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ABSTRACT 13 

Nervous system function relies on precise synaptic connections. A number of widely-14 

conserved cell adhesion proteins are implicated in cell recognition between synaptic partners, 15 

but how these proteins act as a group to specify a complex neural network is poorly 16 

understood. Taking advantage of known connectivity in C. elegans, we identified and studied 17 

cell adhesion genes expressed in three interacting neurons in the mating circuits of the adult 18 

male. Two interacting pairs of cell surface proteins independently promote fasciculation 19 

between sensory neuron HOA and its postsynaptic target interneuron AVG: BAM-2/neurexin-20 

related in HOA binds to CASY-1/calsyntenin in AVG; SAX-7/L1CAM in sensory neuron 21 

PHC binds to RIG-6/contactin in AVG. A third, basal pathway results in considerable HOA-22 

AVG fasciculation and synapse formation in the absence of the other two. The features of this 23 

multiplexed mechanism help to explain how complex connectivity is encoded and robustly 24 

established during nervous system development.  25 
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INTRODUCTION 27 

A cardinal feature of the nervous system is its massively large number of specifically 28 

connected cells. The effort to reconstruct synaptic connectivity in the nervous system of the 29 

nematode Caenorhabditis elegans was undertaken in part to study the genetic specification of 30 

nervous system structure (Brenner, 1974). One central component of this process must 31 

consist of a molecular mechanism during development of synapses for specific cell-cell 32 

recognition. Knowledge of the complete connectome places certain requirements and 33 

constraints on the possible nature of such a mechanism (Durbin, 1987; Emmons, 2016; Jarrell 34 

et al., 2012; White, 1985; White et al., 1983; White et al., 1986). As one example, even in this 35 

small (<400 neurons) nervous system, which comprises a sparse neural network, the number 36 

of different chemically and electrically coupled cell pairs is large, over 6,000. It is therefore 37 

likely that a combinatorial mechanism of some kind is necessary to encode this complexity 38 

with a reasonable number of genes. 39 

The mechanism has long been thought to depend on the molecular selectivity of 40 

ligand-receptor interactions between cell surface proteins (Sperry, 1963). In C. elegans, each 41 

neuron connects to multiple (10 or more) other cells — neurons, muscles, and other end 42 

organs. Since these sets of target cells intersect, each cell must express multiple such 43 

recognition molecules, a different set defining each cell type. The cellular architecture of the 44 

nervous system is reproducible, with each neuron process running in a small number of 45 

conserved neighborhoods, where it makes en passant chemical and gap junction synapses. As 46 

a neuron can only synapse onto a cell with which it is in contact, cell recognition events 47 

establishing and stabilizing neighborhoods likely play an important role in specifying the 48 

connectome (White, 1985; White et al., 1983). 49 

Quantitative analysis showed the strengths of the connections made to different 50 
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targets varies continuously over a wide range (Jarrell et al., 2012). This suggests a mechanism 51 

that allows for a genetically-specified probability of synapse formation for each pair of cell 52 

types. One way to achieve this would be to employ multiple, parallel, pathways acting 53 

additively. A multiply over-determined system allows both for robustness and evolvability. It 54 

may explain why the overall mechanism remains obscure in spite of decades of forward 55 

genetic screens focused on the nervous system and behavior. Multiple additive signals might 56 

also account for another feature of the C. elegans nervous system, the prevalence of polyadic 57 

chemical synapses (69% in hermaphrodites and 66% in males). These might be accounted for 58 

if coincident signals from several appropriate postsynaptic target cells increase the probability 59 

of presynapse formation. Prior studies in C. elegans have implicated interactions with local, 60 

albeit non-neuronal, cells in increasing the probability of synapse formation (Colón-Ramos et 61 

al., 2007; Shen and Bargmann, 2003). 62 

The C. elegans genome contains 106 genes encoding transmembrane or secreted 63 

proteins with extracellular protein interaction domains — a structure expected for neural cell-64 

surface recognition molecules (Hobert, 2013). Many of these presumptive cell adhesion 65 

genes are conserved in higher animals and their counterparts have been shown to be involved 66 

in synapse formation or stabilization (de Wit and Ghosh, 2016).  67 

We initiated our study by determining the expression of this set of 106 genes in the 68 

neurons and muscles of the neural network for male mating behavior (in preparation). Based 69 

on this expression analysis, here we have analyzed the functions of the cell adhesion genes 70 

expressed by a male-specific sensory neuron (HOA) and two of its postsynaptic targets, a 71 

sex-shared interneuron (AVG) and a pair of sex-shared sensory neurons (PHCL and PHCR). 72 

The neurons make up a part of the circuits for copulatory behavior in the male tail and are 73 

necessary for normal male copulatory behavior (Jarrell et al., 2012; Liu and Sternberg, 1995). 74 
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We find that the mechanism promoting connectivity of HOA to AVG has precisely the 75 

properties proposed above. The neurons express multiple cell adhesion genes. Interactions 76 

between a subset of these, two pairs of conserved cell adhesion genes, act together with a 77 

basal pathway in three independent pathways that function additively to promote 78 

fasciculation of the three neurons, leading to synapse formation. 79 

  80 
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RESULTS 81 

Two cell adhesion genes, casy-1 and rig-6, are required for patterning of a synaptic 82 

vesicle protein and axon fasciculation 83 

For in-depth analysis of circuit formation, we focused on a male-specific circuit that consists 84 

of a male-specific sensory neuron, HOA, a sex-shared sensory/interneuron, PHC (a left/right 85 

pair of neurons, PHCL and PHCR), and a sex-shared interneuron, AVG (Figure 1A). This 86 

circuit has two properties: (1) the axons of the three neurons are highly associated with each 87 

other to make a bundle within the male pre-anal ganglion (Figure 1B and C); (2) in this 88 

region, the HOA axon forms en passant dyadic chemical synapses onto AVG and PHC 89 

(Figure 1B and D). (In one animal reconstructed by electron microscopy, there are 44 90 

synapses with AVG and 46 synapses with PHC (Supplementary File 1).) Outside of this 91 

region, HOA has many other synaptic targets including male-specific neurons, PVZ, PCA, 92 

and some ray sensory neurons (WormWiring: http://wormwiring.org). 93 

 AVG, which is mostly postsynaptic to the other neurons, expressed three neural cell 94 

adhesion genes in our expression dataset, casy-1, rig-6, and sax-3 (Figure 1E). To test 95 

whether these genes function for circuit formation, we visualized HOA synaptic output using 96 

a fluorescently tagged protein of presynaptic vesicles, mCherry::RAB-3, as a proxy for 97 

synaptic connections between HOA and AVG (Figure 1–figure supplement 1) and examined 98 

the effects of mutations on the distribution of the presynaptic puncta. We used null mutant 99 

alleles, casy-1(tm718), rig-6(gk438569) and sax-3(ky123), and a hypomorphic rig-6(ok1589) 100 

allele, which is predicted to affect three out of four isoforms of RIG-6. (Throughout the paper 101 

the hypomorph was used because of its ease of genetics. Its phenotype is the same as the null.) 102 

In wild type, multiple RAB-3 puncta were evenly spaced throughout the HOA process 103 

(Figure 1F). All mutations disrupted normal puncta distribution: mutants for casy-1 and rig-6 104 
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often exhibited gaps containing less or smaller puncta, whereas in mutants lacking sax-3, the 105 

number of RAB-3 puncta was increased due to extra branching of the HOA axon (Figure 1F 106 

and G, and Figure 1–figure supplements 2 and 3). SAX-3/Robo is a transmembrane protein 107 

with immunoglobulin (Ig) domains and is known to function in axon guidance of multiple 108 

types of neurons (Zallen et al., 1999). Thus it is likely that the extra branching phenotype we 109 

observed is one of the axon guidance defects in sax-3 mutants, which we do not pursue 110 

further here. 111 

 GPI-anchored RIG-6/contactin belongs to the Ig superfamily and its loss leads to 112 

axon guidance defects of sensory and motorneurons in C. elegans (Katidou et al., 2013). 113 

CASY-1/calsyntenin is a cadherin domain-containing transmembrane protein. One of its 114 

mammalian homologs, calsyntenin-3, has been shown to induce in vitro presynapse 115 

differentiation when overexpressed postsynaptically (Pettem et al., 2013). As cell contact may 116 

be necessary for synapse formation, it was possible that the gap phenotype we observed in 117 

casy-1 and rig-6 mutants originated from defasciculation of HOA from its target axons. To 118 

test this possibility, we examined axon fasciculation between HOA and AVG, along with the 119 

HOA presynaptic puncta distribution in the mutants. Indeed, in casy-1 and rig-6 mutants, the 120 

HOA and AVG axons were frequently detached from each other (Figure 1H and I). Moreover, 121 

the axonal segments of HOA detached from AVG had smaller and fewer presynaptic puncta 122 

than those contacting AVG (Figure 1H, J and K). This phenotypic association of axon 123 

fasciculation and presynaptic pattern was not due to mutational effects, because in wild type 124 

animals we also observed, even though rarely, that detached axon segments contained smaller 125 

and fewer puncta (Figure 1J and K). Therefore, the HOA presynapse puncta pattern is tightly 126 

associated with contacts between HOA and AVG axons, and the gap phenotype we observed 127 

in mCherry::RAB-3 labeled presynaptic structures originates most likely from frequent HOA-128 
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AVG defasciculation in mutant animals. 129 

