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Abstract

Sensory dendrite morphogenesis is directed by intrinsic and extrinsic factors. The extracellular 

environment plays instructive roles in patterning dendrite growth and branching. However, the 

molecular mechanism is not well understood. In Caenorhabditis elegans, the proprioceptive neuron 

PVD forms highly branched sensory dendrites adjacent to the hypodermis. We report that receptor 

tyrosine phosphatase CLR-1 functions in the hypodermis to pattern the PVD dendritic branches. 

Mutations in clr-1 lead to loss of quaternary branches, reduced secondary branches and increased 

ectopic branches. CLR-1 is necessary for the dendrite extension but not for the initial filopodia 

formation. Its role is dependent on the intracellular phosphatase domain but not the extracellular 

adhesion domain, indicating that it functions through dephosphorylating downstream factors but 

not through direct adhesion with neurons. Genetic analysis reveals that clr-1 also functions in 

parallel with SAX-7/DMA-1 pathway to control PVD primary dendrite development. We provide 

evidence of a new environmental factor for PVD dendrite morphogenesis.
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Introduction

Sensory dendrite development is essential for the neuronal circuit assembly (Arikkath, 

2012). Dendrite abnormalities have been implicated in several human neurological and 

neurodevelopmental diseases such as schizophrenia, Down's syndrome and autistic spectrum 

disorder (Jan and Jan, 2010). Compared with axons, dendrites are often shorter but highly 

branched, suggesting that different factors might be required for dendrite development 
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compared to axon guidance (Jan and Jan, 2010). Intrinsic factors, including cell surface 

receptors, downstream signal transduction factors, transcription factors, and cytoskeletal 

modulators have been reported to function in dendrite morphogenesis (Dong et al., 2015; 

Puram and Bonni, 2013). Several recent studies in C. elegans and Drosophila have begun to 

reveal the extracellular signals that pattern sensory dendrites (Dong et al., 2013; Liang et al., 

2015; Salzberg et al., 2013). For example, integrin mediated signaling critically regulates the 

position of Drosophila sensory dendrite in the epidermis (Han et al., 2012; Kim et al., 2012).

In C. elegans, PVD and FLP are two highly branched mechano-sensory neurons, enveloping 

the body and head region, respectively (Albeg et al., 2011). PVD responds to harsh 

mechanical stimuli and cold temperature (Chatzigeorgiou et al., 2010; Way and Chalfie, 

1989), and may have a role in proprioception as ablation of PVD leads to defective body 

posture (Albeg et al., 2011). A pair of PVDs is born at L2 stage with somas at the lateral 

midline underneath the hypodermal cells on each side of the worm. It elaborates a series of 

perpendicularly oriented dendritic branches at stereotyped positions. The 1° dendrites grow 

from the cell body in the anterior and posterior directions, and then the 2°, 3° and 4° 

branches grow from the “mother” branches to form candelabra like units called “menorah”. 

The 4° branches develop exclusively between muscles and hypodermal cells, and exhibit 

regular spacing (Fig.1A).

Several intrinsic factors, including the membrane receptor DMA-1 (Liu and Shen, 2012), 

transcription factors MEC-3, AHR-1, and ZAG-1 (Smith et al., 2013), the intracellular 

trafficking component BICD-1 (Aguirre-Chen et al., 2011), the proprotein convertase 

KPC-1/furin (Salzberg et al., 2014), the unfolded protein response pathway (Wei et al., 

2015), and the claudin-like membrane protein HPO-30 (Smith et al., 2013), function cell 

autonomously in PVD dendrite development. For extrinsic factors, hypodermal expressed 

SAX-7 and MNR-1 form a tripartite ligand-receptor complex with neuronal DMA-1 to 

instruct PVD 3° and 4° dendrite morphogenesis (Dong et al., 2013; Liang et al., 2015; 

Salzberg et al., 2013). On the hypodermal cell surface, the SAX-7/L1CAM forms regular 

stripe pattern, which instructs the growth of 4° dendrites. The regular SAX-7 stripes are 

established by the hemi-desmosome stripes between the repeated muscle sarcomeres and the 

hypodermis (Liang et al., 2015). It is not known if other hypodermal derived factors, except 

SAX-7 and MNR-1, are required for the growth of PVD dendrite in a non-autonomous 

manner.

