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Abstract 1 

 2 

Sex differences in behavior allow animals to effectively mate and reproduce. However, 3 

the mechanism by which biological sex regulates behavioral states, which underlie the 4 

regulation of sex-shared behaviors such as locomotion, is largely unknown. In this study, 5 

we studied sex differences in the behavioral states of C. elegans and found that males 6 

spend less time in a low locomotor activity state than hermaphrodites and that dopamine 7 

generates this sex difference. In males, dopamine reduces the low activity state by acting 8 

in the same pathway as polycystic kidney disease-related genes that function in male-9 

specific neurons. In hermaphrodites, dopamine increases the low activity state by 10 

suppression of octopamine signaling in the sex-shared SIA neurons, which have reduced 11 

responsiveness to octopamine in males. Furthermore, dopamine promotes exploration 12 

both inside and outside of bacterial lawn (the food source) in males and suppresses it in 13 

hermaphrodites. These results demonstrate that sexually dimorphic signaling allows the 14 

same neuromodulator to promote adaptive behavior for each sex. 15 

 16 

 17 

Significance Statement 18 

 19 

The mechanisms that generate sex differences in sex-shared behaviors including 20 

locomotion are not well understood. We show that there are sex differences in the 21 

regulation of behavioral states in the model animal C. elegans. Dopamine promotes the 22 

high locomotor activity state in males, which must search for mates to reproduce, and 23 

suppresses it in self-fertilizing hermaphrodites through distinct molecular mechanisms. 24 

This study demonstrates that sex-specific signaling generates sex differences in the 25 

regulation of behavioral states, which in turn modulates the locomotor activity to suit 26 

reproduction for each sex.  27 
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Introduction 28 

 29 

 Biological sex is a critical regulator of animal behavior, and sex differences in behavior 30 

are essential for animals to effectively mate and reproduce (Mowrey and Portman, 2012; 31 

McCarthy, 2016; Auer and Benton, 2016). Upon sexual maturation, highly sex-biased 32 

behaviors, including mating, courtship, and offspring care, are enhanced. In addition, 33 

biological sex differentially regulates sex-shared behaviors, such as feeding and 34 

locomotion, in a manner that suits the reproduction for each sex. Emerging evidence 35 

suggests that not only sex-specific neuronal structures but also sex-specific modulation of 36 

sex-shared neuronal circuits underlie these behavioral differences. However, the 37 

molecular and cellular mechanisms for such sexually dimorphic regulation are still largely 38 

unknown. 39 

 Regulation of behavioral states is implicated in generating sex differences in sex-shared 40 

behaviors, including locomotion (Gatti et al., 2000). Animal behavior consists of discrete 41 

behavioral states and animals transition between states with different levels of arousal, 42 

metabolism, and locomotor activity, such as sleep and waking states. The behavioral 43 

states are regulated by the environment and internal condition of an animal through 44 

various neuromodulators (Mong and Cusmano, 2016; Ly et al., 2018). Although biological 45 

sex affects behavioral states, how neuromodulator signaling is altered in a sexually 46 

dimorphic manner to differentially regulate behavioral states is poorly understood. 47 

The two sexes in the model animal C. elegans include the male and the hermaphrodite. 48 

Males need to mate with hermaphrodites to reproduce, whereas hermaphrodites can 49 

also self-fertilize as they produce both eggs and sperm. In the presence of bacteria, which 50 

serve as food, C. elegans hermaphrodites switch between two behavioral states, roaming 51 

and dwelling (Fujiwara et al., 2002). Animals in the dwelling state, in which 52 

hermaphrodites spend most of their time, move at a low speed while frequently changing 53 

their direction by turning. Therefore, dwelling animals remain in a small area. Animals in 54 

the roaming state disperse quickly since they exhibit high locomotor activity and a low 55 

turning frequency. The behavioral states are regulated by food; time spent in each state 56 

depends on food availability and past nutritional status (Shtonda and Avery, 2006; Ben 57 

Arous et al., 2009; Churgin et al., 2017). It is shown that neuromodulators, including 58 
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bioamines such as dopamine, serotonin, and octopamine (biological equivalent of 59 

noradrenalin in invertebrates (Roeder, 1999)), play a role in the regulation of behavioral 60 

states in hermaphrodites (Flavell et al., 2013; Churgin et al., 2017; Stern et al., 2017). 61 

 C. elegans males have various behavioral characteristics that are different from those of 62 

hermaphrodites. Males exhibit mating behavior in which they use their distinct tail 63 

structure to locate the vulva of hermaphrodites and copulate (Barr et al., 2018). Males 64 

leave a bacterial lawn more frequently than hermaphrodites when there is no mate 65 

present (Lipton et al., 2004). This food-leaving behavior is called “mate-searching 66 

behavior” and is an indicator of sex drive. When actively moving, males are faster than 67 

hermaphrodites because of sexual modifications of the muscle and nervous system 68 

functions (Mowrey et al., 2014). However, the behavioral states in males (i.e. how often 69 

they are active) has yet been studied.  70 

 With the extensive studies on the behavioral states in hermaphrodites and detailed 71 

knowledge on sex differences in the structure of the compact nervous system (Sulston et 72 

al., 1980; White et al., 1986; Jarrell et al., 2012), C. elegans provides an opportunity to 73 

investigate the molecular basis of sex differences in behavioral states. In this study, 74 

through quantitative behavioral analyses with genetic and pharmacological techniques in 75 

C. elegans, we reveal a significant sex difference in the regulation of behavioral states, 76 

where males spend a much longer time in the high activity state than do hermaphrodites. 77 

We also show that dopamine plays a role in generating the sex difference by both 78 

suppressing the low locomotor activity state in males and increasing it in hermaphrodites 79 

through distinct molecular mechanisms.  80 
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Materials & Methods 81 

 82 

Strains 83 

 Culturing and genetic manipulation of C. elegans were performed as previously described 84 

(Brenner, 1974). CB4088 him-5(e1490) (RRID:WB-STRAIN:CB4088) was used as the 85 

wildtype strain. The strains used in this study are as follows: DA1774 ser-3(ad1774) 86 

(RRID:WB-STRAIN:DA1774), CB1112 cat-2(e1112) (RRID:WB-STRAIN:CB1112), FK2261 cat-87 

2(tm2261), MT15620 cat-2(n4547) (RRID:WB-STRAIN:MT15620), MT15434 tph-1(mg280) 88 

(RRID:WB-STRAIN:MT15434), PS3401 lov-1(sy582);him-5(e1490) (RRID:WB-89 

STRAIN:PS3401), CB1370 daf-2(e1370) (RRID:WB-STRAIN:CB1370), PT2248 pdf-90 

1(tm1996);him-5(e1490) (RRID:WB-STRAIN:PT2248), DG2389 glp-1(bn18) (RRID:WB-91 

STRAIN: DG2389), YT17 crh-1(tz2) (RRID:WB-STRAIN:YT17), FK(2104) ser-6(tm2104), 92 

BA821 spe-26(hc138) (RRID:WB-STRAIN:BA821), PT8 pkd-2(sy606);him-5(e1490) 93 

(RRID:WB-STRAIN:PT8), LX702 dop-2(vs105) (RRID:WB-STRAIN:LX702), FK1392 dop-94 

4(tm1392), LX645 dop-1(vs101) (RRID:WB-STRAIN:LX645), FK2385 ntc-1(tm2385), VC224 95 

octr-1(ok371) (RRID:WB-STRAIN:VC224), LX703 dop-3(vs106) (RRID:WB-STRAIN:LX703), 96 

tbh-1(ok1196) (RRID:WB-STRAIN:PT8), and FK2735 lgc-53(tm2735). 97 

The following strains of wild isolates of C. elegans and other Caenorhabditis species were 98 

also used: CB4856 C. elegans (RRID:WB-STRAIN:CB4856), PB103 C. briggsae him mutant 99 

(RRID:WB-STRAIN:PB103), EM464 C. remanei (RRID:WB-STRAIN:EM464), PB4641 C. 100 

remanei (RRID:WB-STRAIN:PB4641), and CB5161 C. brenneri (RRID:WB-STRAIN:CB5161). 101 

 For genetic crosses to generate strains carrying multiple mutations, the genotypes of the 102 

crossed animals were determined by PCR for the deletion mutants, PCR-RFLP for the cat-103 

2(e1112), and visible phenotypes were used for the sperm-deficient, daf, and him 104 

mutants. 105 

 106 

Image acquisition and data analysis 107 

 For assay plates, 5 ml of molten low peptone-NGM agar (0.25 g/L peptone, 3 g/L NaCl, 17 108 

g/L Agar, 25 mM KPO4 (pH 6.0), 5 mM MgSO4, 5 mM CaCl2) was poured into the wells of 109 