 To further examine axon fasciculation among the three associated neurons, HOA, 130 

AVG and PHC, in casy-1 and rig-6 mutants, we generated transgenic animals whose neurons 131 

were labeled with mCherry, TagBFP and GFP, respectively (Figure 2A). We found that the 132 

axon fasciculation defects of casy-1 and rig-6 mutants were distinguishable from each other: 133 

in mutants lacking casy-1, the HOA axon was frequently detached from the PHC-AVG axon 134 

bundle (Figure 2B and E), whereas in rig-6 mutants (either ok1589 or gk438569), both HOA 135 

and PHC axons were detached from AVG, but the fasciculation of HOA and PHC was not 136 

affected (Figure 2C and E, and Figure 2–figure supplement 1). The double mutants of casy-1 137 

and rig-6 showed an additive phenotype, in which all three axons were disassociated (Figure 138 

2D and E). Taken together, the results indicate that casy-1 and rig-6 are required for proper 139 

wiring of the HOA-AVG-PHC circuit, but may function differently to achieve this goal. 140 

 141 

Axon fasciculation of HOA and AVG is promoted by PHC 142 

As axon outgrowth and fasciculation are developmental processes, it is possible that the axon 143 

fasciculation defects we observed in mutants are affected by developmental timing of axon 144 

generation. Therefore we observed axon extension of the three neurons during male 145 

development. AVG grows its axon in the embryo and pioneers the right tract of the ventral 146 

nerve cord (Durbin, 1987). During the fourth larval stage (L4), in males but not 147 

hermaphrodites, PHC extends a process that follows along the axon of AVG (Figure 2F). 148 

Later, during the L4-adult transition, HOA extends its axon along the PHC-AVG bundle 149 

(Figure 2F). Thus, it is possible that axonal contact between HOA and AVG is promoted by 150 

PHC. 151 

 To test this possibility, we ablated PHC or HOA and examined axon fasciculation of 152 
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the remaining neurons. When PHC was ablated, axonal contact between HOA and AVG was 153 

compromised, showing a fasciculation defect similar to that observed in casy-1 and rig-6 154 

mutants (Figure 2G and H). However, PHC-AVG axonal contact was not affected by HOA 155 

ablation (Figure 2G and H). These results suggest there is an affinity between HOA and PHC 156 

and raise the possibility that in rig-6 mutants, the primary defect is loss of adhesion between 157 

PHC and AVG, while HOA separates from AVG because of adhesion to PHC. 158 

 159 

CASY-1 and RIG-6 act in postsynaptic AVG for axon fasciculation 160 

Next, we determined where CASY-1 and RIG-6 act to mediate axon fasciculation. Cell-161 

specific rescue experiments showed that full-length casy-1 cDNA expressed in postsynaptic 162 

AVG, but not presynaptic HOA or PHC, rescued axon fasciculation defects in casy-1 mutants 163 

(Figure 3A). Similarly, only rig-6 cDNA expression in AVG rescued fasciculation defects of 164 

rig-6 mutants (Figure 3B). These results are consistent with the exclusive expression of casy-165 

1 and rig-6 genes in AVG as assessed by transcriptional reporters (Figure 1E). 166 

 The axon bundle and extensive synaptic connections among HOA-AVG-PHC are 167 

male-specific and not observed in hermaphrodites (WormWiring: http://wormwiring.org). 168 

This raised the possibility that casy-1 and rig-6 are male-specifically expressed in AVG to 169 

mediate circuit formation. However, we found that transcriptional reporters for these genes 170 

are expressed in AVG in both sexes (Figure 3–figure supplement 1). We then examined 171 

protein expression in AVG using transgenic animals with YFP-tagged cDNAs. These animals 172 

also showed no obvious sex-biased expression (data not shown). In L4 males, right before 173 

synapse formation among HOA-AVG-PHC, CASY-1::YFP localized throughout the AVG 174 

axon including at potential synaptic sites in the pre-anal ganglion as well as in the anterior 175 

cell body (nucleus and cytoplasm) (Figure 3C). YFP::RIG-6 also localized to the axon, but in 176 
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the cell body was mainly cytoplasmic (Figure 3D). Taken together, both CASY-1 and RIG-6 177 

function in postsynaptic AVG, possibly by transmembrane adhesion activity of axonally 178 

localized proteins, to make an axon fascicle with the presynaptic neurons. 179 

 180 

Extracellular domains required for CASY-1 and RIG-6 function 181 

To gain insight into the functional domains and binding partners of CASY-1 and RIG-6, we 182 

generated transgenic animals containing a series of deletion constructs for the extracellular 183 

domains of the two proteins and tested them for axon fasciculation. CASY-1 contains two 184 

cadherin domains and a Laminin, Neurexin, Sex hormone-binding globulin (LNS) domain in 185 

its extracellular region (Figure 4A). The full-length (Full) or two cadherin domains-deleted 186 

(ΔCads) transgene rescued the fasciculation defect of casy-1 mutants. However, the LNS 187 

domain-deleted (ΔLNS) or all extracellular domains-deleted (ΔNt) transgene failed to rescue 188 

the defect (Figure 4A and B). Thus, the LNS domain of CASY-1 is essential for axon 189 

fasciculation, but the cadherin domains are dispensable for this function. 190 

 RIG-6 has six Ig domains and four fibronectin type III (FN[III]) domains in its 191 

extracellular region (Figure 4C). The full-length (Full) or four FN[III] domains-deleted 192 

(ΔFN[III]) transgene rescued the fasciculation defect of rig-6 mutants, whereas Ig domains-193 

deleted (Δ1-3Ig and Δ4-6Ig) transgenes could not (Figure 4C and D), indicating that the Ig 194 

domains of RIG-6 are required for axon fasciculation. Taken together, these results suggest 195 

that the LNS domain of CASY-1 and the Ig domains of RIG-6 are functionally responsible 196 

for axon fasciculation possibly by acting as the binding sites for trans-interacting partners. 197 

 198 

Neurexin-related BAM-2 is a presynaptic binding partner of CASY-1 199 
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Our finding of HOA-AVG axon defasciculation in casy-1 mutants (Figure 2) suggests that a 200 

presynaptic binding partner may reside in HOA to interact with CASY-1 expressed by AVG. 201 

To identify such adhesion factors, we examined mutants for the cell adhesion genes expressed 202 

in HOA for defects in HOA presynaptic puncta. Among null mutants for the five genes 203 

expressed in HOA in our expression dataset (Figure 1E), bam-2(cy6) mutants were identified 204 

as showing a gap phenotype similar to the casy-1 mutant defect (Figure 5A and B, and Figure 205 

5–figure supplement 1). 206 

BAM-2 is a neurexin-related transmembrane protein that regulates axonal branch 207 

extension of hermaphrodite-specific VC ventral cord motorneurons in C. elegans (Colavita 208 

and Tessier-Lavigne, 2003). In a previous study, an interacting partner of a CASY-1 homolog, 209 

calsyntenin-3, was shown to be α-neurexin, raising the possibility that BAM-2 is a 210 

presynaptic binding partner of CASY-1 (Pettem et al., 2013). Animals lacking bam-2 showed 211 

axon fasciculation defect similar to the phenotype of casy-1 mutants (Figure 5C and D). 212 

Double mutation of casy-1 and bam-2 did not enhance the axon fasciculation defect, 213 

suggesting that these genes act in the same genetic pathway (Figure 5C and D). Cell-specific 214 

rescue showed that full-length bam-2 cDNA expressed in HOA, but not PHC, rescued axon 215 

fasciculation defects in bam-2 mutants, consistent with the selective expression of bam-2 in 216 

HOA (Figure 5E). Finally, we tested protein interaction of CASY-1 and BAM-2 in a co-217 

immunoprecipitation assay and found that Flag-tagged CASY-1 binds to V5-tagged BAM-2 218 

(Figure 5F). In contrast, NRX-1, a canonical neurexin protein in C. elegans, did not bind to 219 

CASY-1 (Figure 5–figure supplement 2). These results suggest that BAM-2 is a functional 220 

presynaptic binding partner of CASY-1 for axon fasciculation. 221 

 222 

A short isoform of SAX-7/L1CAM is a presynaptic binding partner of RIG-6 223 
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The rig-6 mutant axon fasciculation phenotype together with the PHC ablation result (Figure 224 

2) suggest that a binding partner may function in PHC to interact with RIG-6 acting in AVG. 225 

Accordingly, we examined HOA presynaptic puncta in null mutants for the five cell adhesion 226 

genes expressed in PHC and found sax-7(nj48) showed the gap phenotype (Figure 6A and B, 227 

and Figure 5–figure supplement 1). 228 

 SAX-7/L1CAM, a transmembrane protein with six Ig and five FN[III] domains in its 229 

extracellular region, is required in C. elegans for maintenance of neuronal position including 230 

the cell body and axon (Zallen et al., 1999; Sasakura et al., 2005; Pocock et al., 2008). It has 231 

two isoforms – a long form with six Ig domains (SAX-7L) and a short form with four Ig 232 

domains (SAX-7S), where SAX-7S is shown to have more adhesive activity for cellular 233 

contact (Sasakura et al., 2005; Pocock et al., 2008). Some of the L1 family proteins including 234 

L1CAM are known to interact in trans with the RIG-6 ortholog contactin (reviewed in 235 

