
Courtship and mating in C. elegans

August 2018

Vlad Susoy
Vivek Venkatachalam
Mei Zhen, Toronto



Complex, continuous, naturalistic, and 
goal-directed social behavior





Nervous system of C. elegans is sexually-dimorphic

302 neurons
(8 sex-specific)

385 neurons
(93 sex-specific)

hermaphrodite

male



knowledge has been acquired is natural selection.
The structural design must be fault-tolerant in
order to allow for developmental error. The con-
tinuous distribution of connection strengths in
the male posterior connectome suggests a prob-
abilistic mechanism of synapse formation in which
each cell pair has a genetically specified prob-
ability of forming a synapse. Small evolutionary
changes in these probabilities will allow gradual
evolution of structural connectivity and hence of
network function and behavior.
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Fig. 6. The feedforward circuits through the modules. Numbers in ovals as for
Fig. 5. [The R(1-5)A module is omitted.] (A) The Response, PVV, and Insemination
modules each contain a subset of type Ia interneurons and one class of type Ib
interneuron. All interneuron classes participate in feedforward loops, type Ia
targeting end organs, type Ib targeting type Ia. Cross connections between the
modules are created at the level of the type Ib interneurons. Among sensory
neurons, the hook neurons are distinctive in not having any direct output onto

end organs and in having strong output onto other classes of sensory neurons,
namely, the neurons located in the postcloacal sensilla and the spicules. (The
many other cross-connections between sensory neurons are not shown.) PCA is
separated out from the other cloacal sensory neurons to show its feedforward
loop involving CP(07-09) and PVX. LUA(L/R), PDA, PDB, and AS11 are shared
neurons that are sexually dimorphic. (B) Greater detail of the feedforward loops
in the insemination circuits through the CP(01-06) interneuron class.
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The Connectome of a Decision-Making
Neural Network
Travis A. Jarrell,1* Yi Wang,1* Adam E. Bloniarz,1† Christopher A. Brittin,1 Meng Xu,1

J. Nichol Thomson,2 Donna G. Albertson,2‡ David H. Hall,3 Scott W. Emmons1,3§

In order to understand the nervous system, it is necessary to know the synaptic connections
between the neurons, yet to date, only the wiring diagram of the adult hermaphrodite of the
nematode Caenorhabditis elegans has been determined. Here, we present the wiring diagram of
the posterior nervous system of the C. elegans adult male, reconstructed from serial electron
micrograph sections. This region of the male nervous system contains the sexually dimorphic
circuits for mating. The synaptic connections, both chemical and gap junctional, form a neural
network with four striking features: multiple, parallel, short synaptic pathways directly connecting
sensory neurons to end organs; recurrent and reciprocal connectivity among sensory neurons;
modular substructure; and interneurons acting in feedforward loops. These features help to
explain how the network robustly and rapidly selects and executes the steps of a behavioral
program on the basis of the inputs from multiple sensory neurons.

Animal nervous systems are composed of
very large numbers of electrical cells in-
tricately coupled together in complex dy-

namic networks. Connectionist theories of the
nervous system propose that its function is an
emergent property of network connectivity. Al-
though the question has been extensively addressed
theoretically, the sets of physical connections be-
tween neurons within actual nervous systems re-
main to be described. This is due to the necessity
of using electron microscopy (EM) to visualize
the subcellular organelles that create the synapses,
a technique not amenable to analyzing large struc-
tures. To date, the anatomical wiring diagram of
only a single animal nervous system has been
obtained, that of the adult hermaphrodite of
Caenorhabditis elegans, published more than
25 years ago (1, 2).

