-2 19 - 

 
C17H12.14 vha-8 10 - 

 
ZC64.3 ceh-18 15 - 

 
F22D6.5 prpf-4 10 - 

 
Y38E10A.24 Y38E10A.24 22 - 

 
R02D3.5 fnta-1 19 - 

 
B0491.5 B0491.5 25 - 

 
F42G8.10 F42G8.10 24 - 

 
C09F9.2 C09F9.2 24 - 
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control L4440 270 - 
 

Penetrance of DTC defect observed was scored as follows: +++, > 30% penetrance defect; ++, 
> 15% defect; +, > 10% defect; -, 0-9% defect.  Phenotypes reported were observed in > 3 
animals. Germ cell phenotypes are bolded. Animals were scored as 1.5-2-day-adults 
following exposure to RNAi from the L3/L4 larval stage.  fgcs (fewer germ cells), Mig (DTC 
migration defective), Ste (Sterile), Clr (Clear). Sick animals were small and sluggish.  
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Table 8: Mutant analysis and off-target RNAi controls. 

Genotype/Treatment 
DTC Phenotype 

Defect Wild-type N 
wild-type  0 30 30 
lin-40(gk255) 27 0 27 
exoc-8(ok2523)a 7 17 24 
his-72(tm2066) 13 38 51 
sur-6(sv30) 14 21 35 
ftt-2(n4426) 5 44 49 

Off-target RNAi control experiment: 

DTC-specific RNAi [lag-2>RDE-1; rrf-3; rde-1(ne219)] 
L4440 0 30 30 
ran-1b 30 0 30 
par-5c 0 33 33 
ftt-2c 4 28 32 
Germ cell-specific RNAi [rrf-1(pk1417)] 
L4440 2 59 61 
W07E6.2b 1 46 47 
par-5c 24 41 65 
ftt-2c 1 69 70 
One-day-adult animals were scored for available putative null 
alleles or following L1 plating on RNAi.                                                                                                                   
aexoc-8(ok2523) is the only viable allele for members of the 
octameric exocyst complex, which includes sec-10/EXOC-5.         
b600 bp or c200 bp dsRNA constructs were designed to minimize 
off-target effects. 
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Table 9: DTC-specific RNAi strain selectivity. Table S6 DTC-specific RNAi strain selectivity. 

RNAi to germline-essential genes

rrf-1 lag-2>RDE-1
control 1/52 0/57
gld-1 45/49 0/68

rrf-1 lag-2>RDE-1
control 0/16 0/80
glh-1 11/86 0/118
fbf-2 67/70 0/62

rrf-1 lag-2>RDE-1
control 0/21 0/17
fog-3 21/24 0/42

RNAi to the muscle-expressed gene emb-9

rrf-3 lag-2>RDE-1
control 0/48 0/207
emb-9 24/35 0/136

RNAi to known DTC-expressed genes

control
gon-1
mig-38

The DTC-specific RNAi strain [lag-2>NeonGreen::F2A::RDE-1; 
rrf-3(pk1426); rde-1(ne219)] was compared to the germline-
specific rrf-1(pk1417) and the whole-body RNAi-sensitized rrf-
3(pk1426) backgrounds. RNAi control (empty vector L4440) 
was compared to RNAi-depleted animals. Adult animals were 
scored following parental plating on RNAi for knockdown of 
germline-expressed genes and following L1 plating on RNAi 
for knockdown of DTC- and muscle-expressed genes.

39/40
29/52

Ruptured through the vulva

Proximal tumors

F1 sterility

Feminized germline

Migration defect
lag-2>RDE-1

0/52
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A.2 Chapter 3 Materials and Methods 

A.2.1 Strains and Culture 

Worm strains were maintained on NGM plates at 16, 18, or 20°C (Brenner, 1974). 

In strain descriptions, we designate linkage to a promoter with a greater-than sign (>) 

and designate in-frame protein fusions with a double semicolon (::). The following 

transgenes and alleles were used in this study: qyIs473(myo-3 > GFP::CAAX), 

qyIs287(myo-3 > mCherry), qyIs245(zmp-5 > GFP), mgIs49(mlt-10 > GFP), smIs119(hsp > 

TTR-52::mCherry), qyIs353(lag-2 > GFP::CAAX); LGI, gld-2(q497) gld-1(q485)/hT2, 

cpIs121(lag-2 > mNG::PH::F2A::rde-1), rrf-1(pk1417), ced-1(e1735); LGII, naSi2(mex-5 > 

H2B::mCherry), cpIs91(lag-2 > 2x mKate2::PH), cpIs122(lag-2 > mNeonGreen::PH), rrf-

3(pk1426), clr-1(e1745); LGIII, glp-1(e2144), cp78(GFP::hmp-2A); LGIV, sax-7(eq1); LGV, 

cp20(hmp-1::GFP), itIs44 (pie-1 > mCherry::PH) (Chihara et al., 2012). Mutations were 

followed in crosses by PCR, sequencing, or previously reported phenotypes.  