Shimoda and Watanabe, 2009). Several lines of evidence suggest that SAX-7S is a trans-236 

binding partner of RIG-6 for axon fasciculation. First, in sax-7(nj48) mutants, the HOA and 237 

PHC axons were detached from AVG, but the HOA-PHC fasciculation was intact, which is 238 

similar to the phenotype of rig-6 mutants (Figure 6C and D). Second, the double mutant 239 

phenotype of rig-6;sax-7 animals was similar to that of rig-6 or sax-7 single mutants, 240 

suggesting that they act genetically in the same pathway (Figure 6C and D). Third, in cell-241 

specific rescue experiments, the short form SAX-7S expressed in PHC, but not in HOA, 242 

rescued axon fasciculation defects in sax-7 mutants, whereas SAX-7L failed to rescue both in 243 

PHC and HOA (Figure 6E). This result is also consistent with the selective expression of sax-244 

7 in PHC (Figure 1E). sax-7 was expressed in PHC in both sexes (data not shown). Finally, 245 

co-immunoprecipitation assay showed that Flag-tagged RIG-6 binds to V5-tagged SAX-7S 246 

(Figure 6F). 247 
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 We observed above that PHC ablation disrupted the HOA-AVG axon fascicle (Figure 248 

2G and H). We asked whether the loss of PHC could be compensated by restoring the 249 

interaction of SAX-7S with RIG-6 through expression of SAX-7S in HOA. Indeed, we found 250 

that the ectopic expression of SAX-7S in HOA rescued the fasciculation defects caused by 251 

PHC ablation (Figure 6G and H). Moreover, a similar rescuing effect was observed in a casy-252 

1 mutant, but not in a rig-6 mutant (Figure 6G and H), further supporting the conclusion that 253 

SAX-7S binds to RIG-6 and this binding mediates axon fasciculation. 254 

 255 

Cell adhesion gene function is required for male behavior 256 

What are the behavioral consequences of the connectivity defects in the circuit described 257 

above? The C. elegans male displays a stereotyped behavioral sequence during mating: it 258 

responds to contact with the hermaphrodite, backs with its tail pressed along the 259 

hermaphrodite body, turns at the end to the opposite side, locates its tail at the vulva, and 260 

inserts its copulatory spicules for insemination (Liu and Sternberg, 1995). The male-specific 261 

HOA sensory neuron is required for the vulva location step of this sequence (Liu and 262 

Sternberg, 1995). Recently, it has been found that genetic or laser ablation of AVG or PHC 263 

also leads to defects in vulva location (Oren-Suissa et al., 2016; Serrano-Saiz et al., 2017). 264 

Thus, we anticipated that the cell adhesion genes required for the HOA-AVG-PHC circuit 265 

might affect the vulva location behavior of the male. We examined mating behavior of mutant 266 

males for casy-1, rig-6, bam-2, and sax-7, and all exhibited vulva location defects (Figure 267 

7A). Double mutants (casy-1;rig-6, casy-1;bam-2, and rig-6;sax-7) also showed similar 268 

behavioral defects (Figure 7A). These defects appear to be specific to the vulva location step, 269 

since the male’s ability to respond to hermaphrodite contact, the first step of the sequence, 270 

was not affected, with the exception of the sax-7 mutation (Figure 7B). sax-7 is thought to 271 
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mediate multiple aspects of nervous system function including axon guidance, neuronal 272 

positioning, and dendrite development (Zallen et al., 1999; Sasakura et al., 2005; Pocock et 273 

al., 2008; Dong et al., 2013; Salzberg et al., 2013). In our expression analysis, sax-7 was also 274 

expressed in some of the ray sensory neurons that are known to function in the response step 275 

(data not shown), raising the possibility that sax-7 function in ray neurons is required for the 276 

response behavior. Taken together, these results suggest that the cell adhesion proteins 277 

described above regulate male mating behavior by mediating the formation of a normally 278 

responsive sensory circuit. 279 

  280 
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DISCUSSION 281 

The specification of HOA > AVG connectivity 282 

We studied requirements for chemical synapse formation between the male-specific sensory 283 

neuron HOA and the sex-shared interneuron AVG. We found that three independent pathways 284 

promote this connectivity. One involves interactions between cell surface proteins on the 285 

processes of HOA and AVG. A second involves another sensory neuron that is also 286 

postsynaptic to HOA, PHC, and interactions between cell surface proteins on PHC and AVG. 287 

A third pathway we did not identify by itself gives an approximately 50% level of 288 

fasciculation and synapse formation between HOA and AVG (Figure 8). Synapse formation 289 

between HOA and AVG takes place during the late period of the last, L4, larval stage, when 290 

HOA sends out a process along AVG. PHC grows a process fasciculated to AVG before HOA. 291 

The role of PHC in promoting HOA fasciculation to AVG is explained by an interaction 292 

between HOA and PHC, the molecular basis of which remains to be identified. 293 

The involvement of a third cell such as PHC in promoting synapse formation appears 294 

to be a recurring mechanism in C. elegans. Epithelial cells of the vulva promote formation of 295 

neuromuscular junctions between the HSN motor neuron and vulval muscles (Shen and 296 

Bargmann, 2003). The interaction involves binding between Ig-domain cell adhesion 297 

molecules SYG-2, expressed by the epithelium, and SYG-1, expressed by HSN (Özkan et al., 298 

2014; Shen et al., 2004). Glial cells promote connection between AIY and RIA interneurons 299 

through the UNC-6/netrin pathway (Colón-Ramos et al., 2007). The combined involvement 300 

of more than two cells may be a significant way that a combinatorial complexity can be 301 

introduced into the mechanism of synaptic specificity.  302 

The features of HOA > AVG connectivity we describe are in remarkable consonance 303 

with the features predicted in view of the complexity of the connectome and the structure of 304 
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the nervous system. Each cell expresses multiple cell adhesion proteins. A subset of these are 305 

involved in formation of one particular synaptic connection. The cell adhesion proteins 306 

promote fasciculation, creating an extended neighborhood within which the neurons construct 307 

en passant synapses. Multiple pathways act independently and additively to create the wild 308 

type level of connectivity. We speculate that the pathway that can give rise to a 50% of wild 309 

type level of fasciculation even in the absence of the cell adhesion proteins we identified 310 

could be the cell lineage itself, which places cells at reproducible locations with reproducible 311 

sets of neighbors. As pointed out previously, unless a cell migrates away from its site of birth, 312 

it has a limited number of choices for process neighborhoods (White, 1985; White et al., 313 

1983). Involvement of a third cell means lineage specification of that cell also contributes to 314 

specifying connectivity. 315 

These features, which help to explain how the complex connectivity can be 316 

genetically encoded and robustly established, also explain why, in spite of decades of studies 317 

and analysis of thousands of mutations affecting the C. elegans nervous system and its 318 

behavior, the problem of overall specification of the connectome remains opaque. For 319 

connection of HOA to AVG, simultaneous removal of two sets of adhesion protein 320 

interactions reduces the level of fasciculation and hence synapse formation by only 50%. It is 321 

perhaps telling that some of the earliest uncoordinated mutations identified in C. elegans, 322 

which define the UNC-6/netrin guidance pathway and do in fact affect connectivity, affect 323 

cells that do not run in defined neighborhoods (Brenner, 1973; Hedgecock et al., 1990). Apart 324 

from these and some additional effects, in spite of the global role in guidance played by the 325 

UNC-6/netrin pathway, in UNC-6/netrin pathway mutants the nervous system remains intact 326 

and generally functional. Mutations in other widely-expressed genes for conserved pathways, 327 

such as the neurexin/neuroligin interaction and Slit/Robo signaling, have only mild effects on 328 
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worm behavior. The nervous system is clearly a robust structure that is based on extensive 329 

genetic redundancy.  330 

We surmounted this obstacle here by taking a candidate gene approach based on a 331 

comprehensive expression study. Two similar studies in C. elegans based on identifying the 332 

expression patterns of Ig-domain transmembrane protein genes followed by examination of 333 

mutants found similar axon guidance and fasciculation defects, including additive effects of 334 

multiple mutations, similar to the results described here (Aurelio et al., 2002; Schwarz et al., 335 

2009). This approach may be more efficacious than forward genetics for deciphering the 336 

genetic code for nervous system connectivity. 337 

 338 

Synapse formation 339 

For extensively-fasciculated neurons that communicate through en passant synapses, the 340 

problem of where to locate presynaptic structures must be solved. EM reconstruction shows 341 

that in one individual, HOA was fasciculated with AVG over 30 microns. In the fasciculated 342 

region 46 presynaptic densities occur in 11 clusters relatively evenly spaced at intervals 343 

averaging 1.7 microns (Supplementary File 1). They occur at swellings in the HOA process 344 

that contained a mitochondrion. These swellings could be observed with a cytoplasmic 345 

marker (Figure 1H). What determines where these swellings, mitochondria, and presynaptic 346 

structures are located along the process? 347 

We employed a fluorescently tagged protein of presynaptic vesicles, mCherry::RAB-3, 348 

to observe presynaptic structures. Absence of mCherry::RAB-3 puncta suggests that 349 

components of the presynaptic structure necessary to recruit synaptic vesicles are not 350 

assembled at discrete membrane locations. The formation of mCherry::RAB-3 puncta within 351 