We identified all the chemical and gap junc-
tion synapses, the connectome, in the posterior
nervous system of the C. elegans adult male. This
part of the male nervous system contains the cir-
cuits and end organs that govern mating behavior
(Fig. 1, A and B). In spite of having a relatively
simple nervous system, comprising just 302 neu-
rons in the adult hermaphrodite and 383 in the
adult male, C. elegans expresses a rich and com-

plex behavioral repertoire (3, 4). Many of these
behaviors, most notably the sexual behaviors of
the male, model the goal-oriented, purposeful
activities controlled by decision-making processes
characteristic of animal behavior (5). The well-
fed adult male actively seeks out the hermaph-
rodite mating partner (6–9). Physical contact with
the hermaphrodite triggers copulation. Copula-
tion consists of a series of stereotyped actions that
lead the male to locate the hermaphrodite’s vulva,
insert its spicules, and transfer sperm (10, 11)
(Fig. 1A and movie S1). This multistep behav-
ioral pathway is guided by the activities of 52
sensory neurons located in sexual structures in
the tail acting both directly and through inter-
neurons and motorneurons to control 64 muscles
and the gonad (Figs. 1B and 2). For success, the
male’s reactions must be quick (<1 s), because
self-fertile C. elegans hermaphrodites do not
cooperate and may even be resistant to mating
(12, 13). The C. elegans male posterior nervous
system shows how the nervous system evaluates
a multiplicity of environmental inputs, makes a
rapid behavioral choice, and generates coherent,
purposeful behavior.

EM reconstruction of the mating circuits. We
determined the male posterior connectome by
serial section EM (Fig. 1, C to H) (14). The fea-
sibility of comprehensive synapse-level nervous
system reconstruction by this method was a pri-
mary reason for the initial selection of C. elegans
as an experimental model (15). We developed a
PC-based software platform to facilitate assem-
bly of a connectome from electron micrographic
images. The connectome is of a single adult ani-
mal and was produced from a series of 5000
serial thin sections of 70 to 90 nm encompassing
the posterior one-half of the body (fig. S1 and
databases S1 to S4) (16). It comprises the processes
of 170 neurons (89 shared with the hermaphro-
dite and 81 male-specific) and 64 muscles (24

shared and 40 male-specific) (databases S5 and
S6). Among the 170 neurons, 144 lie on syn-
aptic pathways connecting sensory inputs to the
end organs involved in mating. These generate
the presumptive mating circuits. The remain-
ing 26 neurons, not considered further here, are
present in the hermaphrodite as well, with little
difference in connectivity and have little or no
interaction with male-specific neurons or circuits
(database S7).

Properties of the neural network. The 144
neurons, 64 muscles, and gonad that comprise
the mating circuits are joined together by both
chemical and gap junction synapses (Fig. 3).
To analyze this structural network, we took ad-
vantage of the mathematical methods of graph
theory. If the connectome is considered as a graph,
the neurons and muscles are the nodes or verti-
ces. The links or edges connecting vertices rep-
resent the total amount of pairwise connectivity
resulting from the often multiple (up to 61) sep-
arate synapses connecting pairs of cells (fig. S2).
Linked vertices are said to be adjacent or neigh-
bors in the graph. In the graph of the male mat-
ing circuits, each vertex has multiple neighbors
(Fig. 4A). Edges may be directed, if they rep-
resent chemical synapses or rectifying gap junc-
tions, or undirected, if they represent nonrectifying
gap junctions.

The graph of the connectome may be con-
sidered to contain three main subgraphs: (i) a
directed graph encompassing the neurons, mus-
cles, and gonad and the chemical connections
between them, (ii) a graph of the neurons and
their gap junction connections, and (iii) a graph
of the muscles and the gap junction connections
between them (28 gap junction edges connect
neurons to muscles) (Fig. 3). In addition, there
are synapses scattered on the hypodermis. Each
of the main subgraphs describes a small-world
network (17). Small-world networks are charac-
terized by having a high value of the clustering
coefficient, the probability that, if two vertices
are each connected to a common third vertex,
then they are connected to each other and, at the
same time, low values of the characteristic path
length, the average minimum number of edges
separating any two vertices. High clustering co-
efficient suggests local computation, and short path
length suggests rapid communication across the
network. For the male networks, clustering co-
efficients are greater than 0.3, and minimum path
lengths are <3 steps between pairs of neurons
and muscles (table S1). For the entire hermaph-
rodite chemical network, also a small-world net-
work, the clustering coefficient is 0.22, and the
mean path length is 3.48 steps (2).

