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From birth to adulthood, an animal’s nervous system changes as its body grows and its behaviours mature. However, the form and11

extent of circuit remodelling across the connectome is unknown. We used serial-section electron microscopy to reconstruct the full brain12

of eight isogenic C. elegans individuals across postnatal stages to learn how it changes with age. We found that the overall geometry13

of the nervous system is preserved from birth to adulthood. However, upon this constant scaffold, substantial changes in chemical14

synaptic connectivity emerge. Comparing connectomes among individuals, we observed substantial connectivity differences that make15

each brain partly unique. Comparing connectomes across maturation, we observed consistent wiring changes between different neurons.16

These changes alter the strength of certain existing connections and create new connections. Collectively, changes in connections alter17

information processing of the brain. Over development, the central decision-making circuitry is maintained whereas sensory and motor18

pathways substantially remodel. With age, the brain becomes progressively more feedforward and discernibly modular. Developmental19

connectomics reveals principles that underlie brain maturation.20

* For correspondence: d.witvliet@alum.utoronto.ca (DW); jeff@mcb.harvard.edu (JWL); samuel@physics.harvard.edu (ADTS); meizhen@lunenfeld.ca (MZ).21

Introduction22

The developing nervous system faces multiple challenges. Amid an animal’s changing anatomy and fluctuating environment, some23

circuits must maintain robust outputs, such as locomotion1–4. New circuits need to be constructed in order to support new functions,24

such as reproduction5–7. To adapt and learn, the nervous system must make appropriate changes in existing circuits upon exposure25

to internal and external cues8.26

The nervous system employs a variety of adaptive mechanisms to meet these challenges. In the Drosophila nerve cord, synaptic27

density of mechanosensory neurons scales to body size from first to third instar larvae4. In the spinal cord of the zebrafish larva,28

descending neurons lay down tracks chronologically, coinciding with the maturation of swimming behaviours7. In the mouse29

visual circuit, postnatal synaptic remodelling is shaped by intrinsic activity as well as visual stimuli9. These and other studies raise30

the possibility that anatomical changes, from individual synapses to global organization of brain networks10, occur. An assortment31

of genetic and cellular factors have been found to affect morphological and functional maturation of individual synapses11,12.32

Synaptic changes underlie system-level modifications. However, developmental principles for the collective synaptic changes that33

shape the adult brain are unknown.34

Interrogating whole-brain maturation at synapse resolution is difficult. High-resolution electron microscopy (EM) reconstruction35

is needed to capture structural changes at individual synapses over large volumes13. To uncover brain-wide principles of maturation,36

these methods must be applied to the entire brain, and to brains at different developmental time points. Moreover, multiple animals37

need to be analyzed to assess structural and behavioural heterogeneity. With recent advances in automation and throughput of38

EM, this has become uniquely possible using the nematode C. elegans, the first animal that allowed the assembly of a complete39

connectome by serial section EM reconstruction14,15.40

Serial-section EM has now been used to reconstruct neural circuits with synapse resolution across species16–22. But in larger41

animals, low throughput makes it difficult to acquire whole brain samples and comprehensively assess plasticity. EM has been42

applied to assess wiring differences between individuals, for example, comparing the pharyngeal circuits of two nematode43

species23, comparing the C. elegans male and hermaphrodite connectomes24, the effect of genotype or age on the Drosophila44

larval somatosensory25 and mechanosensory4 circuits, as well as the effect of developmental age on wiring in the mouse45

cerebellum26. These studies examined partial circuits or few samples. The original C. elegans connectome was compiled from the46

EM reconstruction of partially overlapping regions of four adults and an L4 larva. A revisit of this connectome expanded the47

wiring diagram by re-annotation of original EM micrographs and filled remaining gaps by interpolation24, making it more48

difficult to assess differences between animals.49

Here, we leveraged advances in automation and throughput of EM reconstruction to study the brain of C. elegans - its50

circumpharyngeal nerve ring and ventral ganglion - across development. We have fully reconstructed the brain of eight isogenic51

hermaphroditic individuals at different ages of postembryonic development, from hatching (birth) to adulthood. These52

reconstructions provide quantitative assessments for the length, shape, and position of every neural and muscle fibre in the nerve53

ring, as well as of every physical contact and chemical synapse between neurons and muscles, and between neurons and glia. Our54

quantitative comparisons of these developmental connectomes have revealed organizing principles by which synaptic changes55

shape the mind of the developing worm.56
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Connectomes across development reveal principles of brain maturation in C. elegans

