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There is increasing interest in topological analysis of brain networks as complex systems, with researchers often using neuroimaging to
represent the large-scale organization of nervous systems without precise cellular resolution. Here we used graph theory to investigate the
neuronal connectome of the nematode worm Caenorhabditis elegans, which is defined anatomically at a cellular scale as 2287 synaptic
connections between 279 neurons. We identified a small number of highly connected neurons as a rich club (N ⫽ 11) interconnected with
high efficiency and high connection distance. Rich club neurons comprise almost exclusively the interneurons of the locomotor circuits,
with known functional importance for coordinated movement. The rich club neurons are connector hubs, with high betweenness
centrality, and many intermodular connections to nodes in different modules. On identifying the shortest topological paths (motifs)
between pairs of peripheral neurons, the motifs that are found most frequently traverse the rich club. The rich club neurons are born early
in development, before visible movement of the animal and before the main phase of developmental elongation of its body. We conclude
that the high wiring cost of the globally integrative rich club of neurons in the C. elegans connectome is justified by the adaptive value of
coordinated movement of the animal. The economical trade-off between physical cost and behavioral value of rich club organization in a
cellular connectome confirms theoretical expectations and recapitulates comparable results from human neuroimaging on much larger
scale networks, suggesting that this may be a general and scale-invariant principle of brain network organization.

Introduction
The nematode worm, Caenorhabditis elegans, currently provides
the only example of a nervous system that has been mapped quite
completely and exactly at a cellular level. Detailed knowledge has
accumulated about many aspects of this system (White et al.,
1986; Hall and Altun, 2008), including the anatomical location,
developmental history, and functional role (inferred from behavioral consequences of laser ablation) of each neuron (Sulston,
1976; Chalfie, 1985; Wicks et al., 1996).
There is growing interest in the network properties or connectome of the C. elegans nervous system. It has been shown that the
total wiring cost of the network, typically approximated by the
physical connection distance between neurons, is nearly minimized by the anatomical layout of neurons and synapses (Chen et
al., 2006). The topological layout of the connectome has also been
quantified by representing the nervous system as a graph in which
each node denotes a neuron and each (directed or undirected)
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edge denotes a synaptic connection between neurons. This simple graphical model of the C. elegans connectome has small-world
network properties: a combination of high local clustering of
connections between topologically neighboring neurons and
short topological path lengths between any pair of neurons
(Watts and Strogatz, 1998). Short path length is equivalent to
high topological efficiency of information transfer and the high
efficiency of the C. elegans connectome (47% of maximum efficiency) is achieved for relatively low connection density (4% of
maximum synaptic connectivity between neurons; Latora and
Marchiori, 2001). The wiring cost of the C. elegans connectome is
strongly but not strictly minimized (Bassett et al., 2010). Most
connections are short distance and the wiring cost of the system
can be further reduced by computational rewiring algorithms,
albeit at the expense of an increase in path length between neurons (Kaiser and Hilgetag, 2006; Kaiser and Varier, 2011).
In the present study, we have further explored the C. elegans
nervous system with a special focus on its “rich club.” Rich clubs
are elite cliques of high-degree network hubs that are connected
to each other topologically with high efficiency (i.e., there is a
short path length between any pair of rich club nodes). Many
complex systems can be partitioned into a small rich club and a
large poor periphery (Colizza et al., 2006), and the rich club is
usually valuable to the overall function of the network. For example, it was shown recently that brain anatomical networks
derived from human neuroimaging data included a rich club of
association cortical hubs that were considered likely to be valuable for adaptive (cognitive) function. The human brain rich club
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nodes were connected to each other efficiently by white matter
tracts traversing greater anatomical distances, on average, than
the tracts connecting more peripheral nodes (van den Heuvel and
Sporns, 2011). Therefore, the human brain rich club putatively
confers high value for high physical connection cost.
We aimed to test the hypothesis that rich club organization of
the cellular connectome of C. elegans conforms to similar economical constraints—a trade-off between adaptive value and
physical cost—as the rich club of human brain anatomical networks. The motivating idea was that general principles of brain
network organization may emerge invariantly across scales of
anatomical space and across different animal species.