A.2.2 Molecular biology 

We utilized the body wall muscle-specific expression of the myo-3 promoter to 

drive cytoplasmic mCherry and membrane-targeted GFP::CAAX and mCherry::PH 

specifically in body wall muscle cells. A myo-3 > mCherry strain was generated by 

coinjecting pCFJ104 (myo-3 > mCherry) (Frokjaer-Jensen et al., 2008) with transformation 

marker pPD#MM016B (unc-119) as well as EcoRI-digested salmon sperm DNA and 

pBluescript II as carrier DNA at 50 ng/uL into unc-119(ed4) animals. A 2.3 kb region of 
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the myo-3 promoter was amplified from PCFJ104 by PCR and fused to GFP::CAAX 

(pSA129) or mCh::PH (pAA173 (Ziel et al., 2009)) by fusion PCR and similarly injected to 

generate transgenic lines. pSA129 was a gift of Scott Alper. Integrated lines were 

obtained by standard protocol (Inoue et al., 2002).  

A.2.3 Scoring of gonad rupture and cell enwrapment 

Gonadal ruptures were detected as breaks in the gonadal basement membrane, 

visible by DIC as a phase-dense line, or as animals with no visible gonadal basement 

membrane that were filled with germ cells. Germ cells are clearly identifiable by DIC 

due to their large nucleolus resulting in a distinctive “fried-egg” appearance. 

‘Enwrapment’ of cells by muscle was defined as > 50% of the cell surrounded by 

GFP+ muscle protrusions. To show that cell types other than germ cells are not 

enwrapped by muscle, somatic gonad and coelomocytes were scored. To ensure that 

lack of enwrapment was not due to lack of contact between muscle and somatic gonad, 

only confocal slices where adjacent GFP+ muscle and mCh+ somatic gonad were 

observed were scored. A ‘fewer germ cell’ phenotype (fgcs) was scored as a severely 

reduced number of germ cells.  

A.2.4 Germ cell fate following DTC ablation 

L1 larvae were grown on standard OP50 until the L2 stage and then transferred 

to epi-1(RNAi) to induce gonadal ruptures. Laser ablation of the DTCs in these L3/L4 

larvae was performed as previously described (Bargmann and Avery, 1995). The 



 

123 

criterion for successful DTC ablation was loss of the DTC marker lag-2 > GFP::CAAX. 

Ablated animals and non-ablated control animals were recovered from the same slides 

to OP50 and imaged as adults at 24 or 48 h post-ablation. These timepoints at 24 and 48 

h post-ablation allow sufficient time for typical germ cell differentiation, as a previous 

study that performed DTC ablation in intact gonads showed that all germ cells entered 

meiosis at 24 h post-ablation, assessed by distinctive pachytene morphology (Kimble 

and White, 1981).  

To assess the effect of muscle enwrapment on germ cell fate, escaped germ cells 

in DTC-ablated animals were quantified by counting the number of muscle-enwrapped 

and non-enwrapped mitotic and meiotic nuclei, distinguished by chromatin 

morphology and nuclear size using a histone label (mex-5 > H2B::mCh). Sperm were 

excluded from germ cell counts as sperm were typically retained within the 

spermatheca, which did not rupture on epi-1(RNAi). To standardize germ cell counts 

between animals and account for variation in escaped germ cell number along the 

anterior-posterior axis, germ cells were counted in four 50 µm-thick stripes along the 

anterior-posterior axis of the worm spaced by a standard interval (120 µm) starting from 

the pharynx or tail.  

A.2.5 Germline fate manipulation 

We used the glp-1(e2144) allele to drive germline differentiation by placing 

animals at the restrictive temperature. Animals were simultaneously transferred to epi-
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1(RNAi) to induce gonadal ruptures and placed at 25 C. We confirmed that epi-1(RNAi)-

induced ruptures did not occur until at least six hours post-temperature shift, as germ 

cells are irreversibly committed to differentiated fate after six hours without GLP-

1/Notch signaling (Fox et al., 2015). 

A.2.6 Cadherin RNAi 

In order to assess animals with effective cadherin knockdown by RNAi, animals 

with body morphology defects (Tsur et al., 2015) were selected for scoring. Feeding 

RNAi was performed as previously described (Timmons and Fire, 1998). 

A.2.7 Statistical Analysis 

Fisher’s exact tests, ANOVA followed by the Tukey-Kramer HSD test, or two-

tailed unpaired Student’s t tests were performed in JMP Pro 13 as noted in figure 

legends and text.  

A.2.8 Microscopy and image acquisition, processing, and analysis 

Confocal DIC and fluorescent images were acquired on an AxioImager A1 

microscope (Carl Zeiss) equipped with an EMCCD camera (Hamamatsu Photonics), a 

100x or 40x Plan-Apochromat (1.4 NA) objective, and a spinning disc confocal scan head 

(CSU-10; Yokogawa Electric Corporation) driven by µManager software (Edelstein et al., 

2010) at 20C. Widefield DIC and fluorescent images were acquired with an AxioImager 

A1 microscope (Carl Zeiss) equipped with a CCD camera (AxioCam MRm; Carl Zeiss) 

and 100x Plan-Apochromat objective (1.4 NA) driven by Axiovision software (Carl 
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Zeiss). Worms were mounted on 5% noble agar pads containing 0.01 M sodium azide for 

imaging during endpoint experiments. For time-lapse acquisitions, worms were 

anesthetized in 0.2% tricaine and 0.02% levamosile in M9 (Hagedorn et al., 2013). 

Images were processed with FIJI 2.0 and Photoshop CS6 (Adobe Systems Inc.). 

Graphs generated by JMP Pro 13 were constructed using Illustrator CS6 (Adobe Systems 

Inc.). 
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