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20 Abstract

21 Nervous systems are complex biological networks with largely unknown structural and 

22 functional characteristics. Motif analysis is a robust tool that can reveal unique aspects of 
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23 connectivity of a complex network. An ideal candidate for motif analysis is the connectome 

24 of the nematode Caenorhabditis elegans which is the only fully reconstructed nervous 

25 system. Utilizing recent data on the connection signs of this network and a novel structure-

26 preserving randomization method, we performed signed motif analysis on the C. elegans 

27 connectome for the first time, to our knowledge. We identified 56 significantly over- and 1 

28 underrepresented three-node signed motifs and revealed that certain motifs (e.g. positive 

29 feedforward, negative feedback, disinhibitory feedback, and incoherent feedforward loops) 

30 are overabundant in the C. elegans connectome. We further distinguished (coloured) nodes 

31 by corresponding neuron modalities (e.g. sensory vs. motor neurons) and found that there is 

32 characteristic neuronal layout for each significant feedforward and feedback loop.  Our 

33 findings demonstrate the importance and potential of signed motif analysis in understanding 

34 biological networks. Our motif enumerating tool and definition system can be utilized in 

35 signed motif analysis of other complex networks.

36

37 Introduction

38 Nervous systems are complex biological networks that generate behaviour via complex 

39 neural activity over the synaptic connectivity structure. Biological networks share common 

40 global (e.g. small-worldness, cost-efficient wiring) and local (e.g. clustering, modularization) 

41 properties that allow optimal information processing (1–4). Importantly, detailed structural 

42 characteristics can be revealed by investigating a network’s composition from smaller 

43 building blocks, called motifs (Fig 1A). Motifs are frequently occurring subgraphs that 

44 correspond to different biological functions (3). A subgraph is a graph whose nodes and 

45 edges are subsets of another graph. There are two main types: induced and partial (5). A 

46 subgraph is induced if it has a subset of nodes of a network and all edges that connect those 

47 nodes. On the other hand, partial subgraphs only have some edges connecting the chosen 
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48 nodes (Fig 1B). The classical concept is that if a specific subgraph occurs in a network more 

49 frequently than expected then that subgraph might possess a crucial role in the network, 

50 hence is called a motif. Motifs have been examined in a variety of real-world and more 

51 importantly, brain networks (3,4,6). Similar to the networks themselves, motifs are primarily 

52 characterized by their nodes and edges.

53

54 Fig 1. Overview of motif definitions. A) Three-node motif structures with directed edges. B) 

55 Induced and partial motifs. Partial motifs are subgraphs of their corresponding induced motif. 

56 For example, induced motif E contains five different partial motifs. Similar concept is 

57 discussed in McDonnell et al. (2014) and Sporns & Kötter (2004). C) Definition of signed 

58 motifs by colouring the edges (of motif G in the example). An edge can be either excitatory 

59 or inhibitory.

60 Particularly in brain networks edges can be labelled (‘coloured’) by the polarity of the 

61 connection they represent – i.e. excitatory or inhibitory (Fig 1C). This is important as 

62 structurally identical motifs with different polarity patterns can have completely different 

63 biological functions. However, edge polarity-labelled (i.e. signed) motif analysis has only 

64 been performed in recent years (7,8) in social networks and partial connectomes, and has not 

65 been performed on a complete neuronal network yet. This is because large-scale polarity data 

66 has been lacking in most species.

67

68 The neuronal network of the nematode Caenorhabditis elegans is currently the only 

69 completely reconstructed connectome of a living organism’s nervous system (9,10) 

70 consisting of 302 neurons and ~5000 connections in a hermaphrodite. In previous work on 

71 truncated and partial worm connectomes, some network motifs of three and four nodes were 

72 found to be overrepresented (3,9). More functional analyses have been performed in recent 
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73 studies which coloured the nodes based on neuronal function and neurotransmitter expression 

74 or labelled the edges by synapse type (11–13).

75

76 In a recent work we published a comprehensive dataset of synaptic polarities for the C. 

77 elegans chemical synapse connectome (14). Using presynaptic neurotransmitter and 

78 postsynaptic receptor expression data we predicted the polarities (excitatory, inhibitory, or 

79 complex) of more than 15,000 chemical synapses.

80

81 In this study we analyzed signed motif distributions in the C. elegans connectome using the 

82 connectome-scale synaptic polarity data published previously. We developed a novel method 

83 and computational tool to allow edge-labelled motif analysis and implemented it on the 

84 signed chemical synapse neuronal network of C. elegans. We carried out structure-preserving 

85 network randomization to generate null-models for motif analysis. We showed that some of 

86 the signed three-node motifs (most importantly negative feedback and positive feed-forward 

87 loops) are significantly overrepresented in the C. elegans connectome.