Protein tyrosine phosphatases play pivotal roles in many cellular processes such as cell 

division, differentiation and neuron development (Johnson and Van Vactor, 2003; Tonks, 

2006). In C. elegans, clr-1 encodes a receptor tyrosine phosphatase that negatively regulates 

the FGF receptor signaling pathway (Kokel et al., 1998). It also plays important roles in 

axon guidance through inhibiting netrin-mediated axon attraction (Chang et al., 2004), while 

its function in dendrite development is not known. Here, we showed that CLR-1 functions in 

the hypodermis to promote PVD dendrite growth by supporting the continuous dendrite 

extension after the initial filopodia formation. CLR-1's function is dependent on the 

phosphatase activity but not the extracellular adhesion domain. CLR-1 also promotes the 1° 

dendrite development in parallel with the SAX-7/MNR-1 pathway.

Liu et al. Page 2

Dev Biol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

clr-1 is required for the development of PVD 4° dendritic arbors

From a candidate screen for mutants affecting PVD dendrite development, we found that 

PVD 4° dendritic arbors were greatly reduced in a temperature-sensitive mutant 

clr-1(e1745ts) when shifting the worms from 15°C to 25°C (see temperature shift assay in 

materials and methods) (Fig.1B, D and H). We also examined e2530, a null allele of clr-1, 

and found similar phenotypes as in e1745 (Fig.1C, H), suggesting that e1745 is null or 

strong allele at the restrictive temperature. clr-1(e1745ts) mutant also showed reduced 

number of menorah (Fig.1D, I), and formed many ectopic branches from the 1° and 2° 

dendrites (Fig.1D, J). To exclude the possibility that restrictive temperature (25°C) would 

cause PVD dendrite phenotypes, we shifted the wild type strain N2 using the same assay, 

and no PVD dendrite abnormalities were observed (Fig.1B, H-J). To verify that the PVD 

phenotype was caused by clr-1(e1745ts), we injected a fosmid containing the clr-1 genomic 

locus into clr-1(e1745ts) mutant. All three aspects of PVD dendrite phenotypes were fully 

rescued by this transgene (Fig.1E, H-J), indicating that the clr-1(e1745ts) mutation is 

responsible for the PVD dendrite phenotypes.

It is reported that CLR-1 negatively regulates the FGFR receptor signaling pathway (Kokel 

et al., 1998). To test if FGFR receptor signaling is required for PVD morphogenesis, we 

examined egl-15 (the sole FGFR encoding gene in C. elegans) and sem-5 (a downstream 

factor in the FGFR pathway) mutants. Although these mutants showed subtle reduction in 

menorah number and subtle increase in ectopic branches compared with wild type worm, 

neither mutants showed reduced 4° branch phenotype, which is the most striking phenotype 

in the clr-1 mutants (Fig. S1). Therefore, FGFR receptor signaling pathway might not play 

essential functions in PVD dendrite morphogenesis.

clr-1 functions in hypodermis to pattern PVD dendrite morphology

To understand where clr-1 functions, we constructed a transgene with a 4.6kb clr-1 
promoter-driven GFP expression. The GFP signal was expressed in hypodermis, muscle and 

a subset of neurons, but was not detected in PVD (Fig.1K-M). It suggested clr-1 functioned 

outside of PVD to support its dendrite development, although we could not rule out the 

possibility that clr-1 was expressed at a very low level in PVD, or that the promoter we used 

did not contain all the regulatory elements. clr-1 was highly expressed in muscle and we 

have reported that muscle sarcomeres are critical in patterning PVD 4° branches (Liang et 

al., 2015), which raises the possibility that clr-1 could act in the muscle. To test if the muscle 

morphology and sarcomere organization are affected by the clr-1 mutation, we introduced a 

UNC-97::mCherry transgene into clr-1(e1745ts) mutants. UNC-97 is a sarcomere 

component that labels the dense body. We found that the regular periodic structure of 

UNC-97 was indistinguishable in clr-1 mutant when compared with wild type animal (Fig.