90 mm Petri dishes with four compartments (Atect, Shiga, Japan). On the day before 110 

recording, 20 μl of OP50 (RRID:WB-STRAIN:OP50) suspension in Milli-Q water was placed 111 
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on each well of the assay plates. The plates were incubated at 22°C overnight, resulting in 112 

thin bacterial lawns with diameters of approximately 9 mm. Also, on the day before 113 

recording, 10 to 20 L4 animals were placed onto a 40 mm NGM plate seeded with OP50 114 

and were grown at 20°C for approximately 20 hours. Males and hermaphrodites were 115 

placed onto separate plates to prevent mating. 116 

 Adult animals were individually transferred to the wells of the assay plates 15 min prior 117 

to recording. The assay plate was illuminated by an LED ring (CCS, Kyoto, Japan) (Kimura 118 

et al., 2010). The images of the assay plates were captured using a DMK series USB 119 

camera (Imaging Source, Bremen, Germany) with a resolution of 2000 x 1944 pixels, at 120 

one frame per sec for approximately 15 min, using the manufacturer-provided software, 121 

IC Capture, with Windows PC or gstreamer with Raspberry Pi 3 (Raspberry Pi Foundation, 122 

Cambridge, United Kingdom). 123 

 ImageJ (Schneider et al., 2012) was used to determine the position of the animals within 124 

the bacterial lawn. The area of the bacterial lawn was enlarged by 200 nm and was used 125 

as the region of interest (ROI). For the animals within the ROI, the centroid and the 126 

circularity were determined after background subtraction and image binarization. For the 127 

analysis of behavioral states, R (Ihaka and Gentleman, 1996) was used to calculate 128 

average speed, angular speed, and circularity of 10-sec intervals, similarly as previously 129 

reported (Ben Arous et al., 2009).  130 

 The data points with 10-sec average circularity under 0.7 were used for cluster analysis 131 

since animals in 10-sec windows with circularity over 0.7 were exhibiting tail-chasing 132 

behavior (see below). For the cluster analysis, data from 50 males and 50 hermaphrodites 133 

were analyzed with the R package mclust (Scrucca et al., 2016). Data points from 10-sec 134 

intervals were separated into three clusters. This data set was then used to conduct 135 

discriminant analysis, which allows data points from new samples to be categorized into 136 

these classes. First, 10-sec averages were calculated for a new sample. Next, if the 137 

circularity of a data point was higher than 0.7 (when animals are exhibiting tail-chasing 138 

behavior), the data point was categorized as “Tail Chase”. By the discrimination analysis 139 

with mclust, the remaining data points were categorized into the following three classes: 140 

Roaming (relatively fast movement with low turning frequency), Fast Turn (fast 141 
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movement with high turning frequency), and Dwelling (slow movement). The fraction of 142 

time spent in each class was calculated for each strain.  143 

 When testing males of non-C. elegans strains, L4 males were kept together with L4 144 

females or hermaphrodites overnight since most of them escaped the plates if they were 145 

kept without their counterparts. For the analysis of L4 animals, L4 males and 146 

hermaphrodites were put onto assay plates directly from mix population plates.  147 

 148 

Manual scoring and validation of behavioral categories 149 

 To validate the behavioral categorization by the cluster and discriminant analyses, we 150 

manually analyzed 10 males and 10 hermaphrodites. Through examination of videos, 151 

experimenters manually categorized each 10-sec segment into the following four classes: 152 

Tail Chase (animals exhibiting tail-chasing behavior for the majority of time), Dwelling 153 

(animals with slow movement), Fast Turn (animals with fast movement, including turns), 154 

and Roaming (animals with fast movement, but without turns). Then, the correlation 155 

coefficients for time spent in each class between the automatic R analysis and the manual 156 

analysis were determined. 157 

 We also manually examined each frame of the videos and found that males have a 158 

circularity of 0.84 +/- 0.05 and 0.43 +/- 0.05 when they are exhibiting or not exhibiting 159 

tail-chasing behavior, respectively. As mentioned above, the threshold of 10-sec average 160 

circularity for classifying Tail Chase was set at 0.7. With this threshold, for 10-sec 161 

segments in which animals exhibited tail-chasing behavior in more than a half of the 10 162 

seconds, 96.7 % were categorized as Tail Chase. On the other hand, for 10-sec segments 163 

in which animals exhibited tail-chasing behavior for a half or less of the 10 seconds, 3.1% 164 

were categorized as Tail Chase. 165 

 166 

Drug treatment 167 

 When testing the effect of dopamine in assay plates, 20 μl of 10 mg/ml dopamine was 168 

placed over the bacterial lawn on the assay plates. After the plates were dried for one 169 

hour, animals were placed on the bacterial lawn and were recorded after 15 min of 170 

resting. For testing the effect of dopamine prior to the transfer to assay plates, 100 μl of 171 

10 mg/ml dopamine was placed over the bacterial lawn on 40 mm NGM plates. After the 172 
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dopamine-containing plates were dried for one hour, L4 animals were placed on the 173 

plates and cultured for 20 hours. Then animals were transferred to the assay plates 174 

(without dopamine) and recorded after 15 min. To test the effect of removal of dopamine, 175 

animals cultured on the dopamine-containing plates for 20 hours were transferred to 176 

dopamine-free NGM plates and incubated for three or six hours, before transferring to 177 

the assay plates. For the three- or six-hour dopamine treatment, L4 animals were placed 178 

onto normal NGM plates. After 20 hours, animals were transferred to NGM plates with or 179 

without dopamine and cultured for three or six hours. Animals were then transferred to 180 

assay plates and recorded after 15 min.  181 

 For octopamine treatment, 20 μl of 100 mg/ml octopamine was placed on the assay 182 

plates over the bacterial lawn. After the plates were dried for one hour, animals were 183 

placed onto these plates and their behavior was recorded 15 min after the transfer. 184 

 185 

Transgenic animals for behavioral tests 186 

 cat-2 background animals carrying the wildtype cat-2 gene and the injection marker glr-187 

3::mcherry (Nagashima et al., 2016) were crossed with him-5 to create cat-2;him-5 188 

carrying the cat-2 gene. To express ser-3 and ser-6 in the SIA neurons, ceh-17::ser-3 and 189 

ceh-17::ser-6 (Yoshida et al., 2014) were injected along with the injection marker lin-190 

44::gfp into cat-2;ser-3;ser-6;octr-1;him-5. For masculinization of the nervous system, 191 

rab-3::fem-3 (Mowrey et al., 2014) was injected along with the injection marker glr-192 

3::mcherry into him-5 and cat-2;him-5.  193 

 Primers ggggacaagtttgtacaaaaaagcaggcttctctggaatcagtgttcttg and 194 

ggggaccactttgtacaagaaagctgggtcgcctggaacagattgataaattc were used to amplify the ceh-17 195 

promoter and the PCR product was cloned into pDONR221 (ThermoFisher Scientific, 196 

Waltham, MA, USA), according to the manufacturer's protocol, to create pENTR-ceh-17. 197 

Primers cttggtaccggtagaaaaatggaggtggatccgggt and gaattggctagctatcatcgtttcctggagcaatc 198 

were used to amplify the coding region of fem-3 using rab-3::fem-3 as the template. The 199 

PCR product was digested with KpnI and NheI and cloned into KpnI and XbaI site of 200 

pDEST-GCaMP6 (Ohkura et al., 2012) to create pDEST-fem-3. ceh-17::fem-3 was 201 

generated by recombination of pENTR-ceh-17 and pDEST-fem-3. ceh-17::fem-3 was 202 
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injected along with the injection marker glr-3::mcherry into him-5 and cat-2;him-5, to 203 

masculinize SIA neurons. 204 

 The transgenes were maintained as extrachromosomal arrays, which are only partially 205 

stable, causing some progeny to lose the genes. In addition to animals carrying the 206 

transgene, animals not carrying the transgene, as determined by the absence of 207 

fluorescence, were also tested as controls.  208 

 209 

Calcium imaging 210 

 ceh-17::GCaMP6 was generated by recombination of pENTR-ceh-17 and pDEST-GCaMP6 211 

(Ohkura et al., 2012). ceh-17::GCaMP6 was injected into N2 animals together with ceh-212 

17::dsred (Suo et al., 2006) and lin-44::gfp (Murakami et al., 2001) as a co-injection 213 

marker. The resulting strain was subjected to UV irradiation to integrate the 214 

extrachromosomal array into the genome (Mariol et al., 2013). The strain carrying the 215 

integrated transgene was backcrossed to N2 animals three times and then crossed to 216 

CB4088 him-5. The resulting strain was crossed with ser-3;ser-6;octr-1;him-5 to obtain 217 

octopamine receptor mutants carrying ceh-17::GCaMP6.  218 

 Hermaphrodites expressing GCaMP6 were fixed in a previously reported microfluidic 219 

device (Chronis et al., 2007). A custom-made device with narrower space (Fluidware 220 

Technologies, Saitama, Japan) was used to fix males. The nose tips of the animals were 221 

washed with imaging buffer (0.2 g/L gelatin, 5 mM potassium phosphate (pH 6.0), 1 mM 222 