The dynamic properties of a neural network
depend on the functional strengths of the synaptic
interactions between the cells―in the terms of
graph theory, the weights of the edges. To esti-
mate functional strengths from the structure, we
judged the physical size of each synapse from the
size of the presynaptic density or gap junction
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Whole brain multicolor imaging in behaving animals
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PCB
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10 mins

PCB, PCC, and HOB inhibition coincides
with the onset of sperm release



Some neurons become active exclusively when the tail is 
on the anterior ventral side 

10 mins



Excretory pore secretions may represent a 
male-guiding cue 



PVV activation coincides with turns

10 mins



PVV module

Based on Jarrell et al, 2012

Fig. 2. The neurons and muscles of the mating circuits. (A) and (B) show the
muscles. (C to F) The left column lists the neurons and muscles grouped into
mathematically defined “modules” on the basis of their connectivity that match
elements of mating behavior (Fig. 1A); the right column illustrates the locations of
the cell bodies and processes of the key neurons in eachmodule together with the
muscles that are targeted (sensory neurons: green; interneurons: blue; motor
neurons: red). (C) Response and Locomotionmodules. The key sensory input to the
Response module is from the B-type neurons of the subset of rays with openings
on the ventral side of the fan, rays 2, 4, and 8. The dendritic endings of these
neurons will be in contact with the hermaphrodite body when themale is correctly
oriented to mate. Experimental evidence indicates that the B-type ray neurons
promote the Response step (21, 26). The Response module drives the Locomotion
module, containing body-wall motor neurons, via the command interneurons. (D)
R(1-5)A module. Neuromuscular junctions of the A-type ray neurons onto the

diagonal and longitudinalmuscles are consistent with experimental evidence for a
role of these sensory neurons in promoting ventral curling of the tail during
mating (25). (E) PVV module. This module, so-named for the large, male-specific
PVV interneuron, has output onto the ventral body-wall motor system, via PVV,
and onto the dorsal body-wall muscles, via PDA, PDB, PDC, and AS11. The dual
innervation of both dorsal and ventral gender-shared body-wall muscles, mostly
bypassing the command interneurons, suggests that this module, like the R(1-5)A
module, is involved in aspects of male posture during mating (47). (F) Insem-
ination module. This module will take over the male’s behavior once the vulva
is sensed. All the neurons involved in insemination are shown here, although
PCA, owing to its strong connection to PVX; HOA, owing to its connection to
LUA; and PVZ, owing to its connection to HOA are all in the Response module,
whereas SPD, because of its muscle output, and SPV, because of its connection
to SPD, are in the Locomotion module (see Fig. 6).
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knowledge has been acquired is natural selection.
The structural design must be fault-tolerant in
order to allow for developmental error. The con-
tinuous distribution of connection strengths in
the male posterior connectome suggests a prob-
abilistic mechanism of synapse formation in which
each cell pair has a genetically specified prob-
ability of forming a synapse. Small evolutionary
changes in these probabilities will allow gradual
evolution of structural connectivity and hence of
network function and behavior.
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each cell pair has a genetically specified prob-
ability of forming a synapse. Small evolutionary
changes in these probabilities will allow gradual
evolution of structural connectivity and hence of
network function and behavior.
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Fig. 6. The feedforward circuits through the modules. Numbers in ovals as for
Fig. 5. [The R(1-5)A module is omitted.] (A) The Response, PVV, and Insemination
modules each contain a subset of type Ia interneurons and one class of type Ib
interneuron. All interneuron classes participate in feedforward loops, type Ia
targeting end organs, type Ib targeting type Ia. Cross connections between the
modules are created at the level of the type Ib interneurons. Among sensory
neurons, the hook neurons are distinctive in not having any direct output onto

end organs and in having strong output onto other classes of sensory neurons,
namely, the neurons located in the postcloacal sensilla and the spicules. (The
many other cross-connections between sensory neurons are not shown.) PCA is
separated out from the other cloacal sensory neurons to show its feedforward
loop involving CP(07-09) and PVX. LUA(L/R), PDA, PDB, and AS11 are shared
neurons that are sexually dimorphic. (B) Greater detail of the feedforward loops
in the insemination circuits through the CP(01-06) interneuron class.
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