HOA correlated with apparent fasciculation with AVG and required AVG contact, since in 352 
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wild type they were absent or reduced in rare regions of process separation. For recruitment 353 

of presynaptic components, the contact signal did not require the cell adhesion genes 354 

involved in fasciculation, since in the mutants for these genes, puncta appeared normal in 355 

regions of contact (Figure 1). Of the 13 genes we examined, oig-1 and oig-8 may be 356 

necessary for the formation of puncta, because the mutants lacking them exhibited diffused 357 

puncta pattern (Figure 5–figure supplement 1). This diffused puncta phenotype is similar to 358 

that of animals lacking SYD-2/Liprin-α, which functions in formation of the presynaptic 359 

active zone (Zhen and Jin, 1999), suggesting that oig-1 and oig-8 may be involved in 360 

organizing presynaptic structures. The identity of the contact signal and how it triggers 361 

assembly of presynaptic materials remains elusive. 362 

 363 

Functional conservation of cell adhesion protein interactions in synaptic partner 364 

recognition 365 

We found that the cell adhesion genes required for promoting fasciculation between HOA and 366 

AVG are homologs of genes that have been shown to be involved in axon outgrowth and 367 

synapse formation in mammals. A similar finding has been made in wide-ranging prior 368 

studies of the C. elegans nervous system. Just as so much else of the molecular architecture 369 

of the nervous system is conserved across animals, so too, it appears, are the molecular tools 370 

that establish synaptic connectivity (Bargmann, 1998). Yet unlike many other aspects of 371 

neural function, such as the mechanisms underlying cellular electrical properties or synaptic 372 

transmission, connectivity differs profoundly from species to species and accounts for each 373 

species’ repertoire of behaviors. The resolution of this apparent paradox, of course, is the 374 

employment of these generic cell-recognition and adhesion tools with different combinations 375 
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in different places. The process is analogous to the specification of diverse cell types by a 376 

conserved set of transcription factors. 377 

Our results show that CASY-1/calsyntenin binds to BAM-2/neurexin-related in trans 378 

to promote axon-axon adhesion. A similar protein interaction between calsyntenin-3 and α-379 

neurexin has been shown to regulate synapse formation in mammals (Pettem et al., 2013). In 380 

addition, through domain analysis of CASY-1, we identified the LNS domain, but not the 381 

cadherin domains, is required for axon fasciculation, suggesting that the LNS domain may 382 

serve as a binding site for BAM-2 (Figure 4). A biochemical study has shown that the LNS 383 

domain of calsyntenin-3 alone is sufficient to bind α-neurexin (Lu et al., 2014). Interestingly, 384 

in contrast to CASY-1-BAM-2 interaction, we could not observe protein binding between 385 

CASY-1 and NRX-1 (a canonical neurexin in C. elegans) in the same experimental condition 386 

(Figure 5–figure supplement 2). This suggests that in C. elegans BAM-2 may exist as a 387 

related but diverged form of neurexin to act as a functional binding partner of CASY-388 

1/calsyntenin. The conserved function of CASY-1/calsyntenin-BAM-2/neurexin-related 389 

interaction in neural adhesion and synapse formation seems to be maintained throughout 390 

evolution. 391 

 Like CASY-1-BAM-2 interaction, protein binding between RIG-6/contactin and 392 

SAX-7/L1CAM appears to be molecularly and functionally conserved. A number of protein 393 

interactions between contactins (six members: contactin-1-6) and L1 family proteins (four 394 

members: L1, CHL1, neurofascin and NrCAM) have been found in vertebrates (Shimoda and 395 

Watanabe, 2009; Gennarini et al., 2016). Trans-interactions between these proteins are 396 

thought to mediate axon outgrowth via contactin-2 binding to L1 or NrCAM (Kuhn et al., 397 

1991; Stoeckli et al., 1997) and synapse formation via a putative interaction between 398 

contactin-5 and NrCAM (Ashrafi et al., 2014). Our domain analysis of RIG-6 indicates that 399 
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the extracellular Ig domains, but not the FN[III] domains, are required for axon fasciculation, 400 

suggesting that RIG-6-SAX-7 interaction might be mediated via the Ig domains (Figure 4). 401 

Recent studies have revealed the importance of interactions between Ig domains in cell-cell 402 

recognition (Özkan et al., 2013, 2014; Carrillo et al., 2015). Thus, it is possible that the Ig 403 

domains of RIG-6 interact directly with the Ig domains of SAX-7 to achieve adhesive 404 

function. 405 

 406 

Implications for neuropsychiatric disorders 407 

There is evidence for each of the four cell adhesion genes described in this study and their 408 

related or homologous genes that alterations affecting them are implicated in behavioral 409 

deficits or neuropsychiatric disorders. These include: 1) CASY-1/calsyntenin: expression 410 

level of calsyntenin-1 or -3 was altered in the human brain or mouse model of Alzheimer’s 411 

disease (Uchida et al., 2011; Vagnoni et al., 2012). 2) RIG-6/contactin: loss of contactin-4 412 

altered axon-target specificity in a visual circuit of mice and relevant behavior (Osterhout et 413 

al., 2015); some of contactins (contactin-4-6) are genetically implicated in autism and other 414 

mental disorders (Oguro-Ando et al., 2016). 3) BAM-2/neurexin-related: neurexin is a well-415 

known neural adhesion protein involved in autism and other cognitive diseases (Südhof, 416 

2008). 4) SAX-7/L1CAM: L1 mutations are associated with diverse neurological defects and 417 

mental retardation (Fransen et al., 1997). In our behavioral assays, loss of these adhesion 418 

factors disrupted vulva location behavior during male mating (Figure 7). Furthermore, we 419 

have shown that these proteins are required for formation of the corresponding sensory circuit. 420 

We propose that the cell adhesion proteins may contribute to behavioral performance, in part, 421 

through their adhesive functions in circuit assembly.  422 

  423 
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MATERIALS AND METHODS 424 

C. elegans strains, molecular cloning and transgenes 425 

All strains were maintained according to standard methods (Brenner, 1974). him-5(e1490) 426 

worms were used as reference strains to generate worm populations containing large numbers 427 

of males. Worms were grown at 20°C on standard nematode growth media (NGM) plates 428 

with OP50 E. coli as a food source. Mutant alleles used in this study are casy-1(tm718) II, 429 

rig-6(ok1589) II, rig-6(gk438569) II, sax-3(ky123) X, bam-2(cy6) I, sax-7(nj48) IV, igcm-430 

1(ok711) X, nlg-1(ok259) X, oig-8(gk867223) II, oig-1(ok1687) III, lat-1(ok1465) II, ncam-431 

1(hd49) X, wrk-1(ok695) X, zig-1(ok784) II, nrx-1(ok1649) V, nrx-1(wy778) V, and unc-432 

31(e169) IV. 433 

Information on transgenic strains and DNA constructs used to generate transgenic 434 

animals is in Supplementary File 2. 435 

 436 

Analysis of electron micrograph 437 

Electron micrograph images of N2Y series for adult male tail were analyzed using Elegance 438 

software (Xu et al., 2013). The analyzed sections in this study are from section #13836 (the 439 

anterior ends of the PHC axons) to section #14249 (the start point of the anteriorly-oriented 440 

HOA axon, which is right after the end point of the PCA axons). For Figure 1B, the image of 441 

section #14160 was used. Information on the section numbers, morphology of neurons, 442 

synaptic connectivity and images are accessible at WormWiring (http://wormwiring.org). 443 

 444 

Microscopy and image analysis 445 

Worms were anesthetized with 10 mM sodium azide and mounted on 5% agar pads on glass 446 

slides. We used 1-day-old males unless otherwise indicated. Worms were observed with 447 
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Nomarski or fluorescence microscopy (Zeiss Axio Imager.A1 or Z2), and images were 448 

acquired using the AxioCam camera (Zeiss) and processed using AxioVision (Zeiss). For 449 

Figure 3C and D, Z1 Apotome was used to generate z-stacks, and one z-stack image was 450 

extracted from them. All figures were prepared using ImageJ software. 451 

 To measure the number of HOA presynaptic puncta, images were taken with the 452 

same amount of exposure time, and the mCherry::RAB-3 puncta that were anterior to the 453 

ending of PCA presynaptic signal were counted. The puncta size was measured using a line 454 

tool of ImageJ software. To obtain a percentage of axon-axon contact, we summed the 455 

lengths of contacting segments divided by total length of the shorter axon. The shorter axons 456 

were the HOA axon for HOA-AVG contact, the PHC axons for PHC-AVG contact, and the 457 

HOA axon (occasionally PHC) for HOA-PHC contact. 458 

 459 

Cell ablation 460 

Cell ablation was performed using Pulsed UV, Air-Cooled, Nitrogen Laser System (Spectra-461 

Physics) as described elsewhere (Fang-Yen et al., 2012). The L4-stage males were 462 

anesthetized with 10 mM sodium azide and mounted on 5% agar pads on glass slides. Cells 463 

were identified with GFP (for PHCs) or wCherry (for HOA) marker. After cell ablations, 464 

worms were recovered for 16–24 h and the resulting adult worms were analyzed for imaging. 465 

Successful ablations were confirmed under the microscope, otherwise worms were discarded. 466 

 467 

Co-immunoprecipitation assay 468 

HEK293T cells were cultured in DMEM containing 10% fetal bovine serum, and maintained 469 

in 5% CO2 at 37°C. Plasmids were transfected using Lipofectamine 2000 (Invitrogen) 470 

according to manufacturer’s instructions. The cells were lysed 24 hours after transfection 471 
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with either RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 472 