2A, B), suggesting that clr-1 might not function in the muscle to modulate PVD 4° 

dendrites.

To further understand the cellular functions of clr-1, we carried out tissue-specific rescue 

experiment. PVD specific expression of clr-1 by ser-2Prom3 did not rescue this phenotype 
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(Fig.1F, H-J). However, hypodermis-driven expression of clr-1 fully rescued all three aspects 

of the PVD dendrite phenotypes (Fig.1G, H-J). The data indicated that clr-1 functions in the 

hypodermis to pattern PVD dendrite morphology in a cell non-autonomous manner.

SAX-7 is the key instructive cue expressed in the hypodermis to pattern the PVD 3° and 4° 

branches (Dong et al., 2013; Liang et al., 2015; Salzberg et al., 2013). We wondered whether 

clr-1 is required to generate the SAX-7 stripe pattern in hypodermis. After shifting 

clr-1(e1745ts) mutants to restrictive temperature, the Hyp::SAX-7::YFP stripes were still 

visible in most hypodermal regions in clr-1(e1745ts) mutants (Fig.2C-H). Despite the 

slightly reduced SAX-7 stripe intensity and mild disorganized appearance in some regions, 

the SAX-7 stripes still exhibited regular spacing, suggesting that clr-1 may be not required 

for patterning SAX-7 stripes (Fig.2C-H). These data suggest that the reduction of PVD 4° 

dendrite phenotype in clr-1 mutant might not be caused by an abnormal SAX-7 pattern. 

Furthermore, we also used the ajm-1::GFP marker to visualize the whole hypodermis 

structure, and we found that both wild type and clr-1 mutants showed similar pattern (Fig.2 

I, J), suggesting the hypodermis largely maintained its integrity in clr-1 mutants. Hence, it is 

unlikely that the 4° branching defect in clr-1 mutants is the result of a major defect in the 

structure or integrity of the hypodermis.

clr-1 is required for PVD 4° dendrite extension but not for filopodia formation

In clr-1(e1745ts) mutant, PVD 4° dendrite numbers were greatly reduced. There are two 

possibilities for this defect: the first is that PVD 4° dendrite could not initiate from the 

tertiary branch, and the second is that PVD 4° dendrite could not further extend and stabilize 

after initial filopodia formation. To distinguish these two possibilities, we took time-lapse 

movies of developing clr-1(e1745ts) mutants and wild type controls. In wild type animals, 4° 

filopodia initiated from 3° branch and continued to extend (Fig.3A, D, E). The development 

of 4° branches is a dynamic process with intermittent growth and retraction phases. After the 

4° dendrites reached its full length, they were generally stabilized (movie1). In 

clr-1(e1745ts) mutants, short 4° filopodia still emerge from 3° dendrite, however, the 

filopodia do not further extend and stabilize to produce mature 4° dendrites (Fig.3B, D, E 

and movie2). In addition, the position of filopodia in the clr-1 mutants are normal, 

supporting the notion that the SAX-7 mediated patterning for 4° dendrites is largely normal.

SAX-7 is the key instructive cue expressed in the hypodermis to pattern the PVD 4° 

branches (Liang et al., 2015), we would like to know if SAX-7 is required for the generation 

of 4° dendritic filopodia. We examined an animal that the SAX-7 stripes were eliminated 

from the 4° dendrites region, but still exist in 3° dendrites region. To generate these worms, 

we expressed SAX-7 in the PLM and ALM neurites, which closely associate with the 3° 

dendrite of PVD in sax-7(nj48) mutant (Dong et al., 2013). We found that almost no 4° 

dendritic filopodia could initiate from the rescued 3° dendrites (Fig.3C, D, E and movie3), 

indicating that the SAX-7 stripes are required for 4° dendritic filopodia formation.

Next, we asked when clr-1 exerted its function in hypodermis. We shifted the temperature 

sensitive allele of clr-1 from 15°C to 25°C at L2, L3, L4, and young adult stage in separate 

experiments. Temperature shift at the L2, L3 and L4 stage resulted in dramatic defects in 

PVD morphology, suggesting that clr-1's function is required during the outgrowth phase of 
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PVD development. Interestingly, we found that even shifting in adult stage caused some 

subtle but detectable phenotypes, indicating that there are minor maintenance functions of 

clr-1 too (Fig3. F-M).