Materials and Methods
C. elegans nervous system. The dataset used to describe the hermaphrodite
C. elegans neuronal network (Varshney et al., 2011) details N ⫽ 279
neurons (the 282 nonpharyngeal neurons excluding VC6 and CANL/R,
which are missing connectivity data) and M ⫽ 2287 synaptic connections, with the relative physical locations of the neurons described by 2D
coordinates. An undirected binary form of the network was used to characterize rich club topology. For motif analysis, we used a directed binary
graph, as detailed below. In addition, neuronal birth times (Varier and
Kaiser, 2011) were compared with key points in the life cycle of C. elegans
allowed to develop normally at 22°C (Hall and Altun, 2008).
Rich club coefficient. To quantify the rich club effect, the degree of each
node in the network (i.e., the number of other nodes it is connected to)
must first be calculated and all nodes with degree ⱕ k removed. The rich
club coefficient for the remaining subgraph, ⌽(k), is then the ratio of the
number of existing connections to the number that would be expected if
the subgraph was fully connected and formally is given by the following
equation (Zhou and Mondragon, 2004; Colizza et al., 2006):

⌽共k兲 ⫽

2M ⬎k
N ⬎k 共 N ⬎k ⫺ 1 兲

where N⬎k is the number of nodes with degree ⬎ k and M⬎k is the
number of edges between them. The computation of ⌽(k) for all values of
k in the network of interest yields a rich club curve (Fig. 1a).
However, the higher-degree nodes in a network have a higher probability of sharing connections with each other simply by chance, so even
random networks generate increasing rich club coefficients as a function
of increasing degree threshold, k. To control for this effect, the rich club
curve for C. elegans was normalized relative to the rich club curves of
1000 comparable random networks. The random networks were generated by performing multiple (100 ⫻ M ) double edge swaps or permutations on the original graph representing the C. elegans neuronal network.
A double edge swap removes two randomly selected edges a-b and c-d
and replaces them with the edges a-c and b-d (assuming they do not
already exist, in which case a new edge pair must be selected). This permutation procedure ensures that the number of nodes and edges, and the
degree distribution, of the nematode network are all conserved in the
random networks. The normalized rich club coefficient is then given by
the following equation:

⌽ norm 共 k 兲 ⫽

⌽共k兲
⌽ random 共 k 兲

where ⌽random(k) is the average value of ⌽(k) across the random networks.
The existence of rich club organization is defined by ⌽norm(k) ⬎ 1 over
some range of values of threshold degree k. We used a probabilistic
approach to define the threshold criteria for a rich club more precisely. At
every different threshold degree, we estimated ⌽random(k) for 1000 realizations of the random networks and estimated the SD of ⌽random(k),
denoted . The threshold range of the rich club regime was then specified
by those values of k for which ⌽(k) ⱖ ⌽random(k) ⫹ 1. Therefore, a rich
club could be said to exist in the subgroup of network nodes defined by
an arbitrary degree threshold if ⌽norm(k) ⫽ 1 ⫹ 1; but we also defined

Figure 1. Rich club of the C. elegans nervous system. a, The blue curve illustrates the rich club
coefficient ⌽(k) for the C. elegans neuronal network and the red curve is a randomized rich club
curve, ⌽random(k), generated by averaging the rich club coefficients of 1000 random graphs at
each value of k. The green curve is the normalized coefficient. Error bars on the ⌽random(k) and
⌽norm(k) curves are 1 of the random graphs. ⌽(k) ⱖ ⌽random(k) ⫹ 1 over the range 35 ⱕ
k ⱕ 73, indicating that this is the rich club regime (highlighted in lightest gray). The more
conservatively defined rich clubs of ⌽(k) ⱖ ⌽random(k) ⫹ 2 and ⌽(k) ⱖ ⌽random(k) ⫹ 3
are shaded darker grey (Table 1). b, A purely topological view of the rich club network. Nodes in
yellow are located in the tail and those in red are located in the head. c, The rich club is shown in
the context of the whole body of the animal. It only has components in the head and tail, which
are enlarged to show the subset DVA and PVCL/R (tail, right) and the subset AVAL/R, AVBL/R,
AVDL/R, and AVEL/R (head, left). Only synaptic connections between rich club neurons are
shown.

rich clubs by the more stringent criterion that ⌽norm(k) ⱖ 1 ⫹ 2 and by
the even more conservative criterion that ⌽norm(k) ⱖ 1 ⫹ 3.
Connection distance and path length. To describe the nematode network fully, both physical and topological metrics are required. The only
physical metric we used was the connection distance, which is the Euclidean distance between somata of synaptically connected neurons in the
adult animal. Connection distance, a physical metric (in units of millimeters), provides a reasonable approximation to the axonal connection
distance, or wiring cost, which is an anatomical property of the system.
We also used a number of topological metrics to quantify the connectome (see the following subsections Efficiencies, Betweenness Centrality,
Modularity and Related Topological Roles, and Motifs). It is important
to note that we will use path length strictly to refer to a topological distance in the network and connection distance to describe a physical distance in the organism. Shorter path lengths between neurons indicate
fewer synaptic connections mediating between them; if the minimum
path length between two neurons is 1, they are directly, synaptically
connected or nearest neighbors; if the path length is 2, they are indirectly connected by a chain of two synaptic connections, and so on.
Efficiencies. A measure of the global efficiency of a network, EGlobal, is
given by the mean of the sum of the inverse shortest path lengths, Lij,
between all existing node pairs i and j (Achard and Bullmore, 2007):