CaCl2, 1 mM MgSO4, and 350 mOsm glycerol) for 5 min before recording. Ten minutes 223 

after the recording was started, the nose tips of the animals were exposed to the imaging 224 

buffer containing 5 mg/ml octopamine. After 10 min, the animals were exposed again to 225 

the buffer without octopamine for 5 min. Imaging was performed using an inverted 226 

microscope (Axio Observer D1, Carl Zeiss, Oberkochen, Germany) equipped with an oil 227 

immersion objective lens (UPlanApo, 40 , NA= 1.00, Olympus, Tokyo, Japan) and a 228 

scientific CMOS camera (ORCA-Flash4.0 V2, Hamamatsu Photonics, Shizuoka, Japan). 229 

Images were acquired every 500 milliseconds using a mercury lamp, 450-490 nm 230 

excitation filter, 495 nm dichroic mirror, and 500-550 nm excitation filter (Carl Zeiss), and 231 

analyzed with MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). ceh-17 232 

promotor induces gene expression in the SIA neurons and the ALA neuron, whose cell 233 
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bodies are located in the ventral and dorsal side of the head region, respectively. The cell 234 

bodies of the neurons in the ventral side were selected as an ROI and tracked with the 235 

“Track Objects” plugin in MetaMorph software. The background-subtracted fluorescence 236 

intensity of the ROI was calculated for each stack. The fluorescence intensity 5 min prior 237 

to octopamine exposure was averaged and defined as F. The change in the fluorescence 238 

intensity relative to F (ΔF/F) was plotted. For statistical analyses, the data were smoothed 239 

by calculating the moving average of a 10-sec window, and the amount of time in which 240 

ΔF/F was higher than three was compared among strains and sexes. 241 

 For masculinization of SIA neurons, the him-5 strain carrying the integrated transgene 242 

was injected with ceh-17::fem-3 along with the injection marker unc-122::dsred 243 

(RRID:Addgene_8938). Both the animals with and without unc-122::dsred were tested.  244 

 245 

Expression pattern of octopamine receptor genes 246 

 The transcriptional reporter fusion gene octr-1::gfp was generated using the fusion PCR 247 

method (Hobert, 2002) with the primers fusionA (gtgtttttacgcaattcgcgc), fusionA* 248 

(cgaaccagtggtgtacgtag), fusionB (agtcgacctgcaggcatgcaagctgcagttaaggttccacattatgtg), 249 

fusionC (agcttgcatgcctgcaggtcgact), fusionD (aagggcccgtacggccgactagtagg), and fusionD* 250 

(ggaaacagttatgtttggtatattggg). The region corresponding to 3 kb upstream of the octr-1 251 

gene was amplified with the primers fusionA and fusionB using genomic DNA as the 252 

template and was fused to 2 1876 of pPD95.75 (RRID:Addgene_1494). ser-3::gfp (Suo et 253 

al., 2006), ser-6::gfp (Yoshida et al., 2014), or octr-1::gfp was injected into him-5(e1490) 254 

animals together with ceh-17::dsred and the transformation marker pRF4, which contains 255 

the dominant roller mutation rol-6(su1006) (Kramer et al., 1990). Images of transformants 256 

were obtained with a confocal laser microscope (LSM710, Carl Zeiss). 257 

 258 

Mate-searching behavior and food-leaving assay 259 

 Mate-searching behavior was analyzed as previously described (Lipton et al., 2004). 260 

Animals were individually placed in the center of a bacterial lawn (9 mm diameter). The 261 

track left by animals were observed after 2, 4, 6, 8, and 24 hours. If the animal reached 5 262 

mm away from the edge of the petri dish, the animals was considered to have left the 263 

lawn and dispersed.  264 
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 To analyze food-leaving by video recording, molten low peptone NGM agar was poured 265 

into 24-well plates (500 μl per well). After solidification and drying, 5 μl of the OP50 266 

suspension was placed at the center of the wells. The plates were incubated at 22°C 267 

overnight. About 30 L4 animals were placed onto NGM plates and the plates were 268 

cultured for approximately 20 hours. Animals were individually placed into the wells 30 269 

min prior to recording and were recorded for one hour, using the same equipment that 270 

was used for recording locomotor behavior. Using ImageJ, the edges of bacteria lawns 271 

were detected. The region was enlarged by approximately one worm length. The animal 272 

was considered to have left the bacterial lawn unless the entire body of the animal was 273 

inside of this region. Using R, the number of leaving events per one hour in which animals 274 

stayed in the lawn was calculated.  275 

 276 

Experimental design and statistical analysis 277 

 Numbers of animals tested for each experiment are shown in the figures. Statistical 278 

analysis was carried out using R. The Wilcoxon Rank Sum test was used to determine the 279 

p values. The Bonferroni correction was used for comparisons of more than two groups. 280 

For comparisons of behavioral states, %Dwelling was compared between strains and 281 

sexes unless otherwise noted. For mate-searching behavior, the strains were contrasted 282 

by fitting the censored data with an exponential parametric survival model using 283 

maximum likelihood.  284 
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Results 285 

 286 

Sex differences in behavioral states 287 

To analyze the locomotor behavior of males and hermaphrodites, CB4088 him-5 animals 288 

were individually placed on a small lawn of E. coli OP50 and their movement was 289 

recorded (Figure 1A, B, Movie 1 and 2). As previously reported (Ben Arous et al., 2009; 290 

Flavell et al., 2013), speed for hermaphrodites was relatively low for the majority of the 291 

time when they are in a bacterial lawn. In contrast, males rarely exhibited periods of low 292 

locomotor activity and spent most of their time moving at a relatively high speed. Males 293 

sometimes exhibited tail-chasing behavior (Wang et al., 2014) in which their tails are in 294 

contact with their own heads and they move in a backward circle, staying nearly at the 295 

same location (Movie 3). This behavior is believed to be an erroneous attempt to mate 296 

themselves as they curl their tails similarly to males mating with hermaphrodites. Animals 297 

exhibiting tail-chasing behavior had high circularity and low speed of the centroid.  298 

To quantitatively analyze locomotor behavior, average speed and angular speed for 10-299 

sec windows were calculated as described previously (Ben Arous et al., 2009; Flavell et al., 300 

2013) and 10-sec data points from 50 males and 50 hermaphrodites were plotted using 301 

the plane of speed and angular speed (Figure 1E and F). Most of the data points for 302 

hermaphrodites, as previously reported (Ben Arous et al., 2009; Flavell et al., 2013), were 303 

seen in the area with low speed and high angular speed corresponding to the dwelling 304 

state and a small number of the data points were seen in the area with relatively high 305 

speed and low angular speed, corresponding to the roaming state (Figure 1F). In contrast, 306 

a high number of data points for males was seen in the area with high speed and low 307 

angular speed (Figure 1E). In addition, many data points for males were observed in the 308 

high speed and high angular speed area, where few points were observed for 309 

hermaphrodites. A small number of points were also observed in the low speed and high 310 

angular speed area in males. However, these data points are qualitatively different from 311 

points from the dwelling hermaphrodites in that these are mostly with average circularity 312 

> 0.7, corresponding to animals exhibiting tail-chasing behavior. 313 

In the previous studies, behavioral states were categorized by drawing a straight line in 314 

the speed-angular speed plane to separate roaming and dwelling (Ben Arous et al., 2009; 315 
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Flavell et al., 2013). However, such a straight line would not be suitable in categorizing 316 

males as they seem to have a different class of behavior in which both speed and angular 317 

speed are high. Through cluster analysis using the R package mclust (Scrucca et al., 2016) 318 

(Figure 1-1), the data points were categorized into the following three behavioral classes: 319 

Dwelling (slow movement), Roaming (fast movement and low frequency of turning), and 320 

Fast Turn (fast movement and high frequency of turning). Data points with 10-sec average 321 

circularity > 0.7 were categorized into a separated class: Tail Chase. Then the percentage 322 

of time spent in each class was calculated (Figure 1I). To validate this behavioral 323 

categorization, we manually analyzed 10 males and 10 hermaphrodites and found that 324 

the results of the manual and automatic categorization had strong correlations (Table 1). 325 

There were large differences in time allocation for each behavioral class when 326 

comparing males and hermaphrodites (Figure 1I). The percent time spent in Dwelling 327 

(%Dwelling) was significantly higher in hermaphrodites than in males. On the other hand, 328 

there was more time spent in the Roaming, Fast Turn, and Tail Chase classes for males. 329 

These results suggest that there is a sex difference in the regulation of behavioral states. 330 

We also tested another wild isolate of C. elegans, CB4856, and other Caenorhabditis 331 

species, including the androdioecious (male-hermaphrodite) species, C. briggsae, and the 332 

dioecious (male-female) species, C. remanei and C. brenneri, and found that there are sex 333 

differences in the distribution of time spent in different behavioral classes in all strains 334 

tested (Figure 2). These results suggest that sex differences in the distribution of 335 

behavioral states are not specific to C. elegans but are observed in other nematode 336 

species, including male-female species.  337 

 338 

Dopamine regulates behavioral states in a sexually dimorphic manner 339 

 The cat-2 gene in C. elegans encodes tyrosine hydroxylase that is the rate-limiting 340 

enzyme for dopamine synthesis (Lints and Emmons, 1999). In hermaphrodites, dopamine 341 

regulates many aspects of behavior including locomotion, turning frequency, and learning 342 