88 Results

89 Induced subgraph analysis

90 The chemical synapse connectome of C. elegans consists of 3,638 connections of which 

91 1,555, 553, and 1,530 were labeled as excitatory, inhibitory, or unknown, respectively, based 

92 on our previous work (14) and labelling detailed in Methods (Supplementary Data S1). In this 

93 network, we identified 64,962 individual three-node subgraphs (Supplementary Data S3). 

94 These subgraphs were categorized by their wiring structure and edge labelling into one of 710 

95 unique motif types (Supplementary Data S2). To establish a null model, we generated a set of 

96 1,000 networks by randomizing the neurotransmitter expression of the neurons. This resulted 
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97 in a varying ratio of excitatory and inhibitory connections amongst the random networks (Fig 

98 S1), but the total number and structure of edges remained the same across all networks. This 

99 set of random networks had on average fewer positive connections and more unknown 

100 connections than the original C. elegans connectome (Fig S1). We counted the occurrence of 

101 these motifs in the connectome and in the set of random networks and calculated Z-scores for 

102 each motif to determine over- or underrepresentation (Supplementary Data S4). We found 65 

103 over- and 21 underrepresented motifs, respectively. Six motifs were absent both in the C. 

104 elegans connectome and in the null model, thus no Z-score was calculated. 184 motifs were 

105 only absent from the connectome. 38 of the overrepresented and 1 of the underrepresented 

106 motifs had no unknown edge, respectively (Fig S2).

107

108 Fig S1: Distribution of different edge polarities among the connectome (crosses) and the 

109 generated 1 000 random networks (violin plots). Random networks were generated by 

110 randomising the neurotransmitter expression of the neurons in the connectome, therefore only 

111 edge polarities have changed, the number of edges and nodes remained the same.

112

113 Fig S2: Induced motif analysis of the connectome. Using 1,000 random networks as a null-

114 model, induced motif analysis revealed 38 significantly over- and 1 underrepresented motifs 

115 that have no unknown edge.

116

117 Partial subgraph analysis

118 Partial subgraph analysis can provide a deeper and more functional understanding of 

119 information processing networks (4,5). Therefore, we translated our findings of induced 

120 motifs to partial motif counts (Methods) and described 193,487 partial motifs in the 

121 connectome. We identified 92 significantly over- and 32 underrepresented partial motifs (Fig 
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122 2A, Supplementary Data S5). One motif (Motif A16) was absent both in the C. elegans 

123 connectome and in the null model, thus no Z-score was calculated. On the other hand, 22 

124 motifs were only absent from the connectome. 40% of the identified partial motifs only had 

125 excitatory and inhibitory edges (Fig 2B). 56 of the significantly overrepresented and 1 of the 

126 significantly underrepresented motifs had no unknown edge, respectively (Fig 2C). Partial 

127 motifs with the highest Z-scores were characteristic for having one (but only one) inhibitory 

128 connection that provided negative feedback function in the motif.

129

130 Fig 2. Results of partial motif analysis. A) Distribution of all possible 710 signed three-

131 node motifs. Over- and underrepresentation was determined in comparison to 1,000 random 

132 networks by using Z-score as quantitative measure. B) Distribution partial motifs of the 

133 connectome by the presence or absence of unknown edges. C) Significantly over- and 

134 underrepresented partial motifs (without unknown edge), and their respective Z-scores.

135

136 Previous studies (15) have shown the overrepresentation of symmetrical three-node motifs 

137 with a bidirectional edge (labelled in our work as motifs E and G). We found that only 8 of 

138 the possible 20 colourings of these motifs are significantly overrepresented (Fig 2C). 

139 Surprisingly, even though the structure of motifs E and G are symmetrical, 5 of the 8 

140 overrepresented motifs are found to be asymmetrical in colouring.

141

142 Feedforward and feedback loops 

143 We analyzed feedforward and feedback motifs in detail since they are known to be important 

144 in signalling networks (Table 1, references (16–23) ). We differentiated eight types of 

145 feedforward and four types of feedback loops (Fig 3A), following previously published 

146 concepts (6,21).
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148

149 Table 1.

Motif Type Function References
D1 Positive Amplification, information processing 18
D2 Negative Oscillator, stabilizing 18
D3 Disinhibitory 

(positive)
Amplification, creating a dense 
response

19, 20

F
e
e
d
b
a
c
k

D4 Oscillatory 
(negative)

Biological repressilator, oscillator 18, 21

F1 Coherent 
positive

Sign-sensitive delay / persistance 
detector / learning; overrepresented in 
many systems

22, 23

F2 Incoherent Pulse generator, sign-sensitive 
accelerator.

23

F3 Incoherent Pulse generator, sign-sensitive 
accelerator.