Figure 1. The developing brain maintains its overall geometry. a. Developmental timeline of eight reconstructed brains, with volumetric models shown at three stages. Models
include all neurites contained in the neuropil, coloured by cell types. b. Wiring diagrams for all datasets. Each circle represents a cell. Each line represents a connection with at least
one chemical synapse between two cells. The line width indicates synapse number. The vertical axis denotes signal flow from sensory perception (top) to motor actuation (bottom);
the horizontal axis denotes connectivity similarity (normalized Laplacian eigenvector 2, see 15) where neurons that share partners are positioned nearby each other. Signal flow
and connectivity similarity are based on the accumulated connections from all datasets. c. A representative EM micrograph of the neuropil (from dataset 3). Presynaptic termini
of classical chemical synapses are characterized by a pool of clear synaptic vesicles (red arrows) surrounding an active zone (red arrowhead). Presynaptic termini of chemical
synapses of modulatory neurons are characterized by mostly dense core vesicles (orange arrows) distant from the active zone (orange arrowhead). Postsynaptic cells are marked
by asterisks. d. Summed length of all neurites in the brain exhibits linear increase from birth to adulthood. Each data point represents the total neurite length from one dataset.
e. Persistent physical contact, the summed physical contact between all neurite pairs at birth that persists across maturation, accounts for nearly all of the contact area at every
developmental stage. f. Total synapse numbers in the brain exhibits a 6-fold increase from birth to adulthood. g. Synapse density, the total number of synapses divided by the
summed length of all neurites, is maintained after an initial increase.
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Results57

EM reconstruction of eight C. elegans brains from birth to adulthood58

We developed approaches in ultra-structural preservation, serial ultra-thin sectioning, and semi-automated imaging27–29 to82

reconstruct the connectivity and morphology of all cells in eight individual isogenic hermaphroditic brains of C. elegans (N2) at83

various post-embryonic stages (Fig. S1, 1a, Video 1-2, see Methods). The brain, consisting of the nerve ring and ventral ganglion,84

includes 162 of the total 220 neurons at birth (L1), and 180 of the total 302 neurons in adulthood of the original connectome14,30
85

(Table S1). The brain also contains 10 glia and synaptic sites of 32 muscles at all stages. We identified every cell across different86

EM volumes based on their unique neurite morphology and position14. Because CANL/R, one pair of cells in the original87

reconstructions make no synapses in all our datasets, they were excluded from the C. elegans connectome. Each neuron was88

classified as either being sensory, inter, motor, or modulatory (Table S1, Supplementary Information 1, Video 2, see Methods).89
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Figure 2. Non-uniform synapse addition reshapes the connectome a. Schematic of two connections. Each connection consists of at least one synapse between two cells.
b. The total number of connections in the brain between neurons existing from birth exhibits a 2.4-fold increase. c. The mean number of synapses per connection existing from
birth exhibits a 3.9-fold increase. d. The probability of forming a new connection at physical contacts existing from birth. This probability increases with the total contact area
between two cells at birth. A new connection is here defined as a connection that appears in adults (datasets 7 and 8) but is absent in early L1 stages (datasets 1 and 2). ***
r = 0.87, p = 4.5×10-4, Spearman’s rank correlation. e. Top: neurons with higher number of connections at birth (dataset 1) are more likely to receive new synapses at existing
input connections by adulthood (averaging datasets 7 and 8). Bottom: no positive correlation is observed at existing output connections. Each data point represents one cell.
Significance is calculated using Spearman’s rank correlation (top: p = 1.1×10-5, n = 166; bottom: p = 0.017, n = 141). f. Top: neurons with higher number of connections at birth
(dataset 1) are more likely to establish new input connections by adulthood (averaging datasets 7 and 8). Bottom: no correlation is observed at new output connections. Each data
point represents one cell. Significance is calculated using Spearman’s rank correlation (top: p = 1.3×10-7, n = 166; bottom: p = 0.18, n = 141). g. Top: each data point represents
the mean coefficient of variation (CV) in the number of synapses for different sets of connections. The CV of output connections from the same cell is maintained. The CV of input
connections to the same cell increases over time, at the same rate as connections to and from different cells. Error bars indicate SE. Bottom: the difference between the mean CV
for output and input connections relative to connections between different cells grows over time. *** p = 5.3×10-7, r = 0.99, Spearman’s rank correlation.
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In each EM volume, every neuron, glia, and muscle was annotated for chemical synapses to generate a connectome of the90