(Chase and Koelle, 2007). Furthermore, dopamine regulates mating behavior in males, 343 

and cat-2 mutants have defects in vulva location, spicule insertion, and ejaculation and 344 

have reduced post-coital lethargy (Correa et al., 2012, 2015; LeBoeuf et al., 2014). We 345 

recorded the locomotor behavior of cat-2 mutants and found that cat-2 mutant males 346 
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sometimes exhibited an extended period of time where their speed was low, which was 347 

rarely seen in wildtype background males (Figure 1C, G, and Movie 4). The %Dwelling was 348 

significantly increased in the three different mutants of cat-2, including e1112, n4547, 349 

and tm2261 (Figure 3A). In contrast, cat-2 mutant hermaphrodites had more time with 350 

high locomotor activity than wildtype hermaphrodites (Figure 1D, H, and Movie 5). 351 

Correspondingly, the %Dwelling was significantly decreased in the hermaphrodites of cat-352 

2 mutants (Figure 3A). This result is consistent with recent studies reporting that the 353 

dwelling state is decreased in cat-2 hermaphrodites (Stern et al., 2017; Oranth et al., 354 

2018). The average speed of cat-2 mutants was also decreased in males and increased in 355 

hermaphrodites compared to control animals (Figure 3D). In contrast, the average 356 

angular speed of cat-2 mutants was not changed in either males or hermaphrodites 357 

(Figure 3E). These results suggest that cat-2 modulates behavioral states primarily 358 

through affecting locomotor speed. To confirm the involvement of the cat-2 gene in this 359 

regulation, cat-2 mutants carrying the wildtype cat-2 gene were examined (Figure 3B). 360 

The %Dwelling was reduced in males carrying the cat-2 gene, whereas the %Dwelling was 361 

increased in hermaphrodites carrying the cat-2 gene compared to control animals that do 362 

not carry the cat-2 gene. This shows that the introduction of the cat-2 gene rescues both 363 

males and hermaphrodites of cat-2 mutants. Together, these results suggest that 364 

dopamine decreases the low locomotor activity state in males and increases the low 365 

locomotor activity state in hermaphrodites. 366 

 C. elegans animals transition through four larval stages before becoming sexually mature 367 

adults. The locomotor behavior of animals in the L4 stage was examined (Figure 3C). Both 368 

the males and hermaphrodites of L4 animals spent most of the time in Dwelling. The cat-2 369 

mutation reduced the %Dwelling in both L4 males and hermaphrodites. This result 370 

suggests that, in L4 males, dopamine increases the inactive dwelling state similarly to 371 

adult hermaphrodites and that dopamine-mediated reduction of the dwelling state only 372 

occurs in mature males. 373 

 374 

Exogenous dopamine rescues cat-2 phenotypes 375 

 cat-2 mutants were supplemented with exogenous dopamine to examine if it suppresses 376 

their locomotor phenotypes. First, dopamine was added to assay plates where their 377 
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behavior was recorded (Figure 4A). This exogenous dopamine treatment suppressed the 378 

cat-2 phenotype of hermaphrodites, causing an increase in the %Dwelling of cat-2 379 

hermaphrodites. However, exogenous dopamine in the assay plates had little effect on 380 

cat-2 males. Next, dopamine was added to culture plates where L4 animals were placed a 381 

day before recording and cultured for 20 hours (Figure 4B). Dopamine in the culture 382 

plates significantly reduced %Dwelling of cat-2 males. Because animals were exposed to 383 

dopamine since they were at the L4 stage, dopamine may be required for the 384 

development of males. To address this, animals were grown on plates without dopamine 385 

for 20 hours beginning from the L4 stage, followed by exposure to dopamine for three or 386 

six hours (Figure 4C). Six-hour or three-hour dopamine exposure significantly reduced 387 

the %Dwelling, suggesting that a few hours of dopamine exposure after development is 388 

required. In the experiments in Figure 4B, dopamine was not included in the assay plates, 389 

but the effect of dopamine exposure was observed. Moreover, the effects of dopamine 390 

persisted for at least six hours after its removal (Figure 4D). Together, these results 391 

suggest that, in males, dopamine is not required at the time of recording for increased 392 

locomotor activity but is required prior to recording. On the other hand, in 393 

hermaphrodites, dopamine present at the time of recording is sufficient for suppression 394 

of locomotor activity. 395 

 We next determined which dopamine receptors function in the regulation of the 396 

behavioral states. There are five dopamine receptors identified in C. elegans: the D1-like 397 

receptor, DOP-1 (Suo et al., 2002); the D2-like receptors, DOP-2 (Suo et al., 2003) and 398 

DOP-3 (Sugiura et al., 2005); the Gq-coupled receptor, DOP-4 (Sugiura et al., 2005); the 399 

dopamine-gated Cl- channel, LGC-53 (Ringstad et al., 2009). We tested all of the single 400 

receptor mutants as well as some combined mutants (Figure 4E and F). In males, only 401 

when all five dopamine receptors were mutated, the %Dwelling was not significantly 402 

different from that of cat-2 mutants. This result suggests that all of the known dopamine 403 

receptors play a role in increasing locomotor activity in males. For hermaphrodites, 404 

the %Dwelling was not different from cat-2 mutants in all the strains that carried 405 

mutations in both dop-3 and lgc-53, suggesting that dop-3 and lgc-53 are required for 406 

decreasing the locomotor activity in hermaphrodites. Together, these results illustrate 407 
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that dopamine regulates behavioral states through different mechanisms in males and 408 

hermaphrodites. 409 

 410 

Dopamine and the polycystic kidney disease genes act in the same pathway in males 411 

 We examined the interaction between cat-2 and genes that are known to regulate 412 

aspects of male behavior. The ntc-1  gene encodes a vasopressin/oxytocin-related peptide 413 

and ntc-1 mutants are impaired in mate-searching behavior and mating (Garrison et al., 414 

2012). The ntc-1 mutation alone did not impact the %Dwelling in either males or 415 

hermaphrodites (Figure 5A). The cat-2 mutation did alter locomotor behavior of both 416 

males and hermaphrodites in the ntc-1 mutant background, suggesting that ntc-1 has 417 

little effect on regulation by cat-2. Pigment dispersing factor mutants (pdf-1) exhibit 418 

reduced mate-searching behavior in males and an increased dwelling state in 419 

hermaphrodites (Barrios et al., 2012; Flavell et al., 2013). The pdf-1 mutation alone 420 

increased Dwelling in males and hermaphrodites (Figure 5B). The effect of cat-2 was 421 

present in pdf-1 males and was not clear in hermaphrodites as locomotor activity was 422 

very low in pdf-1 hermaphrodites. Therefore, the results suggest that pdf-1 reduces 423 

dwelling both in males and hermaphrodites and that pdf-1 and cat-2 act in parallel 424 

pathways in males. 425 

 We next investigated the daf-2 gene, which encodes the insulin/IGF receptor, as daf-2 426 

mutants exhibit reduced mate-searching behavior (Lipton et al., 2004). %Dwelling was 427 

increased in daf-2 mutant males and it was not further increased by cat-2 in cat-2;daf-2 428 

double mutants (Figure 5C). This result suggests that, in males, daf-2 and cat-2 act in the 429 

same pathway to reduce dwelling and that daf-2 acts downstream of cat-2. However, 430 

given that the daf-2 phenotype is so strong and could mask the milder cat-2 phenotype, it 431 

is also possible that cat-2 and daf-2 act in parallel pathways. %Dwelling was also 432 

increased by daf-2 in hermaphrodites (Figure 5C). However, cat-2 decreased %Dwelling in 433 

the daf-2 background hermaphrodites. This result suggests that, in hermaphrodites, daf-2 434 

and cat-2 have opposite effects on dwelling and act in parallel pathways. 435 

 The polycystic kidney disease-related genes lov-1 and pkd-2 are required for normal male 436 

mating behavior as well as mate-searching behavior and these two genes work in the 437 

same pathway (Barr and Sternberg, 1999; Barr et al., 2001; Barrios et al., 2008). lov-1 and 438 
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pkd-2 are expressed exclusively in male-specific sensory neurons and are required for 439 

functions of these neurons. The %Dwelling of cat-2;lov-1 and cat-2;pkd-2 double mutants 440 

were not significantly different from those of lov-1 and pkd-2, respectively (Figure 5D left 441 

panel). lov-1 and pkd-2 mutants had reduced Tail Chase presumably because of their 442 

defects in tail sensation. Even when %Dwelling was calculated after removing Tail Chase 443 

(Figure 5D right panel), the %Dwelling of cat-2;lov-1 and cat-2;pkd-2 double mutants were 444 

not significantly different from those of lov-1 and pkd-2, respectively. The results suggest 445 

that the polycystic kidney disease genes and cat-2 act in the same pathway in males. 446 