23

F4 Coherent 
negative

Sign-sensitive delay 23

F5 Incoherent Pulse generator, response accelerator, 
fold-change detection in sensory 
systems, input normalization;  
overrepresented in many systems

23, 24

F6 Coherent 
disinhibitory

Sign-sensitive delay, epileptic seisures 23, 25

F7 Coherent 
negative

Sign-sensitive delay 23

F
e
e
d
f
o
r
w
a
r
d

F8 Incoherent Pulse generator, sign-sensitive accelerator 23

150 Table 1. Feedback and feedforward signed motifs. Motifs in bold are significantly 

151 overrepresented in the C. elegans connectome. 

152
153 Fig 3. Feedforward and feedback motifs. A) Feedforward and feedback motif counts in the 

154 connectome (red X) compared to the null model of random networks (boxplot). Positive 

155 feedback (Pos.), negative feedback (Neg.), disinhibitory feedback (Disinh.), oscillatory 

156 feedback (Oscil.), positive feedforward, negative feedforward and incoherent feedfoward 

157 loops are shown. The threshold of Z-score for significance was 1.96. B) Distribution of 

158 significant feedback and feedforward motifs by neuron modality layouts. Neuron modalities 

159 were abbreviated as S (sensory neuron), I (interneuron), and M (motor neuron). Layouts 
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160 containing at least one polymodal neuron (i.e. neuron without one specific modality) were 

161 combined and labelled as P.

162

163 Addressing feedforward loops (Fig 3B), we found that the F1 coherent positive feedforward 

164 and the F2 and F5 incoherent feedforward loops were overrepresented (Z-scores 3.09, 3.09, 

165 and 4.18, respectively). The F1 motif was also the most abundant feedforward loop (2,167 

166 occurrences). Meanwhile, the D2 negative feedback (Z-score = 5.14) and the D3 feedback 

167 disinhibition (Z-score = 4.54) loops were also highly overrepresented. Positive feedback (D1) 

168 and coherent negative feedforward (F4, F7) loops were not overrepresented.

169 In the next step, we further analyzed the neuron modality (i.e. sensory, motor, inter, 

170 polymodal) distributions amongst the significant feedforward and feedback loops. We found 

171 a pattern that specific modality layouts (numbered 1 to 27, excluding polymodal-containing 

172 motifs) dominated each feedforward motif (Fig 3D). In case of the F1 coherent positive 

173 feedforward loop, the most common modality layout was #21, which represents inter->motor 

174 and motor->motor excitation. For the F2 (‘incoherent’) motif the dominant modality layout 

175 was #10 which represents inter->inter inhibition and inter->motor excitation pattern. For the 

176 F5 (also ‘incoherent’) motif the dominant layout was #15 which is a sensory->inter excitatory 

177 and inter->inter inhibitory layout. We observed that the interneuron-only layout (#3) was 

178 equally the second most frequent layout amongst all three overrepresented feedforward 

179 motifs.

180

181 In case of feedback loops (Fig 3C, both the D2 negative feedback and the D3 disinhibitory 

182 loops were highly present in the interneuron-only layout (#3). On the other hand, the D3 

183 feedback loop was also found to be dominant in modality layout #21 (which is representing 

184 inter->motor excitation, motor->motor inhibition, and motor->inter inhibition), while the D2 
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185 was not. Surprisingly, we did not observe a single occurrence of an archetypical three-layer 

186 negative feedback loop (i.e. layout #22: sensory->inter and inter->motor excitation, and 

187 motor->sensory inhibition). Modality layouts having at least one polymodal neuron were 

188 highly frequent in the case of all motifs but were presented as a single layout to simplify 

189 interpretation.

190

191 Discussion

192 The neuronal network of C. elegans is yet the only fully reconstructed connectome (10) 

193 which allows detailed analysis to comprehend the structural characteristics such as network 

194 motif abundance of a nervous system. Utilizing the previously published signed connectome 

195 of C. elegans we conducted signed motif analysis for the first time, to our knowledge. We 

196 found that the previously reported high number of feedforward loops (15) is 

197 disproportionately distributed among the different edge colouring patterns. The coherent 

198 excitatory feedforward loop and two types of incoherent feedforward loops are 

199 overrepresented compared to random networks. The incoherent feedforward loops are 

200 overrepresented in many systems (3,24) and function as sign-sensitive accelerators which 

201 have key roles in information processing of networks (21). The role of the negative feedback 

202 loop is also highly overrepresented in the C. elegans connectome and is well-known in 

203 various networks (25,26). We also found overrepresentation of the disinhibitory feedback 

204 motif which has a more complex function: it plays an important role in balancing excitation 

205 and inhibition in a signed network. It can lead to novelty response amplification and a dense 

206 population response (18). It was found in the primary visual cortex (27) and in the nucleus 

207 accumbens regulating aversion and reward (17). Having two different steady states (6), a 

208 disinhibitory feedback motif can act as a biological switch (28).