E Global ⫽

1
N共N ⫺ 1兲

冘

i⫽j ⑀ G

1
L ij

Towlson et al. • C. elegans Neuronal Connectome

6382 • J. Neurosci., April 10, 2013 • 33(15):6380 – 6387

where N is the number of nodes in the graph G. Networks for which the
average path length from one node to another is small can thus be said to
have high global efficiency (Achard and Bullmore, 2007).
The same measure of efficiency can be estimated for a single node
in the network. The nodal efficiency of an individual neuron i is defined as
the inverse of the harmonic mean of the minimum path length between it
and all other nodes in the network (Achard and Bullmore, 2007):

1
E Nodal 共 i 兲 ⫽
共N ⫺ 1兲

冘

j⫽i;i ⑀ G

1
L ij

If we average the nodal efficiencies for all nodes in the network, this is
equivalent to estimating the global efficiency of the network. We can
likewise average the nodal efficiencies of all neurons in the rich club to
estimate the efficiency of the rich club ERich and average the nodal efficiencies of all neurons not in the rich club to estimate the efficiency of the
poor periphery EPoor.
We also estimated the clustering of each node using the so-called local
efficiency of the subgraph g(i) of n nearest neighbors of the index node
(Latora and Marchiori, 2001):

E Local 共 i 兲 ⫽

1
n共n ⫺ 1兲

冘

j,k ⑀ g 共 i 兲

1
L jk

Betweenness centrality. Betweenness centrality characterizes the importance of a node or edge in the network by measuring the fraction of
shortest paths between any two nodes in the network that pass through
this particular node or edge (Freeman, 1977; Newman and Girvan,
2004). Formally, the betweenness centrality Bi of a node i is given by the
following:

Bi ⫽

冘
jk

i
n j,k
,
l jk

where

n jki ⫽

再10

if node i lies on a shortest path between nodes j and k
if it does not

and ljk is the number of shortest paths between j and k. Bi is then normalized by:

1
共 N ⫺ 1 兲共 N ⫺ 2 兲
2
Modularity and related topological roles. Because there is no agreedupon method by which to optimize a modular decomposition, we used
both the Newman and Louvain algorithms (Rubinov and Sporns, 2010)
to identify modules and explore the mesoscopic community structure of
the system. Further, we considered the results of a prior study examining
modular structure in the C. elegans network (Pan et al., 2010) in which six
modules were identified by a greedy partitioning of the network. One
should bear in mind that these results need to be treated with caution, for
not only is there no absolute partitioning, but also the geometry of a
network is known to have significant effects on its topological properties
including modularity (Henderson and Robinson, 2011).
Having defined the modules of a network, each of the network nodes
can then be classified according to their roles in intramodular and intermodular connectivity (Sales-Pardo et al., 2007).
Letting ks i be the number of connections between a node i and other
nodes within its module si, the mean and SD of ks i over all the nodes in si
can be written as ks i and k s respectively. The Z-score is then given by the
following:
i

Zi ⫽

k i ⫺ k si
 ks
i

This normalized intramodular degree of a node i is a measure of its
connectivity to other nodes in the same module.

The participation coefficient is a measure of the intermodular connectivity of a node:

冘冉 冊
NM

Pi ⫽ 1 ⫺

s⫽1

k is
ki

2

where ks i again denotes the intramodular degree of node i and ki is its total
degree (Guimerá and Amaral, 2005). The participation coefficient of a
node is therefore close to 1 if its links are uniformly distributed among all
the modules and 0 if all of its links are within its own module.
Adopting criteria from a prior study (Guimerá and Amaral, 2005), we
can define the “hubs” of the network as those nodes that have high
normalized intramodular degree, zi ⱖ 0.7. A hub may be further categorized as “provincial” (most links within its own module; p ⱕ 0.3), “connector” (a significant proportion of links to nodes in different modules;
0.3 ⬍ p ⱕ 0.75), or “global” (with links homogeneously distributed
across all modules; p ⬎ 0.75).
Motifs. Within the rich club organization of the nematode brain, there
are three different topological categories of connection between any two
neurons: the club links (C), which connect two rich club nodes; the local
links (L), which connect two poor periphery nodes; and the feeder links
(F), which connect a rich club node (R) to a poor periphery node (P).
This categorization of edges in relation to the rich club of the network is
equivalent to that described by van den Heuvel et al. (2012, except we
have assigned the label of club (C), rather than rich (R), to the direct
edges between two rich club nodes; the designation “rich” is reserved for
nodes.
On this basis, we analyzed the frequency of motifs or chains of club,
feeder, or local connections between nodes in the network. Motifs are
defined as shortest paths comprising a series of edges between a pair of
nodes. This definition, in contrast to some other widely used definitions
of network motifs (Milo et al., 2002), necessarily excludes closed loops or
triangles. Some motifs can occur with greater-than-random frequency in
complex networks. By considering the shortest paths between each pair
of neurons within the nematode brain, we identified all motifs that linked
any two nodes (Fig. 2c). For example, the motif L-L-F-C-C-C describes a
path made up of two local edges, followed by one feeder edge, followed by
three club edges. To focus the analysis of motifs on their topological roles
in relation to the rich club, we condensed any consecutive occurrences of
the same type of edge, following the example of van den Heuvel et al.
(2012). So, for example, both L-L-F-C-C and L-F-C-C-C motifs were
categorized as belonging to the class of L-F-C motifs (van den Heuvel et
al., 2012; Fig. 2c).
Software. Metric calculations and network manipulations were carried out using the Python NetworkX library (Hagberg et al., 2008) and
MATLAB.

Results
The nematode’s rich club has high efficiency and high cost
We used publically available data (Varshney et al., 2011) on the
identity, location, and connectivity of each neuron in the C. elegans nervous system for all graph theoretical analyses. We defined binary graphs representing each neuron (N ⫽ 279) as a
node and each synaptic connection (M ⫽ 2287) as an edge. As
described previously, this model of the nematode connectome is
an economically wired, small-world, modular network (Watts
and Strogatz, 1998; Chen et al., 2006; Pan et al., 2010). Its global
efficiency (EGlobal ⫽ 0.45) is intermediate between the lower efficiency of a regular lattice (EGlobal ⫽ 0.20) and the higher efficiency
of a random graph (EGlobal ⫽ 0.47). It has higher clustering (0.34)
than a random graph (0.14) but less than a regular lattice (0.70) of
the same size. Most nodes have a small number of connections
but a few hub nodes have high total degree ki (Fig. 3a) and the
degree distribution is somewhat fat tailed. The nematode network is sparsely connected and the distribution of physical distances between connected neurons is skewed toward shorter
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Figure 2. Motifs of the C. elegans network. a, The frequency of motif occurrence in the
nematode network, compared with frequency of the same motif occurring in random networks,
was defined in terms of interquartile deviances from the median and motifs were ranked in
order of decreasing values. The motif that occurred with greatest (nonrandom) significance in
the nematode network linked a pair of peripheral nodes via a series of local (L), feeder (F), and
club (C) edges (denoted L-F-C-F-L). This indicates that many more of the shortest paths between peripheral neurons in the C. elegans network are mediated by the rich club than would be
expected in a random network. b, The histogram shows the frequency distribution of the L-FC-F-L motif in 1000 random networks. The frequency of the L-F-C-F-L motif in the nematode
network is also shown; it is greater than the maximum frequency in the random network
distribution, so it has p ⬍ 1/1000 ⫽ 0.001 under the null hypothesis that the frequency
distribution of this motif is random in the nematode network. The top x-axis marks quartile
deviances from the median, a nonparametric measure of distance from the central location of
the random distribution. c, Construction of motifs from the shortest paths between pairs of
neurons. As described in the key, rich club neurons are colored red and peripheral neurons are
colored blue. An example of the frequently occurring motif L-F-C-F-L is given as a series of local
(L), feeder (F) and club (C) connections to show how the topologically central rich club mediates
many of the connections between topologically more peripheral neurons in the nematode
nervous system. It is also illustrated anatomically within the head of the C. elegans network,
where large bold nodes belong to the L-F-C-F-L motif and small pale nodes are in the rest of the
network.