Therefore, the dopaminergic pathway for behavioral state regulation likely involves the 447 

male sensory neurons. spe-26 and glp-1 mutants have reduced sperm production and 448 

exhibit reduced mate-searching behavior(Priess et al., 1987; Varkey et al., 1995; Lipton et 449 

al., 2004). The cat-2 mutation increased the %Dwelling in the spe-26 and glp-1 450 

backgrounds, and the %Dwelling of cat-2 mutants and those of cat-2;spe-26 or cat-2;glp-1 451 

double mutants were not significantly different (Figure 5E). These results suggest that 452 

sperm content does not affect the dopaminergic regulation of locomotor behavior. 453 

 454 

Serotonin and dopamine work through the same pathway 455 

 The tph-1 gene encodes tryptophan-hydroxylase, which is required for serotonin 456 

production (Sze et al., 2000). We examined the locomotor behavior of tph-1 mutants and 457 

tph-1;cat-2 double mutants (Figure 5F). The tph-1 mutation alone had little effect on the 458 

behavioral states in males and did not affect regulation by cat-2 in males. In 459 

hermaphrodites, it was previously reported that serotonin increases the dwelling state 460 

(Flavell et al., 2013). The %Dwelling in tph-1 mutant hermaphrodites was reduced to a 461 

level that was not different from that of cat-2 mutants. Furthermore, cat-2;tph-1 double 462 

mutants showed no further decrease in %Dwelling from that of single mutants. These 463 

results suggest that dopamine and serotonin regulate locomotor behavior through the 464 

same pathway in hermaphrodites. 465 

 466 

Octopamine signaling in the SIA neurons works downstream of dopamine 467 

 It was previously reported that dopamine suppresses octopamine signaling in 468 

hermaphrodites and that octopamine signaling activated in the absence of dopamine 469 
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signaling induces signal transduction in the SIA neurons, leading to activation of CREB 470 

(Suo et al., 2006, 2009). Furthermore, octopamine is involved in experience-dependent 471 

changes in the sex-specific pruning of synaptic connections (Bayer and Hobert, 2018). We 472 

examined octopamine-deficient tbh-1 mutants and found that tbh-1 had little effect on 473 

males (Figure 6A). In hermaphrodites, tbh-1 suppressed cat-2 and the %Dwelling was not 474 

significantly different between tbh-1 and cat-2;tbh-1, suggesting that octopamine 475 

signaling works downstream of dopamine.  476 

 We also examined the effect of the crh-1 gene, which encodes the CREB homolog (Figure 477 

6B). Although crh-1 hermaphrodites exhibited a small decrease in the %Dwelling, the cat-478 

2 mutation further decreased it in the crh-1 background, suggesting that crh-1 does not 479 

suppress cat-2 for the regulation of behavioral states. In males, the %Dwelling of cat-480 

2;crh-1 was slightly smaller than that of cat-2, suggesting that CREB plays a role in 481 

regulation of behavioral states by dopamine in males.  482 

 There are three octopamine receptors in C. elegans: the Gq-coupled receptors, SER-3 483 

(Suo et al., 2006) and SER-6 (Mills et al., 2011), and the Gi-coupled receptor, OCTR-1 484 

(Wragg et al, 2007). We next examined whether the mutations in these receptors 485 

suppress the effects of cat-2 in hermaphrodites (Figure 6C). The %Dwelling of cat-2 486 

mutants was not significantly affected by the ser-3, ser-6, or octr-1 single mutations. 487 

Through the examination of double and triple mutants, we found that cat-2;ser-3;ser-6 488 

and cat-2;ser-3;ser-6;octr-1 mutants had a significantly larger %Dwelling than cat-2 489 

mutants. These results suggest that both ser-3 and ser-6 works downstream of dopamine. 490 

The results did not exclude the possibility that octr-1 is also involved in the regulation 491 

since the time spent exhibiting Roaming of cat-2;ser-3;ser-6 was not significantly different 492 

from cat-2 and it was only in the cat-2;ser-3;ser-6;octr-1 mutants that both the amounts 493 

of time spent exhibiting Dwelling and Roaming were significantly different from those of 494 

cat-2. 495 

 Churgin et al. showed that octopamine signaling works downstream of serotonin in the 496 

regulation of the behavioral states of hermaphrodites and that SER-3 and SER-6 work 497 

within the SIA neurons in this regulation (Churgin et al., 2017). To examine whether the 498 

SIA neurons are also involved in the regulation of behavioral states by dopamine, we 499 

expressed SER-3 and SER-6 in the SIA neurons of the cat-2;ser-3;ser-6;octr-1 mutants 500 
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using the ceh-17 promotor, which induces gene expression only in the SIA neurons and 501 

one additional neuron (Pujol et al., 2000). The mutants expressing SER-3 and SER-6 in the 502 

SIA neurons exhibited reduced %Dwelling compared to ones without expression of SER-3 503 

and SER-6 (Figure 6D), suggesting that, in hermaphrodites, it is also the SIA neurons in 504 

which octopamine signaling is working downstream of dopamine. However, given that 505 

the reduction of %Dwelling was small, the receptors may also work in other neurons. 506 

 If octopamine signaling is activated in the SIA neurons in the absence of dopamine in cat-507 

2 mutants and this reduces the dwelling state, exogenous application of octopamine in 508 

wildtype animals should reduce the inactive state. Incorporation of octopamine in the 509 

assay plates reduced %Dwelling in wildtype background animals (Figure 6E). Reduction in 510 

the %Dwelling was not observed in ser-3;ser-6;octr-1 triple mutants. Taken together, the 511 

above results suggest that octopamine signaling, which is activated in the absence of 512 

dopamine, reduces the inactive state of hermaphrodites. 513 

 514 

Octopamine induces a calcium response in the SIA neurons of hermaphrodites but not 515 

males 516 

 The SIA neurons are sex-shared neurons and exist not only in hermaphrodites but also in 517 

males (Sulston et al., 1980; White et al., 1986). However, the reduction of %Dwelling by 518 

the cat-2 mutation is observed in hermaphrodites but not in males. To address whether 519 

there is a difference in the responsiveness to octopamine between the SIA neurons of 520 

males and those of hermaphrodites, calcium imaging of SIA neurons was performed by 521 

expressing GCaMP6 (Ohkura et al., 2012) in the SIA neurons using the ceh-17 promotor. 522 

Animals were placed in the olfactory chip (Chronis et al., 2007) and exposed to 523 

octopamine-containing buffer. In the wildtype background hermaphrodites, calcium 524 

oscillation was evoked upon octopamine exposure (Figure 7A). Although there were 525 

varying degrees of calcium responses in the ser-3, ser-6, and octr-1 single mutants, there 526 

was essentially no response in ser-3;ser-6;octr-1 triple mutants (Figure 7B-E and G). In 527 

wildtype males, the calcium response to octopamine was significantly reduced compared 528 

to wildtype hermaphrodites (Figure 7F and G). The observation that calcium response is 529 

evoked by octopamine in the SIA neurons in hermaphrodites but there was little response 530 
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evoked in males suggests that there is a sex difference in responsiveness to octopamine 531 

in the SIA neurons. 532 

 We next examined expression of the octopamine receptor genes in the SIA neurons using 533 

transcriptional fusion genes (Figure 8). As previously reported (Suo et al., 2006; Yoshida et 534 

al., 2014), ser-3 and ser-6 were expressed in a number of neurons including the SIA 535 

neurons in hermaphrodites. octr-1 was also expressed in the SIA neurons of 536 

hermaphrodites. Furthermore, expression of ser-3, ser-6, and octr-1 in the SIA neurons 537 

was similarly observed in males. These results suggest that, at least at the transcription 538 

level, expression of the octopamine receptors in the SIA neurons is not different between 539 

males and hermaphrodites and, therefore, the sex difference in the octopamine response 540 

is unlikely caused by altered receptor expression. 541 

 In hermaphrodites, the overexpression of the sex determination gene fem-3 from the 542 

pan-neural rab-3 promoter results in masculinization of the shared neurons mostly 543 

without producing male-specific neurons (Lee and Portman, 2007; White et al., 2007). 544 

Furthermore, subsets of neurons can be masculinized by expression of fem-3 using cell-545 

specific promotors. To examine whether the sex difference in responsiveness to 546 

octopamine arise from the sex of the SIA neurons, calcium imaging was performed in 547 

hermaphrodites carrying ceh-17::fem-3, which would express fem-3 in the SIA neurons 548 

(Figure 9A-C). Although the transgenic strain appeared somewhat unhealthy, both 549 

animals carrying and not carrying ceh-17::fem-3 similarly responded to octopamine in the 550 

SIA neurons, unlike what was seen for wildtype background males. This result suggests 551 

that the sexual dimorphisms in SIA signaling does not arise from the sex of the SIA 552 

neurons and implies that it is a result of a network effect.  553 

 We next examined the behavioral states of animals carrying ceh-17::fem-3 (Figure 9D). 554 