The function of CLR-1 in patterning PVD 4° dendrites is dependent on its phosphatase 
domain

CLR-1 encodes a trans-membrane receptor phosphatase with extracellular Ig and FNIII 

domains as well as two intracellular phosphatase domains (D1 and D2) (Fig.1A). To 

understand which domains are required for PVD dendrite development, we performed 

structure-function analyses by constructing partial deletion mutant CLR-1 forms lacking 

specific domains. Deletion constructs were then introduced into the clr-1(e1745ts) and tested 

for their ability to rescue the mutant phenotypes. From such analyses, neither ΔIg nor 

ΔFNIII was required for PVD dendrites because respective truncation construct rescued all 

aspects of the clr-1(e1745ts) phenotypes (Fig.4E, F, J-L). However, a truncated construct 

(ΔD1), lacking the intracellular membrane-proximal phosphatase domain (D1), could not 

rescue clr-1(e1745ts) phenotypes (Fig.4G, J-L). Similarly, the truncated construct, deleting 

membrane-distal phosphatase domain (ΔD2), only partially rescued the clr-1(e1745ts) 

phenotype (Fig.4H, J-L), consistent with the report that phosphatase D1 is essential for 

CLR-1 phosphatase activity and D2 might function in modulating the function of D1 (Kokel 

et al., 1998). To further test if the phosphatase activity of the D1 domain is required, we 

engineered a point mutation in D1 domain, C1013G, which specifically disrupts the 

enzymatic activity (Kokel et al., 1998). This mutant could not rescue clr-1(e1745ts) 

phenotype (Fig.4I, J-L), indicating that the intracellular phosphatase activity, but not the 

extracellular adhesion domain, is essential for CLR-1 in pattering PVD dendrite.

clr-1 functions redundantly with SAX-7/MNR-1 pathway to control PVD 1° dendrite 
formation

Hypodermal SAX-7 and MNR-1 form tripartite ligand-receptor complex with dendritic 

surface receptor DMA-1 to instruct 3° and 4° dendrites development (Dong et al., 2013; 

Liang et al., 2015; Salzberg et al., 2013). To understand the genetic relationship between 

CLR-1 and SAX-7/MNR-1 pathway, we constructed double mutants between clr-1(e1745ts) 

and sax-7(nj48), mnr-1(wy758), dma-1(wy686). In the double mutants, the length of the 

primary dendrites was greatly reduced when comparing with single mutant (Fig.5D-F, G). 

Surprisingly, clr-1(e1745ts) alone did not affect the length of primary dendrites (Fig.5G). 

The result suggested that clr-1 functions in parallel with sax-7/mnr-1 pathway to control 

primary dendrites development.

To understand which domain of CLR-1 is responsible for primary dendrite development, we 

performed domain analysis using the same constructs mentioned above. The data showed 

that the extracellular domain deletion constructs could rescue 1° dendrite phenotype in the 

double mutants (Fig.6E, F, J). However, intracellular phosphatase D1 domain deletion could 

not rescue the 1° phenotype (Fig.6G, J). Taken together, CLR-1 intracellular phosphatase 

activity is essential for both 1° and 4° dendrite development.
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Discussion

We reported a receptor tyrosine phosphatase CLR-1 acting non-autonomously to control 

PVD dendrite morphogenesis. In clr-1(e1745ts) mutants, PVD 4° dendrite number was 

greatly reduced and a wild type clr-1 genomic fragment fully rescued the PVD phenotypes. 

A transcriptional fusion of Pclr-1::GFP was not detected in PVD, and PVD specific 

expression of CLR-1 could not rescue the PVD dendrite phenotypes, suggestive of the non-

autonomous function of clr-1. Indeed, clr-1 was expressed in the hypodermis and 

hypodermis expression of clr-1 fully rescued the PVD phenotypes, indicative of the non-

autonomous function of clr-1. It has been reported that CLR-1 acts cell-autonomously in 

AVM to inhibit UNC-40 activity (Chang et al., 2004). These results suggest that the 

mechanisms of clr-1 in AVM axon guidance and PVD dendrite development might be 

different.