209
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210 There are several limitations of our study. Because of the limited data available, we were 

211 only able to analyze 40% of all three-node motifs of the connectome (graphlets having only 

212 excitatory or inhibitory function in the network). New connectivity data of the worm are still 

213 emerging (29,30) and there are recent experimental results of synaptic polarity and gene 

214 expression as well (31). However, the relatively high number of complex connections (14) 

215 implies that our results can be complemented once the role of those synapses is better 

216 understood.

217

218 Overall, to our knowledge, our study provides the first comprehensive analysis of signed 

219 motifs in a fully mapped connectome, revealing insights into the functional architecture of the 

220 C. elegans neuronal network. The overrepresentation of certain motif types, particularly 

221 positive feedforward and negative feedback loops, suggests that these motifs likely contribute 

222 significantly to the network's information processing and homeostatic functions. Future work 

223 that incorporates emerging synaptic polarity data and expands beyond three-node motifs 

224 could yield even deeper insights into the organizational principles of neural networks. As 

225 motif analysis techniques evolve and are applied to larger-scale connectomes, our findings 

226 offer a foundation for exploring how distinct motif configurations support the complex 

227 functions of diverse nervous systems.

228 Materials and Methods

229 Description of the C. elegans connectome data

230 The WormWiring connectome reconstruction (http://wormwiring.org) of the adult 

231 hermaphrodite worm consists of 3,638 chemical connections (20,589 synapses) connecting 

232 297 neurons (CANL, CANR, PLML, PLMR, and M5 neurons are not connected by chemical 

233 connections hence were excluded from the analysis). We utilized the signed neuronal 
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234 network published previously in which synaptic signs were predicted based on cellular level 

235 neurotransmitter and receptor expression data (14). In the original work synapses were 

236 predicted as excitatory, inhibitory, complex, or unknown. In the current work complex 

237 synapses were re-labelled as excitatory, inhibitory, or unknown, based on the balance of 

238 postsynaptic receptor expression (e.g. connections that had excitatory>inhibitory postsynaptic 

239 receptors were defined as positive) to reduce combinatorial complexity, similarly to a method 

240 used previously (32). Hence, in this work a network edge was coloured with one of three 

241 labels (Supplementary Data S1). We extracted neuron modalities (i.e. sensory, inter, motor, 

242 or polymodal) from Wormatlas (http://wormatlas.org). Neurons with more than one 

243 functional modality (e.g. inter and motor), were labelled as polymodal.

244

245 Definition and search of signed motifs

246 A definition system of directed and edge-coloured motifs consisting of three nodes was 

247 established. Edges were signed as either excitatory, inhibitory or unknown, resulting in 710 

248 motifs (Supplementary Data S2). Rotational and reflectional symmetries were considered as 

249 the same motif. Motif search was performed by a self-developed algorithm 

250 (https://github.com/bank-fenyves/CeConn-ColorMotifs)  that seeks for induced subgraphs, 

251 identifies all three-node, edge-coloured motifs in the target network, and categorizes them as 

252 one of the 710 motif types. Our algorithm was further used to convert induced motif counts to 

253 partial motif counts.

254

255 Randomization and statistical analysis

256 Generation of random networks was performed by shuffling neurotransmitter expression of 

257 the neurons and then predicting synaptic polarities repeatedly. Thus, the structural hard-

258 wiring of the random networks were preserved. This allowed us to use absolute motif counts 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 14, 2025. ; https://doi.org/10.1101/2025.01.09.632090doi: bioRxiv preprint 

http://wormatlas.org/
https://github.com/bank-fenyves/CeConn-ColorMotifs
https://doi.org/10.1101/2025.01.09.632090
http://creativecommons.org/licenses/by/4.0/


259 for analysis. 1,000 random networks were generated which were used as a null model. In 

260 formal analysis we tested the alternative hypothesis that a coloured motif in the C. elegans 

261 neuronal network is significantly over- or underrepresented compared to the null model, as 

262 established previously (13). As an established method to assess statistical significance of 

263 individual motifs (3,33). Z-score was computed, using a threshold of |Z-score| = 1.96, 

264 corresponding to a 95% confidence interval (alpha=0.05). For each motif Z-score was 

265 calculated using the formula:

266

267

268

269 where fconn is the frequency of the motif in the connectome, frand is the average frequency of 

270 the motif in the random networks, while std(frand) stands for the standard deviation of the 

271 motifs occurence in random networks.

272

273 Software

274 The motif search algorithm was developed in Python (3.10.11). Randomization of the 

275 network and polarity prediction was performed in R (4.2.2). Statistical tests were performed 

276 in R (4.2.2) and Microsoft Excel (16.84). All scripts are available at https://github.com/bank-

277 fenyves/CeConn-ColorMotifs.
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