Wildtype background hermaphrodites carrying ceh-17::fem-3 had a normal level 555 

of %Dwelling. The %Dwelling was reduced in cat-2 mutants carrying ceh-17::fem-3, 556 

suggesting that dopamine alters locomotor activity even when the SIA neurons of 557 

hermaphrodites were masculinized. Hermaphrodites carrying rab-3::fem-3, which 558 

masculinize all the shared neurons, were also tested (Figure 9E). Hermaphrodites carrying 559 

rab-3::fem-3 exhibited reduced %Dwelling compared to the control animals. 560 

The %Dwelling was not further reduced in cat-2 mutants carrying rab-3::fem-3, suggesting 561 
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that dopamine does not alter locomotor activity in the animals with masculinized shared 562 

neurons. Together, the results further suggest that the sexually dimorphic signaling is not 563 

intrinsic to the SIA neurons and that other shared neurons play roles in generating sex 564 

differences in bioamine signaling.  565 

 566 

Sexually dimorphic regulation of exploration by dopamine 567 

 The results above suggested that dopamine increases the time spent in the high 568 

locomotor activity state in males. Animals with increased locomotor activity may be able 569 

to explore a larger area of a bacterial lawn, which would be beneficial for males who are 570 

in search of a mate. To examine if indeed males explore a larger area of a lawn, the areas 571 

of the traces of animals were quantified and the percentage of the bacterial lawn covered 572 

by the trace was calculated (Figure 10A and B). Males covered a much larger area than 573 

hermaphrodites. Area coverage was significantly reduced in cat-2 males compared to that 574 

in wildtype males, whereas cat-2 hermaphrodites covered a larger area than wildtype 575 

hermaphrodites. These results suggest that dopamine allows males to explore a larger 576 

area of the bacterial lawn and keeps hermaphrodites in a smaller area. 577 

 As part of mate-searching behavior, males often leave and disperse away from a bacterial 578 

lawn when there is no hermaphrodite present, whereas hermaphrodites leave the lawn 579 

less frequently (Lipton et al., 2004). Mate-searching behavior was analyzed by measuring 580 

the time it takes for a male to leave a small lawn and reach the edge of assay plates.  cat-581 

2 mutant males showed significantly less dispersal compared to wildtype males (Figure 582 

10C), which was at least partially rescued by introduction of the cat-2 gene (Figure 10D), 583 

suggesting that dopamine promotes mate-searching. To further assess food-leaving 584 

behaviors of males and hermaphrodites, animals were individually placed on small 585 

bacterial lawns (5 mm diameter) and were video-recorded to determine how frequently 586 

they leave the lawns (Figure 10E). Wildtype males left lawns at a much higher rate than 587 

wildtype hermaphrodites. cat-2 mutant males left bacterial lawns at significantly lower 588 

rates than wildtype males. In contrast, cat-2(e1112) and cat-2(tm2261) hermaphrodites 589 

left lawns at higher rates than wildtype hermaphrodites. Both the reduced leaving in 590 

males and the increased leaving in hermaphrodites were suppressed by introduction of 591 

the wildtype cat-2 gene in the cat-2 mutants (Figure 10F). The results suggest that 592 
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dopamine promotes leaving in males and suppresses leaving in hermaphrodites and that 593 

dopamine regulates food-leaving in a sexually dimorphic manner.  594 



 

23 
 

Discussion 595 

 596 

 In this study, we investigated the sex differences in the regulation of behavioral states 597 

and found that C. elegans males spend much more time than hermaphrodites in the high 598 

locomotor activity state, the roaming state. In addition to the roaming state, males spent 599 

much time exhibiting high-speed and high-turning frequency behaviors. In dopamine-600 

deficient cat-2 mutants, the dwelling state was increased in males and decreased in 601 

hermaphrodites. This suggests that dopamine plays a major role in generating the sex 602 

differences in the behavioral states by having the opposite effects in males and 603 

hermaphrodites. Given that there remained some sex differences in the cat-2 mutants, 604 

dopamine does not account for all of the sex differences in the behavioral states. 605 

Therefore, other factors may be involved in generating these differences.  606 

 Dopamine plays a role in some aspects of male mating behavior, including post-coital 607 

lethargy where males become inactive after mating with hermaphrodites, ensuring that 608 

enough sperms are available for the next mating (LeBoeuf et al., 2014). Post-coital 609 

lethargy is not the cause of an increased dwelling state in cat-2 mutants since dopamine 610 

promotes post-coital lethargy. Moreover, in our experiments, males were grown 611 

separately from hermaphrodites and were prohibited from mating. cat-2 mutant males 612 

sometimes ejaculate outside of the vulva during mating since they have abnormal spicule 613 

protraction and vulva sensing (LeBoeuf et al., 2014). Although it is unknown whether cat-614 

2 males ejaculate abnormally in the absence of hermaphrodites, it was possible that this 615 

affected their behavior, as males with reduced sperm quantity have reduced sex drive 616 

(Lipton et al., 2004). However, since sperm-deficient spe-26 and glp-1 mutants did not 617 

suppress cat-2 in the regulation of the behavioral states, it is unlikely that dopamine 618 

affects the states through changing the sperm level. 619 

 For the same neurotransmitter, dopamine, to regulate the same behavior in opposite 620 

directions in different sexes, there need to be two separate mechanisms of regulation, 621 

one for males and another for hermaphrodites. In addition, there should be mechanisms 622 

to inactivate male-specific regulation in hermaphrodites and vice versa. The mechanisms 623 

by which dopamine regulates behavioral states in males and hermaphrodites should be 624 

distinct since the timing for dopamine requirement is different. In hermaphrodites, 625 
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exogenous dopamine had an immediate effect on the behavior of cat-2 mutants, which 626 

suggested that suppression of octopamine signaling by dopamine immediately results in 627 

suppression of the high locomotor activity state. In males, it required a few hours for 628 

dopamine to work on cat-2 mutants and the effect persisted for hours. Since dopamine 629 

had effects on adult cat-2 mutants, dopamine works at least in part independently of 630 

male development. The reason for the delay and persistence is unknown, but dopamine 631 

may be regulating states through slow signaling, such as induction of gene expression. 632 

The CREB homologue CRH-1 may play a role in such signaling, as crh-1 loss of function 633 

partially suppressed the effect of cat-2 on behavioral states in males.     634 

 The genes working in the dopaminergic regulation, including the receptors, were also 635 

different in males and hermaphrodites. For suppression of the dwelling state in males, 636 

dopamine acts in the same pathway as the polycystic kidney disease-related genes, lov-1 637 

and pkd-2. lov-1 and pkd-2 work in the same pathway for the regulation of male mating 638 

behavior and are expressed exclusively in male-specific sensory neurons (Barr and 639 

Sternberg, 1999; Barr et al., 2001). Therefore, the dopaminergic pathway for behavioral 640 

state regulation in males may involve the male-specific sensory neurons. The fact that 641 

these neurons do not exist in hermaphrodites and are not fully developed in L4 males 642 

(Sulston et al., 1980) is consistent with the results showing that the male-specific 643 

regulation does not work in hermaphrodites and L4 males. Involvement of sex-specific 644 

neurons may be one of the mechanisms for the sexually dimorphic regulation of 645 

behavioral states. 646 

 The results shown in this study demonstrate that, in hermaphrodites, dopamine 647 

decreases locomotor activity through the suppression of octopamine signaling in the SIA 648 

neurons. Serotonin also regulates the behavioral states in hermaphrodites through 649 

octopamine signaling in the SIA neurons (Churgin et al., 2017). Furthermore, cat-2 and 650 

tph-1 mutants had similar %Dwelling and cat-2 did not further decrease %Dwelling of tph-651 

1. Therefore, it is likely that dopamine and serotonin signaling converge on suppression of 652 

octopamine signaling.  653 

 The SIA neurons are sex-shared neurons, existing in males and hermaphrodites (White et 654 

al., 1986). Through calcium imaging of the SIA neurons, we showed that the SIA neurons 655 

of hermaphrodites respond to octopamine by evoking calcium oscillation in a manner 656 
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that requires the octopamine receptors. In contrast, the calcium response to octopamine 657 

was severely reduced in the SIA neurons of males. This result suggests that the SIA 658 

neurons of males have reduced responsiveness to octopamine compared to those of 659 

hermaphrodites. Therefore, in males, dopaminergic regulation of octopamine signaling 660 

would have less of an effect on the behavioral states. Such a sex difference in the 661 

responsiveness of the sex-shared neurons is likely another mechanism for the sexually 662 

dimorphic regulation of behavioral states. As masculinization of the SIA neurons by itself 663 

did not alter octopamine response or behavioral states of hermaphrodites, it is unlikely 664 

that the sex differences in bioamine signaling were determined by the sex of the SIA 665 

neurons and other neurons may be involved. Further studies are required to elucidate the 666 

neural circuit that gives rise to the sexually dimorphic signaling. 667 

 Males spending more time in the high locomotor activity state may be beneficial for 668 

finding mates. Indeed, males explored a larger area of the bacteria lawn than 669 

hermaphrodites and dopamine was responsible for a part of this sex difference. For 670 

hermaphrodites, it may be more beneficial to be less active as it allows them to stay with 671 

food and potentially conserve energy. The observation that sexually immature L4 males 672 

spent most of the time in the inactive dwelling state, similarly to hermaphrodites, is 673 

consistent with this idea. Male-female species also had sex differences in locomotor 674 