CLR-1 contains an extracellular region and two intracellular phosphatase domains. The 

extracellular Ig domain and FNIII domains most likely form adhesion interactions with other 

cell adhesion proteins or ligands. Considering the clr-1 mutant phenotype, we suspected that 

CLR-1 might function as an adhesion molecule on the hypodermis to promote dendrite 

growth similar to SAX-7. However, our structure function analyses showed that the Ig or 

FNIII domains were not required for PVD morphology, suggesting that the CLR-1 does not 

function as an adhesion molecule. It is reported that the membrane-proximal phosphatase 

domain (D1) is essential for clr-1 function in vivo, and the membrane-distal phosphatase 

domain (D2) is catalytically inactive (Kokel et al., 1998). Our domain analysis data also 

support this idea. Therefore, we hypothesize that CLR-1 dephosphorylates unidentified 

cytosolic factors in the hypodermis, which is required to promote dendrite formation.

During PVD development, dendritic filopodia form, extend and stabilize to become mature 

dendrite. With time-lapse movies, we showed that the SAX-7 stripes are required for 

filopodia initiation. Interestingly, in clr-1(e1745ts) mutant, the 4° filopodia still initiate from 

the 3° dendrites but cannot further extend or be maintained to form mature 4° dendrites. 

Therefore, hypodermal SAX-7 functions as guidance cue for 4° dendrites initiation and 

hypodermal CLR-1 is responsible for a signal that promotes the growth and maintenance of 

dendritic filopodia.

While the molecular mechanisms of menorah formation have been partially elucidated, little 

is known about the mechanisms that mediate primary dendrite extension. We show that clr-1 
also functions to promote PVD primary dendrite extension in a redundant manner with the 

SAX-7/MNR-1/DMA-1 pathway. Although clr-1(e1745ts) mutant alone did not show 

primary dendrite extension phenotype, clr-1(e1745ts) significantly enhanced the primary 

dendrite truncation phenotype of sax-7(nj48), dma-1(wy686), or mnr-1(wy758). The 

primary dendrite function of clr-1 is also dependent on its intracellular D1 domain but not 

the extracellular domain, suggesting CLR-1 does not form adhesion with PVD primary 

dendrites.

Receptor protein tyrosine phosphatases (RPTR) have been shown functioning in axon 

outgrowth, guidance, and synaptogenesis in cell autonomously in the neurons (Bixby, 2000; 
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Johnson and Van Vactor, 2003). Our results suggest that CLR-1 can also function in non-

neuronal cells to regulate the sensory dendrite development.

Materials and methods

C. elegans strains and genetics

N2 was used as the wild type strain and animals were cultured at 20°C(clr-1(e1745ts) mutant 

and control worms were cultured at 15°C then shifted to 25°C for phenotype analysis) on the 

Escherichia coli OP50 seeded nematode growth medium plates according to a standard 

method (Brenner, 1974). Standard cloning procedure of Clontech In-Fusion PCR Cloning 

System was used. A 4.6kb genomic DNA upstream clr-1 start codon was cloned to the 

pPD95.77 vector to construct the Pclr-1::GFP plasmid. PCR products were polymerized by 

Phusion DNA polymerase (New England Biolabs) or TransStart FastPfu DNA Polymerase 

(Transgen Biotech). All the strains and plasmids used are listed in Table S1 and S2.

Temperature shift assay (TSA)

clr-1(e1745ts) is a temperature sensitive allele and PVDs start to grow dendritic arbors from 

L2 stage. For the temperature shift assay, clr-1(e1745ts) single or double mutants and the 

control worms were cultured at 15°C (permissive temperature). Then animals were shifted to 

25 °C (restrictive temperature) at various stages of development. The animals were then 

allowed to develop in 25°C until adult stage for quantification.