connection distances, with relatively few outlying long-distance
connections.
We identified the rich club as a subset of high-degree neurons
that have a significantly greater density of connections between
them than would be expected in a subset of equally high-degree
nodes in a random graph, defined mathematically by ⌽norm(k) ⱖ
1 ⫹ 1. This criterion is satisfied for the C. elegans connectome
when the threshold value for degree k, used to define the subset of
hub neurons between which connectivity would be calculated, is
in the range 35 ⬍ k ⬍ 73. We also defined rich clubs satisfying the
more stringent criteria ⌽norm(k) ⱖ 1 ⫹ 2 and ⌽norm(k) ⱖ 1 ⫹
3. The rich club identified at the most lenient statistical thresh-
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old (1) includes 14 neurons; the rich club identified at the most
conservative threshold (3) comprises a subset of 11 of these
neurons (Table 1). Below, we will focus on more detailed analysis
of the rich club defined by degree threshold k ⫽ 44. This is the
lowest degree threshold in the range 44 ⱕ k ⬍ 53 that satisfies
the most conservative statistical 3 criterion for significance of
the normalized rich club coefficient.
There are 11 neurons in this rich club: eight are located anteriorly in the lateral ganglia of the head (AVAR/L, AVBR/L,
AVDR/L, AVER/L) and three are located posteriorly in the lumbar (PVCR/L) and dorsorectal (DVA) ganglia (Fig. 1, Table 1).
The 2 rich club (defined by ⌽norm(k) ⬎ 1 ⫹ 2), and the 1 rich
club (defined by ⌽norm(k) ⬎ 1 ⫹ 1), are both very similar to the
3 club. The 2 club includes one additional neuron (AIBR) and
the 1 club includes 3 additional neurons (AIBR, RIBL, and
RIAR). There is a very high efficiency of connectivity between
rich club neurons: ERich ⫽ 0.92. By way of comparison, the efficiency of connections between the 268 poor periphery neurons
that are not in the rich club is much lower: EPoor ⫽ 0.38 (Fig. 3d,
nodal efficiencies). The rich club is also distinguished by high
betweenness centrality, indicating that rich club neurons are often on the shortest paths between all pairs of neurons in the
system; nine of the 11 rich club neurons (AVAR/L, AVBR/L,
AVER/L, DVA, PVCR/L) are ranked in the top 10 of all neurons
in terms of their betweenness centrality (with values ranging
from 0.0277 to 0.103; Fig. 3b). Rich club neurons also have high
participation coefficients (with values ranging from 0.46 to 0.76),
indicating that they often mediate intermodular connections between neurons in different modules of the system (Fig. 3e, Fig. 4,
bottom).
The rich club neurons are located close to the anterior and
posterior extremes of the nervous system, polarizing the distribution of long- and short-range connections between rich club
members (Fig. 3f ). The average connection distance of a club (C)
edge between rich club neurons is 0.51 mm, whereas the average
connection distance of a feeder (F) edge between a rich club
neuron and a peripheral neuron is 0.40 mm and the average
connection distance of a peripheral (P) between peripheral neurons is 0.18 mm (Fig. 3c). The total distance of all connections to
rich club neurons accounts for 48% of the total connection distance or wiring cost of the network; however, rich club neurons
only account for 4% of the total number of neurons in the nervous system.
The nematode’s rich club is central to integrative
communication
Rich club neurons also play distinct and important topological
roles in a modular decomposition of the C. elegans connectome.
In a modular system, the sparse connections between modules
are typically mediated by a small number of nodes, so-called
connector hubs (Pan et al., 2010) that are defined by high intramodular degree and high participation coefficient (a measure of
the proportion of intermodular edges connecting to each node).
There is no single agreed-upon method with which to detect such
modular structure optimally, so we used three alternatives: we
implemented the Newman-Girvan and Louvain algorithms (Rubinov and Sporns, 2010) directly and we used prior results from a
spectral decomposition (Pan et al., 2010). In all cases, all of the
rich club neurons could be classified as connector hubs, indicating that the rich club plays an important role in communication
between modules. Focusing on the results of the Louvain decomposition, we found that 52% of the connections to or from rich
club neurons are intermodular and 48% are intramodular,
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whereas only 30% of connections to or
from poor periphery neurons are intermodular and the great majority (70%) are
intramodular (Fig. 3, Fig. 4). Similarly, for
the Newman-Girvan method of modular
decomposition, connections to rich club
nodes are 44.6% intermodular and 55.4%
intramodular, whereas connections to
poor periphery nodes are 25.1% intermodular and 74.9% intramodular.
All motifs were computed and classified in the following way for the directed
graph of the C. elegans connectome. The
frequency of each motif class was compared with its frequency in comparable
random networks. To do this, we generated 1000 random graphs by the same
edge-swapping permutation procedure Figure 3. The C. elegans rich club has higher nodal efficiency, betweenness, centrality, participation coefficient, and connection
already described for normalization of the distance than the rest of the nervous system (the poor periphery). a–e, Box plots detailing the distributions of degree, betweenrich club coefficient. In each random ness centrality, average connection distance, nodal efficiency, and participation coefficient (a measure of intermodularity). For
graph, we defined the rich club as the 11 each metric, the rich club is compared with the poor periphery and with the network as a whole. f, Distribution of connection