SDS, 50 mM Tris-HCl [pH 7.4]) or single detergent lysis buffer (150 mM NaCl, 1% NP-40, 473 

50 mM Tris-HCl [pH 8.0]), supplemented with HALT protease inhibitor cocktail (Thermo 474 

Scientific). The cell lysates were incubated with mouse monoclonal anti-FLAG M2 (Sigma-475 

Aldrich) for 1 h at 4°C and protein A/G agarose (Santa Cruz Biotechnology) was added to the 476 

lysates and then incubated overnight at 4°C. After washed twice with the lysis buffer, the 477 

agarose resin was suspended in 1x Laemmli sample buffer (Bio-Rad) and analyzed by 478 

immunoblot analysis using anti-FLAG M2 (1:1,000) or mouse monoclonal anti-V5 (1:3,000, 479 

Life Technologies). 480 

 481 

Male mating behavior assay 482 

Male mating behavior was monitored as described previously (Liu and Sternberg, 1995; 483 

Peden and Barr, 2005). L4 males were isolated from hermaphrotides and kept for 16–24 h 484 

until they reached adult stage. Mating plates were freshly prepared with a 3μl drop of 10x 485 

concentrated OP50 E.coli culture, and 10–15 1-day-old unc-31(e169) hermaphrodites were 486 

placed on the plates. Single adult males were added on the mating plates and analyzed for 487 

male behavior. Mating behavior was scored during 5 min or until the male fully stopped at 488 

the vulva, whichever occurred first. The numbers of male tail contacts (for response behavior) 489 

and passes or hesitations at the vulva (for vulva location behavior) were counted. Successful 490 

vulva location was defined as full stop of male tail at the vulva with a duration of 10 sec. 491 

Response efficiency is calculated as 1/number of male tail contacts to respond, while vulva 492 

location efficiency is calculated as 1/number of encounters to stop (Peden and Barr, 2005). 493 

 494 

Statistical analysis 495 
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Statistical analysis was performed using GraphPad Prism software (version 7.01). No 496 

statistical methods were used to compute sample size when this study was being designed. 497 

Statistical methods used are described in each figure legend. 498 
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FIGURE LEGENDS 641 

Figure 1. Cell adhesion protein genes casy-1 and rig-6 are required for axon 642 

fasciculation. (A) Schematic of the position of cell bodies and axons of three neurons HOA 643 

(red), AVG (blue) and a pair of PHC (green) in the male (ventral view). The dashed box 644 

indicates the axons and HOA synaptic output analyzed in (C and D) and imaged in (F and H). 645 

(B) Electron micrograph showing the axons and synapses of HOA, PHC and AVG. 646 

Arrowheads indicate presynaptic density of dyadic synapses of HOA and PHC. Asterisk 647 

indicates a mitochondrion. In the schematic, axons are colored as in (A), and presynaptic 648 

density is indicated as gray. (C) The number of electron micrograph sections for axon-axon 649 

contact between neuron pairs. N2Y series were analyzed from section #13906 to #14249, 650 

except for the PHC-AVG (from #13836 to #14249) (WormWiring: http://wormwiring.org). 651 

See also Supplementary File 1. (D) Synaptic output of HOA and the connectivity of HOA, 652 

AVG and PHC in the boxed region shown in (A). (HOA makes additional connections 653 

outside this region.) Synaptic weight determined by electron micrograph section numbers is 654 

indicated. The number of sections that contain dyadic synapses (HOA > AVG,PHC or PHC > 655 

HOA,AVG) is indicated in parenthesis. (E) Expression of transcriptional reporters for neural 656 

cell adhesion genes in the three neurons. One hundred out of 106 neural cell adhesion genes 657 

(94%) have been examined and the genes having expression in the three neurons are shown. 658 

(F) Distribution of a mCherry-tagged presynaptic marker RAB-3 in HOA axon of wild type 659 

or indicated mutants. Arrowheads indicate gaps between the presynaptic puncta. (G) Number 660 

of mCherry::RAB-3 puncta in mutants was counted and compared to wild type (n = 30). 661 

Error bars are SEM. (H) HOA presynaptic puncta (mCherry::RAB-3; red) were 662 

simultaneously visualized with GFP-labeled HOA and AVG axons (green) in wild type, or 663 

casy-1 or rig-6 mutant animals. Arrowheads indicate the gap region containing smaller or 664 
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fewer presynaptic puncta. (I) Percentage of axon-axon contact between HOA and AVG in 665 

wild type or mutant animals (n = 40). Each dot represents individual animal. Red bar 666 

represents the median. (J and K) The mCherry::RAB-3 puncta size (J) or number (K) was 667 

measured and compared in the contacting and non-contacting axonal segments between HOA 668 

and AVG for the indicated genotypes. The number of the puncta (J) or of axon segments (K) 669 

analyzed is indicated below each column. Error bars are SEM. 670 

Scale bars, 20 μm. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001 (by Mann-Whitney test). 671 

 672 

Figure 2. Axon fasciculation defects of casy-1 and rig-6 are distinguishable. (A-D) The 673 

axons of the three neurons were individually labeled with wCherry (HOA; red), TagBFP 674 

(AVG; blue), and GFP (PHC; green) in wild type (A), casy-1(tm718) (B), rig-6(ok1589) (C), 675 

or casy-1;rig-6 double mutants (D). Axon fasciculation between each neuronal pair in the 676 

dashed box region and schematic of axon fasciculation are shown on the right. Arrowheads 677 

indicate the region where two axons are detached from each other. (E) Percentage of axon-678 

axon contact between each neuronal pair in wild type or mutant animals (n = 40). Each dot 679 

represents individual animal. Red bar represents the median. (F) Developmental timing of 680 

axon extension of the three neurons in males. Each developmental stage was determined by 681 

the tail morphology of the male. (G) Axon fasciculation of the three neurons in mock-, PHC-, 682 

or HOA-ablated animal. Arrowheads indicate the region where HOA and AVG axons are 683 

detached from each other. (H) Percentage of axon-axon contact between each neuronal pair in 684 

mock-, PHC-, or HOA-ablated animals. The number of animals analyzed is indicated. 685 

Scale bars, 20 μm. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ns, not significant (by Mann-686 

Whitney test). 687 

 688 
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Figure 3. CASY-1 and RIG-6 act in postsynaptic AVG for axon fasciculation. (A and B) 689 

Percentage of axon-axon contact between each neuronal pair in animals expressing a full-690 

length casy-1 (A) or rig-6 cDNA (B) in postsynaptic AVG or presynaptic HOA or PHC in a 691 

respective mutant background (n = 30). The data for wild type and casy-1 and rig-6 mutants 692 

are identical to those in Figure 2 and are shown for comparison. Each dot represents 693 

individual animal. Red bar represents the median. ∗, P < 0.05; ∗∗∗, P < 0.001; ns, not 694 

significant (by Mann-Whitney test). (C and D) Subcellular localization of YFP-tagged 695 

CASY-1 (C) or RIG-6 (D) in AVG (green) with the cytoplasmic marker wCherry (red) in L4 696 

males. Scale bars, 20 μm. 697 

AVGp, inx-18p (Oren-Suissa et al., 2016); HOAp, eat-4pA (this study; see Figure 1–figure 698 

supplement 1 for expression); PHCp, eat-4p11 (Serrano-Saiz et al., 2017).  699 

 700 

Figure 4. Structure-function analysis for CASY-1 and RIG-6. (A and C) Domain structure 701 

of mRFP::CASY-1 and its deletion constructs (A) or of YFP::RIG-6 and its deletion 702 

constructs (C) with the summary of rescue activity when expressed in AVG of casy-1 or rig-6 703 

mutant animals. SP, signal peptide; Cad, cadherin domain; LNS, laminin neurexin sex 704 

hormone binding protein domain; TM, transmembrane; Intra, intracellular domain; Ig, 705 

immunoglobulin domain; FN[III], fibronectin type III domain. (B and D) Percentage of axon-706 

axon contact between each neuronal pair in animals expressing the indicated deletion 707 

constructs for CASY-1 (B) or RIG-6 (D) in AVG of casy-1 or rig-6 mutant animals (n = 30). 708 

Note that Full-Ct (CASY-1::YFP) in (B) and Full (YFP::RIG-6) in (D) were the same 709 

transgenes used for protein localization in Figure 3, and rescued axon fasciculation defects in 710 

mutants. The data for wild type and casy-1 and rig-6 mutants are the same as shown in Figure 711 

2. Each dot represents individual animal. Red bar represents the median. ∗, P < 0.05; ∗∗, P < 712 
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0.01; ∗∗∗, P < 0.001; ns, not significant (by Mann-Whitney test). 713 

 714 

Figure 5. BAM-2 interacts with CASY-1. (A) Distribution of a mCherry-tagged presynaptic 715 

marker RAB-3 in HOA axon of wild type or bam-2(cy6) mutants. Arrowheads indicate gaps 716 

between the presynaptic puncta. (B) Number of mCherry::RAB-3 puncta in bam-2 mutants 717 

was counted and compared to wild type (n = 30). Error bars are SEM. (C) Images of axon 718 

placement of HOA, AVG and PHC in bam-2 and casy-1;bam-2 double mutants. Axon 719 

fasciculation between each neuronal pair in the dashed box region and schematic of axon 720 

fasciculation are shown on the right. Arrowheads indicate the region where two axons are 721 

detached from each other. (D) Percentage of axon-axon contact between each neuronal pair in 722 

wild type or mutant animals (n = 40). Each dot represents individual animal. Red bar 723 

represents the median. (E) Percentage of axon-axon contact between each neuronal pair in 724 

animals expressing a full-length bam-2 cDNA in HOA or PHC in bam-2 mutant background 725 