Quantification and statistics

For branches and primary dendrite length quantification, clr-1(e1745ts) animals were shifted 

to 25°C. Young adult stage animals were imaged under 40X or 100X objective on an Axio 

Imager M2 microscope (Carl Zeiss). For the quantification of 4° branch initiation, time lapse 

images of 4° branches were acquired every 5 min for 2h for wild type and clr-1 mutants, 

every 3min for 72min for the sax-7(nj48); Pmec-17::sax-7s strain. For the 4° branch 

outgrowth, we measured the net outgrowth of 4° branch between the start (0 min) and the 

final time point (120min). We compared each image with the preceding time point in the 

same series. De novo filopodia formation events were identified. Statistics analysis was 

performed using either ANOVA followed by a posthoc test, Student's t test or Chi-square test 

for multiple samples.

Fluorescent imaging and time-lapse imaging

After temperature shifts, adult animals were immobilized with 1mg/ml levamisole in M9 

buffer and transferred to a small glass slide or dish, then covered by a 3% (w/v) agar pad. 

Images were acquired using a 40X or 100X objective on a Zeiss Axio Observer Z1 

microscope equipped with an electron-multiplying charge-coupled device camera (Andor), a 

spinning-disk confocal scan head (Yokogawa CSU-X1 Spinning Disk Unit), and the 488- 

and 561 nm lines of a Sapphire CW CDRH USB Laser System. To detect 4° dendrite 

initiation and growth, synchronized late L1 worms (cultured at 15°C) were shifted to 25°C 

and cultured for 20-24h (about early L4 stage). Then, animals with few 4° branches were 

chosen and GFP image near the PVD cell body were acquired every 5 min at 25°C. The time 

lapses recordings typically last for 3 hours.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Receptor tyrosine phosphatase CLR-1 functions in the hypodermis to pattern the 

PVD dendritic branches.

2. CLR-1 is necessary for the dendrite extension but not for the initial filopodia 

formation.

3. CLR-1's function is dependent on the intracellular phosphatase domain but not 

the extracellular adhesion domain.

4. clr-1 functions in parallel with SAX-7/DMA-1 pathway to control PVD primary 

dendrite development.
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Fig. 1. clr-1 functions cell non-autonomously in hypodermis to pattern PVD 4° dendrite branches
A) Schematic drawing of the highly branched PVD dendrite in C. elegans. B–G) Confocal 

images of young adult animals expressing ser-2Prom3::GFP (all the animals were performed 

temperature shift assay except for clr-1(e2530)). Red arrows mark the quaternary dendrites 

and red arrowheads show the ectopic branches. Scale bar is 10μm. H) Quantification of PVD 

4° branch phenotype in wild type, clr-1(e1745), clr-1(e2530), fosmid rescue and tissue-

specific rescue strains. Y-axis is the average ratio of the number of 4° branches / the number 

of 3° branches. I) Quantification of number of PVD menorah in wild type, clr-1(e1745), 
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clr-1(e2530), fosmid rescue and tissue-specific rescue strains. J) Quantification of the 

number of ectopic branches in wild type, clr-1(e1745), clr-1(e2530), fosmid rescue and 

tissue-specific rescue strains. Ectopic branches were identified as short branches ectopically 

extended from primary and secondary branches. Error bars, SEM. NS means not significant, 

***p < 0.001 using ANOVA followed by a posthoc test. n>30 for each genotype. K-M) 

fluorescence images of PVD::mCherry and Pclr-1::GFP. White arrow marks the cell body 

and red arrowhead shows hypodermal region. Scale bar is 10μm.
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Fig. 2. Reduction of PVD 4° branches in clr-1 mutant is not caused by SAX-7/DMA-1 pathway or 
muscle and hypodermal integrity defects
A-B) Confocal images of young adult animals expressing UNC-97::mCherry in muscles in 

wild type and clr-1(e1745) mutant, respectively. C-H) Confocal images of young adult 

animals expressing Pdpy-7::SAX-7s::GFP in hypodermis and PVD::mCherry in wild type 

and clr-1(e1745ts) mutant, respectively. The white arrow marks the SAX-7 stripes and the 

white arrowhead points to the quaternary dendrites. The red arrow marks the SAX-7 stripes 

and the red arrowhead points to the same region where no PVD 4° branches form. I-J) 