nodes with the highest degree, so that rich distances. Rich club connections have a bimodal distribution, including a relatively large proportion of the longest connection
club statistics in the random graph were distances in the network and a majority of much shorter distance connections, feeder connections linking a peripheral node to a rich
based on the same number of nodes as club node have intermediate probability of long connection distance, and local edges linking two peripheral nodes have the lowest
probability of a long connection distance.
there were rich club neurons in the C. elegans network. We assigned L, F, or C laTable 1. Neurons comprising rich clubs of the C. elegans connectome
bels to all edges of the network on this basis and then counted the
Rich
Birth
number of motifs of each class. The frequency of any motif class
Neuron Degree club Function
time
in the nematode network could be compared with the permuAVAR 94
3 Head interneuron; role in locomotor decisions
311
tation distribution of its frequency in the random networks; if
312
AVAL 93
3 Head interneuron; role in locomotor decisions
the observed motif frequency was greater (or smaller) than the
318
AVBL 76
3 Head interneuron; role in locomotor decisions
maximum (or minimum) motif frequency in the random dis314
AVBR 75
3 Head interneuron; role in locomotor decisions
tribution, then it was assigned a probability p ⬍ 0.001 under the
329
AVER 57
3 Head interneuron; role in locomotor decisions
null hypothesis that the motif distribution in the nematode nervous
301
AVDR 56
3 Head interneuron; role in locomotor decisions
system is random. To measure the location and dispersion of the
325
AVEL 56
3 Head interneuron; role in locomotor decisions
449
PVCL 55
3 Tail interneuron; role in locomotor decisions
permutation distributions of the motif frequency (Fig. 2b), we used
450
PVCR 53
3 Tail interneuron; role in locomotor decisions
nonparametric measures that do not assume normality. The median
DVA
51
3 Tail sensory interneuron; regulates sensory-motor integration 296
motif frequency was the measure of central location and the quartile
during locomotion; modulates locomotion
deviance (simply half of the interquartile range of the motif fre299
AVDL 45
3 Head interneuron; role in locomotor decisions
quency in random networks) was the measure of dispersion. Values
299
AIBR 39
2 Head interneuron
were then assigned to the observed motif frequencies in terms of the
299
RIBL
38
1 Head interneuron
difference between observed and random median frequency divided
299
RIAR 37
1 Head interneuron
by the quartile deviance in the random distribution.
The rich club in the nematode network can be defined by comparison with random networks: the most conservatively defined rich club, denoted 3, has a normalized rich club coefficient ⌽norm(k) ⬎ 1 ⫹ 3, where  is the
In the analysis of topological motifs, we focused on chains of
standard deviation of ⌽random(k); less conservatively defined rich clubs, denoted 2 and 1, include a few more
one of three classes of connections between neurons: club conneurons with somewhat lower degree than the 3 rich club neurons. Birth times are given as minutes after
fertilization.
nections (C) between two rich club neurons, feeder connections
(F) between a rich club neuron and a peripheral neuron, and local
connections (L) between two peripheral neurons. We found that
Development of the nematode brain rich club
The first two rich club neurons (DVA and AVDL) are born about
motifs that passed from peripheral nodes via feeder connections
300 min after fertilization (Fig. 5, Table 1). The remaining seven
through the rich club and then returned via feeder connections to
anterior rich club neurons are born within approximately 30 min of
the periphery were much more frequent in the C. elegans connecAVDL, coinciding approximately with the birth of a series of juvenile
tome. The motif L-F-C-F-L exhibited the most significant enrichmotor neurons. The remaining two posterior rich club neurons are
ment in the network compared with random graphs ( p ⬍ 0.001;
born approximately 450 min after fertilization. Twitching movequartile deviances from median ⫽ 54.1; Fig. 2a). It was also noments are first observed approximately 20 min later and coordinated
table that the next most significantly occurring motifs in the
movements are visible from approximately 760 min after fertilizanematode network, with quartile deviances from the median
tion, shortly before hatching at 800 min (Hall and Altun, 2008).
ranging from 20.9 to 14.2, were C-F-L, F-C-F-L, L-F-C, L-F-L,
Motor neurons controlling ventral muscle groups are born later, up
and L-F-C-F. Four of these motifs are subsets of the single most
to ⬃1890 min after fertilization (Sulston, 1976, 1983). The adult is
significant motif, L-F-C-F-L, and the fifth motif (L-F-L) defully developed at ⬃3450 min after fertilization.
scribes a path that passes from one peripheral neuron to another
Therefore, the rich club neurons are born early and all neuronal components of the rich club have formed before the first
via a single neuron in the rich club.
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2) also had early birth times (299 min
after fertilization; Table 1). It is also notable that most rich club neurons are born
before the embryo becomes elongated, in
the period 400 – 640 min after fertilization
when the animal’s body becomes approximately three times thinner and approximately four times longer. It seems that
rich club connectivity could be established between neurons when they are initially close to each other and that some of
these connections could then be extended
by elongation of the animal’s body.