activity. Although females require males for reproduction, this may be explained by the 675 

fact that females have higher reproductive costs than males since they bear eggs. Recent 676 

simulation studies offer an alternative explanation for the sex difference in locomotor 677 

activity. Mizumoto et al. showed that sex differences in locomotion allow for a higher rate 678 

of encounter for two individuals of different sexes (Mizumoto et al., 2017). In particular, if 679 

one sex is sending an attracting signal and is moving slower than signal receivers, it 680 

improves the chance of mating encounters (Mizumoto and Dobata, 2018). As C. elegans 681 

males are attracted to pheromones from hermaphrodites (Simon and Sternberg, 2002), 682 

the lower locomotor activity of hermaphrodites may help males find them. In addition to 683 

how they move within bacterial lawn, whether to leave the lawn impacts the chance of 684 

finding mates. Males leave a lawn at a much higher rate than hermaphrodites in the 685 

absence of mates. This difference is believed to be beneficial to males for finding a mate 686 

and helps hermaphrodites to stay with food. We found that dopamine also contributes to 687 
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generating the sex differences in food-leaving by increasing food-leaving in males and 688 

decreasing it in hermaphrodites. These results suggest that dopamine is important for 689 

behavioral differentiation and promotes adaptive behaviors for each sex. 690 

 For tuning sex-shared behaviors to suit reproductive strategy of each sex, 691 

neuromodulator signaling that controls these behaviors needs to be altered in a sexually 692 

dimorphic manner. Our results show that a neurotransmitter, dopamine, controls the 693 

same behavior in the opposite way using different molecular mechanisms in different 694 

sexes, illustrating that animals can vary their behavior in a way that is adaptive to their 695 

sex without changing the associated neurotransmitter.   696 
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Figure legends 854 

Figure 1.  855 

Sex differences in the locomotion of C. elegans males and hermaphrodites. Locomotor 856 

speed (5-sec moving average, top panels) and angular speed (bottom panels) of a him-857 

5(e1490) male (A), him-5(e1490) hermaphrodite (B), cat-2(e1112);him-5(e1490) male (C), 858 

and cat-2(e1112);him-5(e1490)  hermaphrodite (D) over 900-sec recordings. Scatter plots 859 

of average speed and average angular speed in 10-sec intervals for 50 each of the 860 

following: him-5(e1490) males (E), him-5(e1490) hermaphrodites (F), cat-2(e1112);him-861 

5(e1490) males (G), and cat-2(e1112);him-5(e1490) hermaphrodites (H). Data points were 862 

categorized into four classes by circularity and cluster analysis (Figure 1-1) and shown in 863 

different colors: Roaming, fast movement and low frequency of turning (red); Fast Turn, 864 

fast movement and high frequency of turning (orange); Tail Chase, tail-chasing behavior 865 

(green); and Dwelling, slow movement (blue). (I) The percentage of time spent exhibiting 866 

each behavioral class for him-5(e1490) mutants was determined. The numbers in the bars 867 

represent the numbers of animals tested. Error bars represent SEM. ***p < 0.001 868 

between males and hermaphrodites for all of the behavioral classes, Wilcoxon Rank Sum 869 

test. Dwelling: W = 0, p < 2.22 x 10-16. Tail Chase: W = 4041.5, p < 2.22 x 10-16. Fast Turn: 870 

W = 4483, p < 2.22 x 10-16. Roaming: W = 4329.5, p < 2.22 x 10-16.  871 

 872 

Figure 2. 873 

Locomotor behavior of other Caenorhabditis species. Time spent in each behavioral class 874 

for the N2 background C. elegans him-5 strain CB4088, C. elegans Hawaiian isolate 875 

CB4856, C. briggsae him strain PB103, C. remanei strains EM464 and PB4641, and C. 876 

brenneri strain CB5161. C. elegans and C. briggsae are androdioecious (male-877 

hermaphrodite), whereas C. remanei and C. brenneri are dioecious (male-female). The 878 

numbers in the bars represent the numbers of animals tested. Error bars represent SEM. 879 

***p < 0.001, **p < 0.01, Wilcoxon Rank Sum test with Bonferroni correction. CB4088: W 880 

= 72.5, p < 2.22 x 10-16. CB4856: W = 49, p = 3.58 x 10-9. PB103: W = 2, p = 0.00699. 881 

EM464: W = 23, p = 1.66 x 10-7. PB4641: W = 20, p = 2.39 x 10-8. CB5161: W = 10, 8.00 x 882 

10-8. 883 

 884 
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Figure 3.  885 

cat-2 is required for the regulation of behavioral states. (A) Time spent in each behavioral 886 

class for males (left) and hermaphrodites (right) of control and cat-2(e1112), cat-2(n4547), 887 

and cat-2(tm2261) mutant animals. (B) Time spent in each behavioral class for cat-888 

2(e1112) mutants carrying (+ cat-2 gene) and not carrying (ctrl) the wildtype cat-2 gene. 889 

(C) Time spent in each behavioral class for L4 males and L4 hermaphrodites of control and 890 

cat-2(e1112) mutant animals. The numbers in the bars represent the numbers of animals 891 

tested. Error bars represent SEM. Average speed (D) and average angular speed (E) during 892 

900-sec recording were determined for control and the cat-2 mutant animals. The boxes 893 

depict the lower and upper quartile values and the central lines represent the medians. 894 

The crosses represent the means. The whiskers are the most extreme values within 1.5 895 

times the interquartile range and the circles represent outliers. The numbers in the graph 896 

represent the numbers of animals tested. ***p < 0.001, **p < 0.01, *p < 0.05, ns: p > 0.05, 897 

Wilcoxon Rank Sum test with Bonferroni correction. p values are listed in Figure 3-1. 898 

 899 

Figure 4.  900 

Dopamine regulates behavioral states through different mechanisms in males and 901 

hermaphrodites. (A) Dopamine was added to assay plates in which behavior was recorded 902 

and time spent in each behavioral class was determined for males (left) and 903 

hermaphrodites (right) of control and cat-2(e1112) animals. (B) Dopamine was added to 904 

plates where control and cat-2(e1112) males were grown for 20 hours from the L4 stage. 905 

(C) cat-2(e1112) mutants were exposed to dopamine from three or six hours before 906 

transferring to assay plates and time spent in each behavioral class was determined. (D) 907 

cat-2(e1112) mutants were exposed to dopamine for 20 hours and transferred to plates 908 

without dopamine for three or six hours before transferring to assay plates. Dopamine 909 

was not added to assay plates for the experiments in B, C, and D. (E, F) Time spent in each 910 

behavioral class for control animals and dopamine receptor mutants, dop-1(vs101), dop-911 

2(vs105), dop-3(vs106), dop-4(tm1392), and lgc-53(tm2735). The numbers in the bars 912 

represent the numbers of animals tested. Error bars represent SEM. ***p < 0.001, **p < 913 

0.01, *p < 0.05, ns: p > 0.05, Wilcoxon Rank Sum test with Bonferroni correction. p values 914 

are listed in Figure 4-1. 915 
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 916 

Figure 5.  917 

Interaction of cat-2 with other genetic factors. Time spent in each behavioral class for 918 

males (left) and hermaphrodites (right, except for D and E) of control and cat-2(e1112) 919 

mutant animals in the following mutant background: the oxytocin/vasopressin-related 920 

peptide mutant, ntc-1(tm2385) (A); the pigment dispersing factor mutant, pdf-1(tm1996) 921 

(B); the insulin/IGF receptor mutant, daf-2(e1370) (C); the polycystic kidney disease-922 

related gene mutants, lov-1(sy582) and pkd-2(sy606) (D); sperm-deficient mutants, spe-923 

26(hc138) and glp-1(bn18) (E); and the serotonin-deficient mutant, tph-1(mg280) (F). 924 

Since the lov-1(sy582) and pkd-2(sy606) mutants have a defect in tail sensation and 925 

therefore have reduced Tail Chase, time spent in Roaming, Fast Turn, and Dwelling was 926 

compared after removing Tail Chase (D, right panel). The numbers in the bars represent 927 

the numbers of animals tested. Error bars represent SEM. ***p < 0.001, **p < 0.01, ns: p 928 

> 0.05, Wilcoxon Rank Sum test with Bonferroni correction. p values are listed in Figure 5-929 

1. 930 

 931 

Figure 6.  932 

Octopamine works downstream of dopamine. (A) Time spent in each behavioral class for 933 

males (left) and hermaphrodites (right) of control and cat-2(e1112) mutant animals in the 934 

octopamine-deficient tbh-1(ok1196) mutant background. (B) Time spent in each 935 

behavioral class for control and cat-2(e1112) mutant animals in the mutant background 936 

of the CREB homologue, crh-1(tz2). (C) Time spent in each behavioral class for control and 937 

cat-2(e1112) mutant hermaphrodites in the octopamine receptor mutant background, 938 

ser-3(ad1774), ser-6(tm2104), and octr-1(ok371). (D) Time spent in each behavioral class 939 

for cat-2(e1112);ser-3(ad1774);ser-6(tm2104);octr-1(ok371) mutants carrying (+ ceh-940 