Confocal images of young adult animals expressing AJM-1::GFP in wild type and 
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clr-1(e1745ts) mutant, respectively. Red arrows show the fused seam cell boundary with 

hypodermal cell. Scale bar is 10μm.
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Fig. 3. Time-lapse imaging analyses of 4° branches development
A-C) Still images of time-lapse movies obtained from a wild type (upper panel), a 

clr-1(e1745ts) mutant (middle panel), and a sax-7(nj48); Pmec-17::SAX-7s animal (lower 

panel). Numbers on each picture represent time (minutes) when the image was taken. Red 

arrows mark the 3° branches and red arrowheads indicate the growing 4° branches. Scale bar 

is 10μm. D) Quantification of the number of 4° branches initiation. E) Quantification of 4° 

branches net growth in 2h in a visual filed near the cell body. Error bars, SEM. NS means 

not significant, ***p < 0.001 using ANOVA followed by a posthoc test. n>9 for each 
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genotype. F-J) Confocal images of wild type or clr-1(e1745ts) young adult animals shifted 

from 15°C to 25°C at L2, L3, L4, young adult stage. K) Quantification of PVD 4° branches 

phenotype in wild type, and clr-1(e1745) shifted at L2, L3, L4, young adult stage. Y-axis is 

the average ratio of the number of 4° branches/the number of 3° branches. I) Quantification 

of the number of menorah in wild type and clr-1(e1745) shifted at L2, L3, L4, young adult 

stage. J) Quantification of PVD ectopic branches in wild type and clr-1(e1745) shifted at L2, 

L3, L4, young adult stage. Error bars, SEM. NS means not significant, ***p < 0.001 and **p 

< 0.01 using ANOVA followed by a posthoc test. n>30 for each genotype.
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Fig. 4. Intracellular phosphatase D1 domain is essential for clr-1's function in PVD dendrite 
morphogenesis
A) Schematic picture of CLR-1 protein domain and various deletion mutants. B-I) Confocal 

images of young adult clr-1(e1745) and various rescue strains in ser-2Prom3::GFP. Red 

arrows indicate the quaternary dendrites and red arrowheads indicate the ectopic branches. 

Scale bar is 10μm. J) Quantification of PVD 4° branch phenotype in clr-1(e1745ts) and 

various transgenic lines expressing different truncation constructs. Y-axis is the average ratio 

of the number of 4° branches / the number of 3° branches. K) Quantification of PVD 

menorah number in clr-1(e1745ts) and strains expressing various truncation constructs. L) 
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Quantification of the number of ectopic branches in clr-1(e1745) and strains expressing 

various truncation constructs. Error bars, SEM. NS means not significant, ***p < 0.001 

using ANOVA followed by a posthoc test. n>30 for each genotype.
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Fig. 5. clr-1 functions redundantly with the SAX-7/MNR-1 pathway to control PVD 1° branch 
extension
A-F) Confocal images of young adult mutant animals expressing ser-2Prom3::GFP. Red 

arrows indicate the primary dendrites and red arrowheads point to cell bodies. Scale bar is 

10μm. G) Quantification of primary dendrite length in wild type and different mutant 

backgrounds. “> half” means the length is greater than a half of a normal length of a PVD 

primary dendrite. “< half” means the length is less than a half of a normal length of a PVD 

primary dendrite. ***p < 0.001 by Chi-square test for multiple samples. n>30 for each 

genotype.
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Fig. 6. clr-1's function in PVD 1° dendrite extension is dependent on the intracellular 
phosphatase D1 domain
A-I) Confocal images of young adult mutant animals expressing ser-2Prom3::GFP. Red 

arrows indicate the primary dendrites and red arrowheads points to cell bodies. Scale bar is 

10μm. J) Quantification of the rescuing activity of various constructs in sax-7(nj48); 

clr-1(e1745ts) mutation background. “> half” means the length is greater than a half of a 

normal length of a PVD primary dendrite. “< half” means the length is less than a half of a 
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normal length of a PVD primary dendrite. *p < 0.05, ***p < 0.001 by Chi-square test for 

multiple samples. n>30 for each genotype.
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