Discussion
Rich club: high value for high cost
Although this topological analysis of the
cellular connectome of C. elegans was uninformed by any prior data, other than the
synaptic connectivity of each of the 279
neurons in the system, there was a remarkable degree of functional relatedness
among the rich club neurons we identiFigure 4. Topological and spatial properties of the C. elegans nervous system are related: rich club neurons (red triangles) are fied. As detailed in Table 1, 10 of the neudistinguished from poor periphery neurons (blue circles) on all topological metrics. Rich club neurons tend to have higher degree rons in the most conservatively defined
(by definition), higher efficiency, higher betweenness, and higher participation coefficients than peripheral neurons. The connec- (3) or “richest” club were the so-called
tion distance of each neuron is the average of the physical distances between it and all of the other neurons to which it is command interneurons of the locomotor
synaptically connected in the network. Most rich club neurons have greater connection distance than most peripheral neurons, but circuit with a functional role in forward or
some of the neurons with greatest connection distance are in the periphery.
backward locomotion (Hall and Altun,
2008). The remaining neuron in this club,
DVA, has been classified as a proprioceptive interneuron that
modulates the locomotor circuit (Li et al., 2006). When the rich
club was defined more liberally, up to three additional neurons
were added (AIBR, RIBL, and RIAR), all of which are interneurons in the head of the animal (Table 1).
The behavioral roles of each of the rich club neurons make it
likely that the club as a whole is important functionally for coordinated and adaptive movement of the organism. Ten of the 11
neurons of the richest club of the nematode are neurons that have
already been classified functionally as command interneurons.
Six of these (AVAL/R, AVEL/R, and AVDL/R) are active during
and required for backward movement (Chalfie, 1985; Chronis et
al., 2007; Ben Arous et al., 2010; Piggott et al., 2011), whereas four
of them (AVBL/R and PVCL/R) are active during and required
for forward movement. Although there is evidence for some
functional heterogeneity within these groups (Kawano et al.,
2011), in general, the command neurons are thought to play a
Figure 5. Neuronal birth times and key events in the development of C. elegans. Top (red
specialized role in potentiating or triggering the motor programs
bars), Number of rich club neurons born in each 5 min interval after fertilization. Bottom (dark
for forward or reverse locomotion (Tsalik and Hobert, 2003;
blue bars), Birth times of the rest of the neurons in the C. elegans nervous system. The dashed
vertical lines indicate when the animal begins to twitch, when it is first capable of coordinated
Gray et al., 2005). The integrative topology of the rich club sugmovement, and when it hatches.
gests that these neurons may not be limited to this instructive
role, but might also facilitate communication or exchange of information with other parts of the nervous system. The highly
visible signs of motor activity (twitching). To assess the probabilefficient connectivity between rich club neurons will mediate inity of this observation under the null hypothesis that the birth
formation transfer with short synaptic delays and low noise. The
times of the rich club neurons are drawn randomly from the
functional importance of this integrative capacity is highlighted
distribution of all neuronal birth times, we repeatedly and ranby the fact that the organism does not visibly move until all of the
domly sampled 11 neurons from the network and counted the
rich club neurons have been born. Given that coordinated movenumber of times that all 11 randomly sampled neurons were born
ment is a fundamental component of many adaptive behaviors of
before the onset of twitching. We found that the probability of
the organism (e.g., feeding, egg laying, and escaping) the rich club
this occurrence by chance was only 0.02, suggesting that the obis likely to have high value.
served concentration of early birth times in the rich club is not
The cost of the rich club is quantified by the Euclidean dislikely under the null hypothesis. Moreover, the additional neurons included in the less stringently defined rich clubs (1 and
tance between synaptically connected neurons. This is a simple
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metric that depends on the justifiable assumptions that most
axonal projections are approximately linear and that the metabolic costs of a neuronal connection increase with distance (Bullmore and Sporns, 2012). By this measure, the rich club is
disproportionately costly: connectivity between and to this elite
group of 11 neurons (4% of total neurons) accounts for 48% of
the total connection distance or wiring cost of the network.
Moreover, in previous studies measuring the mismatch between
neuronal placement in the C. elegans nervous system versus neuronal placement dictated by computational rewiring algorithms
designed to minimize connection distance, five of the 11 rich club
neurons (DVA, AVA, and PVC classes) have been identified as
outliers (Chen et al., 2006).
Rich club modules and motifs
Rich club neurons transact a disproportionate number of intermodular connections between neurons in different topological
modules of the C. elegans network. Nodes comprising the same
topological module are often anatomically colocalized so that the
more numerous intramodular connections are short distance
compared with the sparser and longer distance intermodular
connections (Meunier et al., 2010; Alexander-Bloch et al., 2013).
Therefore, the importance of the rich club for intermodular communication is consistent with its high wiring cost. Most rich club
neurons also have exceptionally high centrality, meaning that
they are on the shortest paths between many pairs of neurons in
the system. The topological shortcuts between arbitrary pairs of
neurons in different modules will have to traverse the same, relatively few intermodular connections at some point along the
minimum path, conferring high centrality on the connector hubs
of the rich club.
The importance of the rich club for integrative processing is
further emphasized by the motif analysis. Many types of realworld networks, including the C. elegans neuronal network, have
been classified according to their motif frequency profiles (Milo
et al., 2002, 2004; Sporns and Kötter, 2004). In the present study,
we were particularly interested in the relationship between frequently occurring motifs and the rich club. It has been shown
previously that motifs linking pairs of peripheral nodes in largescale human brain structural networks are more likely to be mediated by feeder and club connections than would be expected in
a random network (van den Heuvel et al., 2012). We replicated
these results at the cellular scale of the C. elegans connectome.
Therefore, in both macro-scale and micro-scale brain networks,
the motif occurring with the greatest significance linked peripheral nodes via local, feeder, and club connections (L-F-C-F-L),
confirming that a large number of shortest paths between any
pair of neurons in the periphery are mediated by the rich club.
Economy and scale invariance of rich clubs
There is evidence to suggest that brain networks are organized to
negotiate an economical trade-off between topological value and
physical connection cost (Bullmore and Sporns, 2012). The rich
club in C. elegans is an example of this general principle in operation. Its neurons have high efficiency, high centrality, and high
importance for communication between different modules.
These related topological properties are very likely to be valuable
for adaptive and coordinated movement of the organism. However, this high value architecture depends on a disproportionate
number of long-distance connections, amounting to a greater
than average wiring cost of the rich club.
It is striking that an analogous trade-off between topology and
wiring cost was recently described for the rich club organization