brain (Fig. 1b, Fig. S2, Video 2, Supplementary Information 2, see Methods). Chemical synapse annotations include classical91

synapses, which contain mostly clear vesicles as well as a small number of dense core vesicles, and synapses from modulatory92

neurons, which contains mostly dense core vesicles (Fig. 1c, see Methods). Presynaptic active zones of chemical synapses were93

volumetrically reconstructed to determine synapse sizes (Supplementary Information 3). Neuron and muscle processes, but not glia94

processes, were volumetrically segmented (Supplementary Information 4). Gap junctions were partially annotated (and are shown95

at http://nemanode.org/), but because they could not be mapped in completion, they were excluded from further analyses.96

We plotted the wiring diagrams conforming to the direction of information flow from sensory perception (Fig. 1b top layer) to97

motor actuation (Fig. 1b bottom layer). All connectomes are hosted on an interactive web-based platform at http://nemanode.org/.98

These datasets allow for examination of changes of chemical synaptic connectivity in the context of brain geometry, including the99

shape and size of each neuron as well as the proximity and contact between each neurite (see below).100

Uniform neurite growth maintains brain geometry101

Our volumetric reconstructions revealed striking similarities of brain geometry between developmental stages. The shape and102

relative position of every neurite in the brain was largely established by birth (Fig. S3a, S3b). From birth to adulthood, the total103

length of neurites underwent a 5-fold increase (Fig. 1d), in proportion to the 5-fold increase in body length (~250µm to ~1150µm).104

Neurites grew proportionally (Fig. S3b), maintaining physical contact between cells that are present at birth across maturation105

(Fig. 1e, S3a). Only three neuron classes had changes to their primary branching patterns, each growing a new major branch after106

birth (Fig. S4, Video 3). Thus, the brain grows uniformly in size without substantially changing the shape or relative position of107

neurites, maintaining its overall geometry.108

In parallel to neurite growth, addition of synapses was extensive even though only a small fraction of physical contacts developed109

into chemical synapses (Fig. S3c). From birth to adulthood, the total number of chemical synapses increased 6-fold, from ~1300110

at birth to ~8000 in adults (Fig. 1f). Presynaptic terminals appear as en passant boutons, most often apposing the main neurite of111

a postsynaptic cell. Small spine-like protrusions14,31 were postsynaptic at ~17% of synapses in the adult connectome (Fig. S5a,112

S5b, Supplementary Information 5). From birth to adulthood, the number of spine-like protrusions increased 5-fold (Fig. S5c),113

and the proportion of spine-like protrusions apposing presynaptic terminals increased 2-fold (Fig. S5d). Protrusions apposing114

presynaptic termini were more likely to locate distally along a neurite, whereas protrusions not apposing presynaptic termini were115

more proximal (Fig. S5e). Spine-like protrusions were found in many neurons and muscles (Fig. S5f, S5g).116

Synapse number increased in proportion to neurite length, maintaining a stable synapse density across most developmental117

stages. The exception was during the L1 stage, when the increase of total synapse number slightly outpaced that of neurite length,118
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leading to increased synapse density (Fig. 1g). This increase coincided with an increasing left-right wiring symmetry (Fig. S6a,119

S6b). In the adult brain, ~90% of neurons exist as left-right pairs that mirror one another in position, morphology, as well as120

connectivity14. However, some of these neurons exhibited left-right connectivity asymmetry at birth (Fig. S6a, S6b). The simplest121

interpretation of this early asymmetry is incompleteness: C. elegans hatches before its brain connectivity has been made symmetric,122

a process which continues by synapse addition during the first larval stage.123

Non-uniform synapse addition reshapes the connectome124

From birth to adulthood, addition of synapses both creates new connections and strengthens existing connections. Here, a125

connection is defined as a pair of cells connected by one or more chemical synapses (Fig. 2a).126

Both synapse and connection number increase during maturation. The 204 cells of the brain were interconnected by ~1300 total127

synapses distributed among ~800 connections at birth (Fig. 2b). Over maturation, addition of synapses strengthened nearly all128

existing connections. Approximately 4500 synapses were added to connections that were present at birth, such that the mean129

synapse number per connection increased 4.6-fold, from 1.7 synapses per connection at birth to 6.9 by adulthood (Fig. 2c). In130

addition, many new connections formed. Approximately 1200 synapses formed between previously non-connected neurons131

resulting in a 2.4-fold increase in total number of connections between cells present at birth (Fig. 2b).132