(n = 30). In (C-E), the data for wild type and casy-1 mutants are the same as shown in Figure 726 

2. (F) Co-immunoprecipitation of CASY-1 and BAM-2. 727 

Scale bars, 20 μm. ∗∗, P < 0.01; ∗∗∗, P < 0.001; ns, not significant (by Mann-Whitney test). 728 

 729 

Figure 6. SAX-7 interacts with RIG-6. (A) Distribution of a mCherry-tagged presynaptic 730 

marker RAB-3 in HOA axon of wild type or sax-7(nj48) mutants. Arrowheads indicate gaps 731 

between the presynaptic puncta. (B) Number of mCherry::RAB-3 puncta in sax-7 mutants 732 

was counted and compared to wild type (n = 30). Error bars are SEM. (C) Images of axon 733 

placement of HOA, AVG and PHC in sax-7 and rig-6;sax-7 double mutants. Axon 734 

fasciculation between each neuronal pair in the dashed box region and schematic of axon 735 

fasciculation are shown on the right. Arrowheads indicate the region where two axons are 736 
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detached from each other. (D) Percentage of axon-axon contact between each neuronal pair in 737 

wild type or mutant animals (n = 40). Each dot represents individual animal. Red bar 738 

represents the median. (E) Percentage of axon-axon contact between each neuronal pair in 739 

animals expressing the short isoform sax-7s or long isoform sax-7l cDNA in HOA or PHC in 740 

sax-7 mutant background (n = 30). In (C-E), the data for wild type and rig-6 mutants are the 741 

same as shown in Figure 2. (F) Co-immunoprecipitation of RIG-6 and SAX-7S. (G) Images 742 

of axon placement of HOA and AVG in PHC-ablated animals expressing sax-7s cDNA in 743 

HOA (Ex[HOAp::sax-7s]). Arrowheads indicate the region where the HOA axon is detached 744 

from the AVG axon. (H) Percentage of axon-axon contact between HOA and AVG in PHC-745 

ablated animals either expressing or not expressing sax-7s cDNA in HOA. The number of 746 

animals analyzed is indicated. The data for PHC-ablated wild type animals are the same as 747 

shown in Figure 2H. 748 

Scale bars, 20 μm. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ns, not significant (by Mann-749 

Whitney test). 750 

 751 

Figure 7. Cell adhesion genes required for male mating behavior. Vulva location 752 

efficiency (A) or response efficiency (B) in the indicated mutant males was measured and 753 

compared to wild type males. The number of males analyzed is indicated below each column. 754 

Error bars are SEM. ∗∗∗, P < 0.001 (by Mann-Whitney test). 755 

 756 

Figure 8. Model for function of cell adhesion protein interactions. (A) Three pathways 757 

additively act to achieve the wild type level of HOA-AVG axon fasciculation. The median 758 

percentages of HOA-AVG axon fasciculation in mutant and/or PHC ablation studies were 759 

used to estimate contribution of each pathway. (B) Schematic showing axons, cell adhesion 760 
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protein interactions, and their putative function during the L4-adult transition in males. In L4 761 

stage, the PHC axon contacts the AVG axon through RIG-6-SAX-7S interaction. In adult 762 

stage, close apposition of HOA and AVG membranes involves CASY-1-BAM-2 interaction, 763 

while unidentified protein interaction may mediate contact between HOA and PHC. These 764 

protein interactions regulate the probability of axon fasciculation and vulva location behavior 765 

possibly by controlling synapse formation between the neurons. 766 

  767 
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SUPPLEMENTARY FILES 768 

Supplementary File 1. Neighborhood and synapse in the HOA-AVG-PHC circuit. 769 

Supplementary File 2. C. elegans strains, molecular cloning and transgenes 770 
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Figure 8
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Figure 1—figure supplement 1
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Figure 1—figure supplement 1. Visualizing HOA presynapses.
(A) Lateral and ventral views of the tail region of animals carrying eat-4pA::gfp (green) and eat-
4pA::mcherry::RAB-3 (red). The eat-4pA is a fragment of eat-4 promoter and drives expression
only in HOA and PCA in the male tailonly in HOA and PCA in the male tail.
(B) Images of mosaic expression in HOA or PCA in transgenic animals used in (A). HOA, but
not PCA, has an anteriorly-oriented projection with discrete RAB-3 puncta.
Scale bars, 20 μm.
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Figure 1—figure supplement 2. Extra branching of HOA in sax-3(ky123) mutants.
(A) HOA axon of wild type or sax-3(ky123) mutants. Arrowheads indicate extra branches of
HOA. Scale bar, 20 μm., μ
(B) Percentage of animals with extra branches of HOA was measured and compared to wild
type (n = 50). ***, P < 0.001 (by Fisher’s exact test).
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Figure 1—figure supplement 3. Phenotypes of rig-6(gk438569) mutants.
(A) Distribution of a mCherry-tagged presynaptic marker RAB-3 in HOA axon of rig-6(gk438569)
mutants. Arrowheads indicate gaps between the presynaptic puncta. Scale bar, 20 μm.
(B) Number of mCherry::RAB-3 puncta in mutants was counted and compared to wild type (n =
30) Error bars are SEM30). Error bars are SEM.
The data for wild type and rig-6(ok1589) mutants are identical to those in Figure 1 and are
shown for comparison. **, P < 0.01; ns, not significant (by Mann-Whitney test).
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Figure 2—figure supplement 1. Phenotypes of rig-6(gk438569) mutants.
(A) Images of axon placement of HOA, AVG and PHC in rig-6(gk438569) mutants. Axon
fasciculation between each neuronal pair in the dashed box region and schematic of axon
fasciculation are shown on the right. Arrowheads indicate the region where two axons are
detached from each other. Scale bar, 20 μm.
(B) Percentage of axon-axon contact between each neuronal pair in rig-6(gk438569) mutant
animals (n = 40) Each dot represents individual animal Red bar represents the mediananimals (n = 40). Each dot represents individual animal. Red bar represents the median.
The data for wild type and rig-6(ok1589) mutants are identical to those in Figure 2 and are
shown for comparison. *, P < 0.05; **, P < 0.01; ns, not significant (by Mann-Whitney test).
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Figure 3—figure supplement 1
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Figure 3—figure supplement 1. casy-1 and rig-6 are expressed in AVG in both sexes.
Transcriptional reporter lines carrying casy-1p::gfp and rig-6p::gfp were examined for
expression in AVG in adult hermaphrodites or males. Location of AVG cell body was identified
by Nomarski optics and is indicated as dashed circle. Scale bar, 20 μm.

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 9, 2017. ; https://doi.org/10.1101/148080doi: bioRxiv preprint 

https://doi.org/10.1101/148080
http://creativecommons.org/licenses/by/4.0/


A B
(eat-4pA::mCherry::RAB-3)

HOA presynaptic puncta

Figure 5—figure supplement 1

wild type

igcm-1(ok711)

nlg-1(ok259)  in
 H

O
A

3 
pu

nc
ta

******

nlg 1(ok259)

oig-8(gk867223)

oig-1(ok1687)
**

* *

**

* * Fo
r g

en
es

 e
xp

re
ss

ed

N
o.

 o
f R

A
B

-3
* ** *

lat-1(ok1465)

ncam-1(hd49)

F
xp

re
ss

ed
 in

 P
H

C

wrk-1(ok695)

zig-1(ok784)

Fo
r g

en
es

 e
x

Figure 5—figure supplement 1. HOA presynaptic puncta phenotypes of mutants for cell
adhesion genes.
(A) Distribution of a mCherry-tagged presynaptic marker RAB-3 in HOA axon of mutants for cell
adhesion genes expressed in HOA (red box) or PHC (green box). Expression pattern of these
genes is shown in Figure 1E Asterisks indicate diffused puncta Scale bar 20 μmgenes is shown in Figure 1E. Asterisks indicate diffused puncta. Scale bar, 20 μm
(B) Number of mCherry::RAB-3 puncta in mutants was counted and compared to wild type (n =
30). Error bars are SEM. ***, P < 0.001 (by Mann-Whitney test). In oig-1 and oig-8 mutants, the
puncta numbers were decreased due to the diffused puncta, of which cause is still elusive.
The data for wild type are the same as shown in Figure 5.
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Figure 5—figure supplement 2. NRX-1 does not interact with CASY-1.
(A) Distribution of a mCherry-tagged presynaptic marker RAB-3 in HOA axon of a hypomorphic
nrx-1(ok1649) and a null nrx-1(wy778) mutants. Scale bar, 20 μm
(B) Number of mCherry::RAB-3 puncta in mutants was counted and compared to wild type (n =
30) E b SEM t i ifi t (b M Whit t t)30). Error bars are SEM. ns, not significant (by Mann-Whitney test).
(C) Co-immunoprecipitation assay for CASY-1 and NRX-1.
The data for wild type are the same as shown in Figure 5.
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Supplementary File 2. C. elegans strains, molecular cloning and transgenes 
 