17::ser-3,ceh-17::ser-6) and not carrying (ctrl) the plasmids that induce expression of ser-3 941 

and ser-6 in the SIA neurons. (E) Octopamine was added to assay plates in which behavior 942 

was recorded and time spent in each behavioral class was determined for 943 

hermaphrodites of control and ser-3(ad1774);ser-6(tm2104);octr-1(ok371) mutant 944 

animals. The numbers in the bars represent the numbers of animals tested. Error bars 945 

represent SEM. ***p < 0.001, **p < 0.01, *p < 0.05, ns: p > 0.05, Wilcoxon Rank Sum test 946 
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with Bonferroni correction. p values are listed in Figure 6-1. 947 

 948 

Figure 7.  949 

Calcium response of the SIA neurons upon octopamine treatment. Calcium imaging of 950 

control (A), ser-3(ad1774) (B), ser-6(tm2104) (C), octr-1(ok371) (D), and ser-951 

3(ad1774);ser-6(tm2104);octr-1(ok371) (E) background hermaphrodites and wildtype 952 

males (F) expressing GCaMP6 in the SIA neurons. The top panels show representative 953 

graphs of fluorescence change recorded from a single animal. Shaded areas represent the 954 

presence of octopamine. The bottom panels show heatmap graphs of fluorescence 955 

change with each row representing individual animals. (G) Length of time in which ΔF/F 956 

was higher than 3. The boxes depict the lower and upper quartile values and the central 957 

lines represent the medians. The crosses represent the means. The whiskers are the most 958 

extreme values within 1.5 times the interquartile range and the circles represent outliers. 959 

The numbers in the graph represent the numbers of animals tested. **p < 0.01, *p < 0.05, 960 

Wilcoxon Rank Sum test with Bonferroni correction. ser-3 hermaphrodites: W = 141, p = 961 

1.00. ser-6 hermaphrodites: W = 127, p = 1.00. octr-1 hermaphrodites: W = 73, p = 1.00. 962 

ser-3;ser-6;octr-1 hermaphrodites: W = 180, p = 0.0105. Control males: W = 212, p = 963 

0.00863. 964 

 965 

Figure 8. 966 

Expression of the octopamine receptor genes in SIA neurons. The GFP and DsRed 967 

fluorescent images and the merged images were obtained from him-5(e1490) animals 968 

carrying ser-3::gfp (A-C: male, D-F: hermaphrodite), ser-6::gfp (G-I: male, J-L: 969 

hermaphrodite), or octr-1::gfp (M-O: male, P-R: hermaphrodite). The animals also carried 970 

ceh-17::dsred, which labels SIA neurons with DsRed. Arrows indicate SIA neurons. Scale 971 

bar = 20 μm. 972 

 973 

Figure 9.  974 

Masculinization of the SIA neurons. (A, B) Calcium imaging of hermaphrodites not 975 

carrying (- ceh-17::fem-3) and carrying ceh-17::fem-3 (+ ceh-17::fem-3). The top panels 976 

show representative graphs of fluorescence change recorded from a single animal. 977 
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Shaded areas represent the presence of octopamine. The bottom panels show heatmap 978 

graphs of fluorescence change with each row representing individual animals. (C) Length 979 

of time in which ΔF/F was higher than 3. The boxes depict the lower and upper quartile 980 

values and the central lines represent the medians. The crosses represent the means. The 981 

whiskers are the most extreme values within 1.5 times the interquartile range and the 982 

circles represent outliers. The numbers in the graph represent the numbers of animals 983 

tested. ns: W = 56.5, p = 0.609, Wilcoxon Rank Sum test. (D) Time spent in each 984 

behavioral class for wildtype and cat-2(e1112) background hermaphrodites carrying (+ 985 

ceh-17::fem-3) and not carrying (ctrl) ceh-17::fem-3. (E) Time spent in each behavioral 986 

class for wildtype and cat-2(e1112) background hermaphrodites carrying (+ rab-3::fem-3) 987 

and not carrying (ctrl) rab-3::fem-3. The numbers in the bars represent the numbers of 988 

animals tested. Error bars represent SEM. ***p < 0.001, ns: p > 0.05, Wilcoxon Rank Sum 989 

test with Bonferroni correction. wt ctrl vs wt + ceh-17::fem-3: W = 1962.5, p = 1.00. cat-2 990 

ctrl vs cat-2 + ceh-17::fem-3: W = 1831.5, p = 1.00. wt + ceh-17::fem-3 vs cat-2 + ceh-991 

17::fem-3: W = 2904.5, p = 1.72 x 10-6. wt ctrl vs wt + rab-3::fem-3: W = 816.5, p = 1.39 x 992 

10-5. cat-2 ctrl vs cat-2 + rab-3::fem-3: W = 447, p = 1.00. wt + rab-3::fem-3 vs cat-2 + rab-993 

3::fem-3: W = 341.5, p = 0.671.  994 

 995 

Figure 10.  996 

Dopamine regulates exploration inside and outside of a bacterial lawn. Control and cat-997 

2(e1112) animals were placed on bacterial lawns and the behavior was recorded for 15 998 

min. (A) Representative traces left by animals. Four traces each are shown. Scale bar = 5 999 

mm. (B) The percentages of the lawn area covered by the traces of animals per 15 min are 1000 

shown. (C) Mate-searching behavior of control and cat-2(e1112) males. (D) Mate-1001 

searching behavior of cat-2(e1112) males carrying (+ cat-2 gene) and not carrying (ctrl) 1002 

the wildtype cat-2 gene. Fraction of animals that has not dispersed were plotted. The 1003 

data were fitted to an exponential parametric survival model (dotted lines). (E) Control 1004 

and cat-2(e1112), cat-2(n4547), and cat-2(tm2261) mutant animals were placed on 1005 

bacterial lawns and were recorded for one hour. The numbers of times animals left the 1006 

lawns per one hour were determined. (F) The numbers of times animals left the lawn per 1007 

hour for cat-2(e1112) mutants carrying (+ cat-2 gene) and not carrying (ctrl) the wildtype 1008 
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cat-2 gene. The boxes depict the lower and upper quartile values and the central lines 1009 

represent the medians. The crosses represent the means. The whiskers are the most 1010 

extreme values within 1.5 times the interquartile range and the circles represent outliers. 1011 

The numbers in the graphs represent the numbers of animals tested. ***p < 0.001, **p < 1012 

0.01, *p < 0.05, ns: p > 0.05, Wilcoxon Rank Sum test with Bonferroni correction. p values 1013 

are listed in Figure 10-1. 1014 

 1015 

Table 1. 1016 

Correlation between manual and automatic scoring. Correlation coefficients for percent 1017 

time spent with each class determined by manual and automatic scoring. 1018 

 male hermaphrodite 

Roaming 0.99 0.99 

Fast Turn 0.94 0.59 

Dwelling 0.90 0.92 

Tail Chase 0.91 NA 

 1019 

 1020 

Movie 1. 1021 

Locomotor behavior of a control male. The movie is at 60 times speed. 1022 

 1023 

Movie 2. 1024 

Locomotor behavior of a control hermaphrodite. The movie is at 60 times speed. 1025 

 1026 

Movie 3. 1027 

Tail chasing behavior of a control male. The animal moves in a circle with its tail in contact 1028 

with its own head. The movie is at 5 times speed. 1029 

 1030 

Movie 4. 1031 

Locomotor behavior of a cat-2(e1112) mutant male. The movie is at 60 times speed. 1032 

 1033 

Movie 5. 1034 
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Locomotor behavior of a cat-2(e1112) mutant hermaphrodite. The movie is at 60 times 1035 

speed. 1036 

 1037 

Extended Data 1038 

Figure 1-1. 1039 

Categorization of behavioral classes. Scatter plots of average speed and average angular 1040 

speed in 10-sec intervals for 50 each of him-5(e1490) males (A) and him-5(e1490) 1041 

hermaphrodites (B). Data points from animals exhibiting tail-chasing behavior (circularity 1042 

> 0.7) were categorized as Tail Chase and are shown in green. Data points from males and 1043 

hermaphrodites were combined (C) and subjected to cluster and discriminant analysis 1044 

using R package mclust to be separated into three classes (D): Roaming, fast movement 1045 

and low frequency of turning (red); Fast Turn, fast movement and high frequency of 1046 

turning (orange); and Dwelling, slow movement (blue). 1047 

 1048 

Figure 3-1. 1049 

List of p values. 1050 

 1051 

Figure 4-1. 1052 

List of p values. 1053 

 1054 

Figure 5-1. 1055 

List of p values. 1056 

 1057 

Figure 6-1. 1058 

List of p values. 1059 

 1060 

Figure 10-1. 1061 

List of p values. 1062 

 1063 
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Table 1. 

Correlation between manual and automatic scoring. Correlation coefficients for percent 

time spent with each class determined by manual and automatic scoring. 

 male hermaphrodite 

Roaming 0.99 0.99 

Fast Turn 0.94 0.59 

Dwelling 0.90 0.92 

Tail Chase 0.91 NA 

 