Synapse addition did not occur uniformly across the brain from birth to adulthood. We found preferential synapse addition in133

multiple contexts.134

First, new connections were more likely to form at physical contacts between neurons with large contact areas at birth (Fig. 2d).135

Physical contacts formed at birth therefore appear to create a constant scaffold within which network formation unfolds.136

Second, synapse addition preferentially strengthens inputs to neurons with more connections at birth. At birth, some neurons137

already had far more connections than others (Fig. S6c). These neurons, which we refer to as hubs, disproportionately strengthened138

their existing input connections over time (Fig. 2e). Hubs also disproportionately established more new input connections over139

time (Fig. 2f). Interestingly, hub neurons did not disproportionately increase their outputs (Fig. 2e, 2f). The increase in inputs140

was evident even for neurons with only more output connections at birth (Fig. S6d, S6e). Thus, during maturation the flow of141

information is progressively focused onto the most highly-connected neurons at birth.142

Third, synapse addition selectively strengthened a cell’s individual connections. We found that there was no correlation in the143

strengthening of existing input connections to each cell from different presynaptic partners (Fig. S6f), leading to a divergence in144

the relative strengths of different inputs (Fig. 2g). However, strengthening of the existing output connections from each cell were145

correlated (Fig. S6f), maintaining their relative strengths (Fig. 2g). Thus, it appears that each cell regulates the strengthening of its146

own outputs but does not dictate the relative strengthening of its inputs.147

Lastly, in contrast to mammals where pruning is a hallmark of early nervous system development, we did not observe systematic148

synapse elimination in C. elegans. Synaptic connections are not often removed; remodeling that diminishes synaptic connections149

is mediated by selective strengthening of other connections.150

Isogenic individuals have both stereotyped and variable connections151

We mapped the change in synapse number for each connection across developmental stages to evaluate the change in connection156

strength. Using these maps, we classified each connection as either stable, developmentally dynamic, or variable (Fig. 3a, S7,157

Supplementary Information 6, see Methods).158

Stable connections were present from birth to adulthood and maintained their relative strength in proportion to one another.159

Developmentally dynamic connections significantly increased or decreased their relative strength in a stereotyped manner,160

sometimes forming new connections or more rarely eliminating existing connections at specific life stages. Variable connections161

exhibited no consistent trend in their changing strength, and were not present in every animal.162

In the adult connectome, stable and variable connections each represented ~43% of the total number of connections, whereas163

developmentally dynamic connections represented ~14% (Fig. 3b). We observed similar partitions when connections were164

classified by changes in either synapse size (Fig. S8a) or synapse density (Fig. S8b), instead of synapse number, suggesting that165

synapse number (see Methods - Connectome annotation) can be a good proxy for synapse size.166

Stable connections contained more synapses than variable ones (6.6±5.8 versus 1.4±1.0 synapses per connection, respectively,167

in adult), and thus constituted a larger proportion (~72%) of total synapses (Fig. 3c). Nonetheless variable connections were168

surprisingly common. Like other connections, variable connections formed at existing and maintained cell contacts with little169

exception (Fig. S8c, also see Fig. S3a, S7). The number of variable connections in the adult (~800) is similar to the number of170

stable connections (~800). The total number of synapses that constitute variable connections in the adult (~1100) is even greater171

than that of developmentally dynamic connections (~800). Synapses that comprise variable connections were comparable in size172

to those of stable connections, and were similarly distributed between monoadic and polyadic synapses (Fig. S8d-S8g).173

Moreover, not all variable connections consisted of few synapses and not all stable connections consisted of many synapses174

(Fig. S8h). The range of synaptic strength of stable and variable connections makes it difficult to set them apart by thresholding.175