Fluorescent reporter strains for cell adhesion gene expression 
 

Strain 
name Transgene Strain background Reporter 

for 
EM1162 sEx10331[rCesB0034.3a::GFP + pCeh361]1 dpy-5(e907) I; him-5(e1490) V casy-1 
EM1176 sEx12431[rCesC09E7.3::GFP + pCeh361]1 dpy-5(e907) I; him-5(e1490) V oig-1 
EM1191 sIs10411[rCes B0457.1::GFP + pCeh361]1 dpy-5(e907) I; him-5(e1490) V lat-1 
EM1168 sIs13247[rCesC40C9.5::GFP + pCeh361]1 dpy-5(e907) I; him-5(e1490) V nlg-1 
EM1195 hdEx333[rig-6a::YFP + pha-1(+)]2 pha-1(e2123) III; him-5(e1490) V rig-6 
EM1199 hdEx335[ncam-1a::YFP + pha-1(+)]2 pha-1(e2123) III; him-5(e1490) V ncam-1 
EM1200 hdEx341[igcm-1::YFP + pha-1(+)]2 pha-1(e2123) III; him-5(e1490) V igcm-1 
EM1188 otIs25[zig-1::GFP + pRF4(rol-6)]3 him-5(e1490) V zig-1 
EM1205 bxEx170[oig-8p::GFP + pRF4(rol-6)]4 him-5(e1490) V oig-8 
EM1278 bxEx228[sax-3p::YFP + pRF4(rol-6)]4 him-5(e1490) V sax-3 
EM1254 bxEx204[bam-2p::YFP + pCeh361]4 dpy-5(e907) I; him-5(e1490) V bam-2 
EM1282 bxEx232[wrk-1p::YFP + pCeh361]4 dpy-5(e907) I; him-5(e1490) V wrk-1 
EM1294 bxEx244[sax-7p::YFP + pCeh361]4 dpy-5(e907) I; him-5(e1490) V sax-7 

1Original transgene was previously described (Hunt-Newbury et al., 2007). 
2Original transgene was previously described (Schwarz et al., 2009). 
3Original transgene was previously described (Aurelio et al., 2002). 
4Transgene generated in this study 
 
Molecular cloning and constructs 
eat-4pA::gfp, eat-4pA::wCherry, and eat-4pA::mCherry::RAB-3 
eat-4pA, a 419 bp promoter fragment of the eat-4 gene (-5457 ~ -5039 bp), was PCR-amplified from pPC52 (a 
gift from L. García) with restriction sites of SphI and XmaI. This PCR product was digested and ligated into 
SphI/XmaI-digested pPD95.75 vector to generate eat-4pA::gfp, into SphI/XmaI-digested inx-18p::wCherry 
(Oren-Suissa et al., 2016) to generate eat-4pA::wCherry, or into SphI/XmaI-digested pkd-2p::mCherry::RAB-3 
(a gift from M. Lázaro-Peña) to generate eat-4pA::mCherry::RAB-3. eat-4pA drives expression in the male-
specific sensory neurons HOA and PCAs. 
 
inx-18p::gfp, inx-18p::wCherry, and inx-18p::TagBFP 
inx-18p::wCherry was described previously (Oren-Suissa et al., 2016). To generate inx-18p::gfp, inx-18p 
fragment was digested with SphI and XmaI from inx-18p::wCherry and cloned into SphI/XmaI-digested 
pPD95.75 vector. inx-18p::TagBFP was obtained by a PCR-fusion method (Hobert, 2002). inx-18p was PCR-
amplified from inx-18p::wCherry and then fused to TagBFP amplified from myo-3p::TagBFP (a gift from H. 
Bülow) to generate inx-18p::TagBFP PCR fragment. inx-18p drives expression in the sex-shared interneuron 
AVG (occasionally in URX) (Oren-Suissa et al., 2016). 
 
eat-4p11::gfp 
eat-4p11::gfp was described previously (Serrano-Saiz et al., 2017). eat-4p11 is highly expressed in the sex-
shared sensory/interneuron PHC in males but hardly detectable in hermaphrodites (Serrano-Saiz et al., 2017). 
 
casy-1 constructs for rescue experiment 
To generate inx-18p::casy-1 and eat-4pA::casy-1, casy-1 cDNA was PCR-amplified from casy-1p::casy-1 
(Ikeda et al., 2008) with restriction sites of KpnI and NaeI, and then digested and ligated into the KpnI/NaeI 
sites of inx-18p::wCherry and eat-4pA::wCherry, respectively. To generate eat-4p11::casy-1, the promoter 
region of inx-18p::casy-1 was replaced by eat-4p11 using restriction sites of SphI and XmaI. 
 To generate inx-18p::casy-1::yfp, casy-1 cDNA was PCR-amplified from casy-1p::casy-1 and then 
fused to yfp amplified from pPD136.64 vector. This PCR fusion product was digested and ligated into the 
KpnI/NaeI sites of inx-18p::wCherry to replace wCherry with casy-1::yfp. 
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 casy-1 deletion constructs with ins-1 promoter were described previously (Ikeda et al., 2008). To 
generate inx-18p::mRFP::casy-1(Full-Nt), inx-18p::mRFP::casy-1-ΔNt (ΔNt), inx-18p::mRFP::casy-1-ΔCads 
(ΔCads), and inx-18p::mRFP::casy-1-ΔLNS (ΔLNS), each of mRFP-tagged casy-1 fragments was PCR-
amplified from the ins-1p driven constructs with restriction sites of KpnI and NaeI. These PCR products were 
digested and ligated into the KpnI/NaeI sites of inx-18p::wCherry to replace wCherry with the mRFP-tagged 
casy-1 fragments. 
 
rig-6 constructs for rescue experiment 
rig-6 cDNA that encodes a long isoform RIG-6d was obtained from total RNA of worms using iScript cDNA 
synthesis Kit (Bio-Rad) by two rounds of PCR reactions (primer F: 5´-ACTACAACGATGATGATGCTT-3´ and 

primer R: 5´-ACTGGGATGAAAGAATTGGGAAC-3´ for the first round; primer F: 5´-GGGGGGTACCATGA 

TGATGCTTATTCGGTGTATT-3´ and primer R: 5´-GGGGTTTAAACTTAGAGTCTCCATAGTAATAATAA-3

´ for the second round). The PCR product was digested with KpnI and PmeI and ligated into the KpnI/NaeI sites 
of inx-18p::wCherry to generate inx-18p::rig-6. The rig-6 cDNA sequence was verified by sequencing. 
 To generate eat-4pA::rig-6 and eat-4p11::rig-6, eat-4pA and eat-4p11 fragments derived from eat-
4pA::wCherry and eat-4p11::gfp with SphI/KpnI digestion were ligated into the SphI/KpnI sites of inx-18p::rig-
6 to replace inx-18p. 
 To generate inx-18p::yfp::rig-6, the rig-6 signal sequence plus yfp was PCR-amplified from 
pPD136.64 vector and fused to the remaining sequence of rig-6 cDNA amplified from inx-18p::rig-6 (primer F: 
5´-CCCCGGTACCATGATGATGCTTATTCGGTGTATT-3´ and primer R: 5´-GGGGAGGCCTTTAGAGTCT 

CCATAGTAATAATAA-3´). This PCR fusion product was digested with KpnI and StuI and ligated into the 
KpnI/NaeI sites of inx-18p::wCherry to replace wCherry with yfp::rig-6. 
 rig-6 deletion constructs including inx-18p::yfp::rig-6-Δ1-3Ig (Δ1-3Ig), inx-18p::yfp::rig-6-Δ4-6Ig 
(Δ4-6Ig), and inx-18p::yfp::rig-6-ΔFnIII (ΔFnIII), were generated by mutagenesis of inx-18p::yfp::rig-6 (Full) 
using Q5 Site-Directed Mutagenesis Kit (New England Biolabs). The sequence was verified by sequencing. The 
full-length of rig-6 cDNA is 3591 bp and deleted regions for the constructs are: 430 ~ 1320 bp for Δ1-3Ig, 1321 
~ 2199 bp for Δ4-6Ig, and 2200 ~ 3504 bp for ΔFnIII. 
 
bam-2 constructs for rescue experiment 
bam-2 cDNA was obtained from the yk2037j22 clone (a gift from Y. Kohara). The sequence was verified by 
sequencing. To generate eat-4pA::bam-2 and eat-4p11:: bam-2, a full-length bam-2 cDNA was PCR-amplified 
from the yk2037j22 clone with restriction sites of KpnI and NaeI, and then digested and ligated into the 
KpnI/NaeI sites of eat-4pA::wCherry and eat-4p11::casy-1, respectively. 
 
sax-7 constructs for rescue experiment 
ttx-3p::sax-7s and ttx-3p::sax-7l were described previously (Díaz-Balzac et al., 2015). To generate eat-
4pA::sax-7s and eat-4pA::sax-7l, eat-4pA fragment derived from eat-4pA::casy-1 with HindIII/KpnI digestion 
was ligated into the HindIII/KpnI sites of ttx-3p::sax-7s and ttx-3p::sax-7l to replace ttx-3p. To generate eat-
4p11::sax-7s and eat-4p11::sax-7l, eat-4p11 fragment derived from eat-4p11::gfp with HindIII/KpnI digestion 
was ligated into the HindIII/KpnI sites of ttx-3p::sax-7s and ttx-3p::sax-7l to replace ttx-3p. 
 