of the human brain (van den Heuvel et al., 2012). Using diffusion
tensor imaging data from 40 healthy volunteers, a rich club was
identified in the large-scale or macroscopic organization of the
human brain, comprising a high density of tractographic connections between cortical regions. The cortical components of the
human brain rich club, including areas of precuneus, anterior
and posterior cingulate cortex, superior frontal cortex, and insula, were distributed spatially and connections between them
accounted for a majority of the longest distance connections
(58% of connections ⬎9 cm) in the human brain. This high cost
circuit demonstrated high centrality, mediating 69% of the shortest paths between all pairs of the 1170 cortical nodes in the network. A motif analysis of the diffusion tensor imaging network
identified a greater-than-random frequency of motifs connecting
pairs of peripheral regions via feeder and rich club regions.
Together with these prior data on human brain networks (van
den Heuvel and Sporns, 2011; van den Heuvel et al., 2012), the
nematode data provide new evidence in support of scale invariance of brain networks. Similar rich club organization is evidently
conserved over multiple scales of space. Scale invariance has already been demonstrated for network topological properties
such as small-worldness (Watts and Strogatz, 1998; Achard et al.,
2006) and (hierarchical) modularity (Meunier et al., 2009). The
comparable rich club results in such differently sized nervous
systems (⬍1 mm vs ⬃10 cm) indicates that economical tradeoffs between topological value and physical cost may also be a
scale-invariant aspect of nervous systems. This is consistent with
the universality hypothesis that competitive criteria of cost minimization and topological complexity drive selection of diverse
information processing and communication networks embedded in physical space (Bassett et al., 2010).
Experimental nematode connectomics
This study is descriptive and there has been no experimental
perturbation of the system. The data we have used on neurons
and synapses of C. elegans are highly detailed and complete compared with the current state of data available for cellular connectomics in any other species and they are publically available in a
format that has supported several prior studies of the same data
(Hall and Altun, 2008). They are the results of painstaking reconstruction of serial electron micrographs, by skilled scientists
literally tracing the identity of neurons from one electron micrograph slice to the next, and visually discriminating synaptic connectivity from mere proximity of two neurons (White et al.,
1986). However, partly because of the time- and labor-intensive
way these “gold standard” data have been generated, the nervous
systems of only three animals have been at least partially mapped.
It might be useful for more experimentally focused studies in the
future if the connectome of C. elegans could somehow be reconstructed much more quickly and automatically (Jarrell et al.,
2012), perhaps by adopting some of the techniques currently in
development for computational reconstruction of the much
larger cellular connectomes of the fly or the mouse. Such a highthroughput technology for nematode connectomics could allow,
for example, experimental measurement of the effects of controlled perturbations on the development and function of the
rich club and other features of the C. elegans nervous system.
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