Any threshold to filter postsynaptic partners – by synapse number, synapse size, or number of postsynaptic partners – excluded176

both variable and stable connections (Fig. S8f-S8i).177

We considered the possibility that variability is more prominent during development than in the mature connectome. A178

conservative measure of variability in the adult stage can be made by comparing our two adult datasets and the original adult179

connectome14. When using these adult datasets to quantify variability, variable connections still made up ~50% of all connections180
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Figure 3. Isogenic individuals have both stereotyped and variable connections. a. A sensory circuit across maturation. Left: L1 (dataset 2), center: L3 (dataset 6), right:
adult (dataset 8). Circles represent cells, colour-coded by cell types. Colour-coded lines represent stable (black), developmentally dynamic (blue), and variable (grey) connections.
Line width represents synapse number. b. The total number of stable, developmentally dynamic, and variable connections in each dataset. c. The total number of synapses that
constitute stable, developmentally dynamic and variable connections in each dataset.
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(Fig. S9a, S9b). Thus, variable connections are prominent in the C. elegans connectome.181

Variable connections are not uniformly distributed among cell types203

To visualize the distribution of different classes of connections, we separately plotted their occurrences in the wiring diagram204

(Fig. 4a). Stable and developmentally dynamic connections represent the portion of the connectome that is shared across animals.205

Variable connections represent the portion that is unique to each animal.206

We quantified the proportion of variable connections in the inputs and outputs of each cell type (Fig. 4b). Modulatory neurons had207

significantly higher amounts of variability in their output connections than other cell types, whereas motor neurons had significantly208

less (Fig. 4b upper panel). Consistent with the lowest variability in motor neuron output, muscles exhibited the lowest variability209

in their inputs (Fig. 4b lower panel).210

The higher prevalence of variable connections between certain cell types remained evident when variable connections were211

defined only among adult datasets (Fig. S9c) and when connections with fewer synapses were excluded (Fig. S8i). The low212

variability of connections from motor neurons to muscles could not be simply explained by saturation of their physical contacts213

by synapses (Fig. S9d). We also considered that neurons with more synapses may exhibit more stochastic synapses or have more214

annotation errors. However, the proportion of variable connections did not scale with the number of synapses (Fig. S9e, S9f).215

Rather, the likelihood of a neuron to generate variable connectivity is likely a property of its cell type. The high stereotypy of216

synapses from motor neurons to muscles may reflect a requirement for high fidelity in circuits for motor execution. Modulatory217

neurons, which may secrete monoamines and neuropeptides by volume-release, may have the weakest requirement for precise218

spatial positions of synaptic outputs because they exert long-range effects.219

Interneuron connections are stable during maturation220

Excluding variable connections allows us to assess shared developmental connectivity changes across animals. We found that221

developmentally dynamic connections were not uniformly distributed among cell types or circuit layers (Fig. 4c). Connections222

between interneurons and from interneurons to motor neurons had disproportionately more stable connections than223

developmentally dynamic connections (Fig. 4c). In contrast, all other connections between and from sensory, modulatory, or224

motor neurons had many developmentally dynamic connections. This trend remains evident when developmentally dynamic225

connections were classified by synapse size instead of by synapse number (Fig. S10a middle panel). Developmentally dynamic226

connections were particularly prevalent from motor neurons to muscles. Each motor neuron progressively increases its227

connections with more muscles in a stereotypic pattern (Fig. S7). The abundant but high stereotypy of this developmental228

connectivity change means that motor neurons exhibit the lowest proportion of variable connections (Fig. 4b upper panel).229

Developmentally dynamic connections were also prevalent between many sensory neurons, and from sensory neurons to230

interneurons and motor neurons (Fig. 4c, Fig. S7). Spine-like protrusions may facilitate developmental connectivity changes, as231

developmentally dynamic connections were twice as likely to involve spine-like protrusions than stable and variable connections232
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Figure 4. Non-uniform distribution of variable and developmentally dynamic connections. a. Wiring diagrams for variable, stable, and developmentally dynamic connections.
Each line represents a connection observed in at least one dataset. Line width indicates the largest number of synapses observed for a connection across datasets. Each circle
represents a cell. Cell coordinates are represented as in Fig. 1b. b. Comparison of the proportion of variable and non-variable connections for each cell type. Non-variable
connections include stable and developmentally changing connections. Cell types with significantly higher or lower proportions of variable connections are indicated, ** p < 10-2,
*** p < 10-3, n = 22-57, Mann–Whitney U test, FDR adjusted using Benjamini–Hochberg correction. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x
interquartile range; outliers not shown. c. Wiring diagram showing non-variable connections between different cell types. Line width indicates the number of connections. Line
color indicates the proportion of developmentally dynamic connections. Lines with significantly different proportions of developmentally dynamic connections are indicated, * p <
4.1×10-2, *** p = 2.0×10-5, two-tailed Z-test, FDR adjusted using Benjamini–Hochberg correction (ninter-inter = 160, ninter-motor = 52, nmotor-muscle = 145).