Constructs for mammalian cell expression 
To generate pCMV8::3xFLAG::casy-1, casy-1 cDNA was PCR-amplified without the start (ATG) and signal 
sequence with restriction sites of NotI and XmaI, and then digested and ligated into the NotI/XmaI sites of 
pCMV8::3xFLAG::egl-15A (Díaz-Balzac et al., 2015) to replace egl-15A with casy-1. 
 To generate pCMV8::3xFLAG::rig-6, rig-6 cDNA was PCR-amplified without the start (ATG) and 
signal sequence with restriction sites of NotI and StuI, and then digested and ligated into the NotI/SmaI sites of 
pCMV8::3xFLAG::egl-15A to replace egl-15A with rig-6. 
 pcDNA3.1::sax-7s::V5 was described previously (Díaz-Balzac et al., 2015). To generate 
pcDNA3.1::bam-2::V5, bam-2 cDNA was amplified without the stop codon with restriction sites of KpnI and 
ApaI, and then digested and ligated into the KpnI/ApaI sites of pcDNA3.1::sax-7s::V5 to replace sax-7s with 
bam-2. 
 To generate pcDNA3.1::nrx-1::V5, nrx-1 cDNA was amplified from gcy-8p::BirA::nrx-1 (Desbois et 
al., 2015) without the stop codon with restriction sites of KpnI and ApaI, and then digested and ligated into the 
KpnI/ApaI sites of pcDNA3.1::sax-7s::V5 to replace sax-7s with nrx-1. 
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Transgenic strains 
 

Strain 
name 

Transgene 
name DNA on array Strain background

Reporter strains 
EM1322 bxEx263 eat-4pA::gfp 25ng/μl, eat-4pA::mCherry::RAB-3 10ng/μl him-5(e1490) V 
EM1330 bxIs25 eat-4pA::gfp 25ng/μl, eat-4pA::mCherry::RAB-3 10ng/μl him-5(e1490) V 

EM1404 bxEx298 eat-4pA::gfp 25ng/μl, inx-18p::gfp 25ng/μl, eat-
4pA::mCherry::RAB-3 25ng/μl him-5(e1490) V 

EM1462 bxIs29 eat-4p11::gfp 50ng/μl, eat-4pA::wcherry 25ng/μl, inx-
18p::TagBFP 25ng/μl him-5(e1490) V 

Strains for protein localization 

EM1463 bxEx312 inx-18p::casy-1::yfp 5ng/μl, inx-18p::wCherry 25ng/μl, ttx-
3::gfp 50ng/μl him-5(e1490) V 

EM1536 bxEx334 inx-18p::yfp::rig-6 25ng/μl, inx-18p::wCherry 25ng/μl, ceh-
22p::gfp 50ng/μl him-5(e1490) V 

Strains for rescue experiments 

EM1505 
bxEx287 inx-18p::casy-1 25ng/μl, ttx-3::mCherry 25ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1506 
bxEx285 eat-4pA::casy-1 25ng/μl, ttx-3::mCherry 25ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1507 
bxEx304 eat-4p11::casy-1 25ng/μl, ttx-3::gfp 50ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1514 
bxEx312 see above casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1513 
bxEx289 inx-18p::mRFP::casy-1 5ng/μl, ceh-22::gfp 25ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1520 
bxEx292 inx-18p::mRFP::casy-1-ΔNt 5ng/μl, ceh-22::gfp 25ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1508 
bxEx294 inx-18p::mRFP::casy-1-ΔCads 5ng/μl, ceh-22::gfp 25ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1509 
bxEx296 inx-18p::mRFP::casy-1-ΔLNS 5ng/μl, ceh-22::gfp 25ng/μl casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1491 
bxEx306 inx-18p::rig-6 5ng/μl, ttx-3::gfp 50ng/μl rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

EM1492 
bxEx308 eat-4pA::rig-6 5ng/μl, ttx-3::gfp 50ng/μl rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

EM1493 
bxEx310 eat-4p11::rig-6 5ng/μl, ttx-3::gfp 50ng/μl rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

EM1527 
bxEx334 see above rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

EM1543 
bxEx340 inx-18p::yfp::rig-6-Δ1-3Ig 5ng/μl, ttx-3::gfp 50ng/μl rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

EM1545 
bxEx342 inx-18p::yfp::rig-6-Δ4-6Ig 5ng/μl, ttx-3::gfp 50ng/μl rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 
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EM1547 
bxEx344 inx-18p::yfp::rig-6-ΔFnIII 5ng/μl, ttx-3::gfp 50ng/μl rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

EM1539 
bxEx336 eat-4pA::bam-2 5ng/μl, ttx-3::gfp 50ng/μl bam-2(cy6) I; him-

5(e1490) V bxIs29 see above 

EM1541 
bxEx338 eat-4p11::bam-2 5ng/μl, ttx-3::gfp 50ng/μl bam-2(cy6) I; him-

5(e1490) V bxIs29 see above 

EM1496 
bxEx322 eat-4pA::sax-7l 5ng/μl, ttx-3::gfp 50ng/μl sax-7(nj48) IV; 

him-5(e1490) V bxIs29 see above 

EM1498 
bxEx324 eat-4pA::sax-7s 5ng/μl, ttx-3::gfp 50ng/μl sax-7(nj48) IV; 

him-5(e1490) V bxIs29 see above 

EM1500 
bxEx326 eat-4p11::sax-7l 5ng/μl, ttx-3::gfp 50ng/μl sax-7(nj48) IV; 

him-5(e1490) V bxIs29 see above 

EM1502 
bxEx328 eat-4p11::sax-7s 5ng/μl, ttx-3::gfp 50ng/μl sax-7(nj48) IV; 

him-5(e1490) V bxIs29 see above 

EM1535 
bxEx324 see above 

him-5(e1490) V 
bxIs29 see above 

EM1549 
bxEx324 see above casy-1(tm718) II; 

him-5(e1490) V bxIs29 see above 

EM1550 
bxEx324 see above rig-6(ok1589) II; 

him-5(e1490) V bxIs29 see above 

Mutant strains with reporters 

EM1414 bxEx298 see above casy-1(tm718) II; 
him-5(e1490) V 

EM1425 bxEx298 see above rig-6(ok1589) II; 
him-5(e1490) V 

EM1333 bxIs25 see above oig-1(ok1687) III; 
him-5(e1490) V 

EM1334 bxIs25 see above nlg-1(ok259) X; 
him-5(e1490) V 

EM1344 bxIs25 see above zig-1(ok784) II; 
him-5(e1490) V 

EM1346 bxIs25 see above casy-1(tm718) II; 
him-5(e1490) V 

EM1347 bxIs25 see above rig-6(ok1589) II; 
him-5(e1490) V 

EM1348 bxIs25 see above igcm-1(ok711) X; 
him-5(e1490) V 

EM1349 bxIs25 see above oig-8(gk867223) 
II ;him-5(e1490) V 

EM1368 bxIs25 see above nrx-1(ok1649) him-
5(e1490) V 

EM1412 bxIs25 see above ncam-1(hd49) X; 
him-5(e1490) V 

EM1416 bxIs25 see above lat-1(ok1465)/mIn1 
II; him-5(e1490) V 

EM1436 bxIs25 see above wrk-1(ok695) X; 
him-5(e1490) V 

EM1459 bxIs25 see above sax-7(nj48) IV; 
him-5(e1490) V 
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EM1489 bxIs25 see above nrx-1(wy778) him-
5(e1490) V 

EM1511 bxIs25 see above sax-3(ky123) X; 
him-5(e1490) V 

EM1531 bxIs25 see above rig-6(gk438569) II; 
him-5(e1490) V 

EM1533 bxIs25 see above bam-2(cy6) I; him-
5(e1490) V 

EM1477 bxIs29 see above rig-6(ok1589) II; 
him-5(e1490) V 

EM1481 bxIs29 see above 
rig-6(ok1589) casy-
1(tm718) II; him-
5(e1490) V 

EM1482 bxIs29 see above casy-1(tm718) II; 
him-5(e1490) V 

EM1483 bxIs29 see above sax-7(nj48) IV; 
him-5(e1490) V 

EM1521 bxIs29 see above 
rig-6(ok1589) II; 
sax-7(nj48) IV; 
him-5(e1490) V 

EM1522 bxIs29 see above bam-2(cy6) I; him-
5(e1490) V 

EM1530 bxIs29 see above rig-6(gk438569) II; 
him-5(e1490)V 

EM1537 bxIs29 see above 
bam-2(cy6) I; casy-
1(tm718) II; him-
5(e1490) V 

 
Strains for mating behavior 
Mutant strains were crossed at least twice into him-5(e1490) V. These include: casy-1(tm718) II; him-5(e1490) 
V, rig-6(ok1589) II; him-5(e1490) V, bam-2(cy6) I; him-5(e1490) V, sax-7(nj48) IV; him-5(e1490) V, nlg-
1(ok259) X; him-5(e1490) V, casy-1(tm718) rig-6(ok1589) II; him-5(e1490) V, casy-1(tm718) II; bam-2(cy6) I; 
him-5(e1490) V, rig-6(ok1589) II; sax-7(nj48) IV; him-5(e1490) V. 
 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 9, 2017. ; https://doi.org/10.1101/148080doi: bioRxiv preprint 

https://doi.org/10.1101/148080
http://creativecommons.org/licenses/by/4.0/