182

183

184

185

186

187

188

189

(Fig. S10b).233

These findings show that maturation changes how sensory information is integrated and relayed to downstream neurons.234

Maturation also changes motor execution. However, the layout of interneuron circuits, the core decision-making architecture of235

the brain, is largely stable from birth to adulthood.236

Increase in both feedforward signal flow and modularity across maturation237

With connectomes of complete brains, we were able to ask how the sum of synaptic changes leads to collective changes in238

information processing across maturation.239

First, we examined how synaptic changes affect information flow in the brain. The directionality of signal flow between cells240

can be viewed as either feedforward, feedback, or recurrent (Fig. 5a). We classified connections that constitute synapses from the241

sensory to motor layer as feedforward, connections from the motor to sensory layer as feedback, and connections between242

neurons of the same type as recurrent. Among stable connections, synapse addition strengthened existing feedforward243

connections more than feedback or recurrent connections (Fig. 5b). We observed the same trend when considering synapse size244

instead of synapse number (Fig. S10c). This difference was not simply due to increased inputs onto stable interneuron circuitry, as245

interneuron connections exhibited a similar increase in synapse number compared to connections for sensory inputs and motor246

outputs (Fig. S10a right panel). The addition of developmentally dynamic connections also preferentially increased feedforward247

signal flow (Fig. 5c). In contrast, developmentally dynamic connections that were weakened across maturation tended to be248

feedback and recurrent. Cumulatively, the proportion of synapses that constitute feedforward connections gradually increased249

(Fig. 5d). Thus, one global pattern of brain maturation augments signal flow from sensation to action, making the brain more250

reflexive (and less reflective) with age.251

Next, we examined the community structure of the brain. We used weighted stochastic blockmodeling (WSBM) to group252

neurons of similar connectivity into distinct modules32. At the adult stage, the modularity corresponds to six congregations of cells253

with distinct functions (Fig. 5e, 5f, Fig. S11a, Table S2). Sensory and interneurons separate into three modules: anterior sensory254

(including labial sensory neurons), posterior sensory (including amphid sensory neurons and associated interneurons), and medial255

interneuron (including other sensory neurons and the majority of interneurons). Head motor neurons and descending premotor256
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Figure 5. Increase in both feedforward signal flow and modularity across maturation. a. Schematic of feedforward, feedback, and recurrent connections defined by cell
types. b. The number of synapses for stable connections in adults (datasets 7 and 8) relative to birth (datasets 1 and 2). Stable feedforward connections are strengthened more
than stable feedback and recurrent connections. ns (not significant) p = 0.13, *** p < 0.001, Mann–Whitney U test, FDR adjusted using Benjamini–Hochberg correction (nfeedforward

= 301, nrecurrent = 229, nfeedback = 107). Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. c. Proportions of
feedforward, feedback, and recurrent connections for stable and developmentally dynamic connections. ** p < 0.005, two-tailed Z-test of the proportion of feedforward connections,
FDR adjusted using Benjamini–Hochberg correction (nstable = 737, nadded = 198, nweakened = 18). d. Proportions of the total number of synapses in feedforward, feedback, and
recurrent connections. ns (not significant) p = 0.11, * p = 0.017, *** p = 2.0×10-4, Spearman’s rank correlation, FDR adjusted using Benjamini–Hochberg correction. e. The
number of cells in each module across maturation, determined by weighted stochastic blockmodeling. Modules connected by a line share significant number of neurons. See Table
S2 for cell membership of each module. The motor output module comprises head muscle cells that are part of the brain connectome; the head movement module comprises
motor neurons that innervate and coordinate head muscle cells; the body movement module comprises descending and premotor interneurons that regulate activities of body
wall muscles; the anterior sensory module comprises labial sensory neurons, the posterior sensory module comprises amphid sensory neurons; the medial interneuron module
comprises the remaining sensory neurons and the majority of interneurons (see Table S2). f. The wiring diagram for the adult connectome (dataset 8), with each cell colored by
its assigned module. Cell coordinates are represented as in Fig. 1b. g. A 3D model of the adult brain (dataset 8), with each cell colored by its assigned module.
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interneurons for body movement separate into two modules. Muscle cells constitute another module. An independent estimator of257

modularity, a generative evaluation framework, produced similar results (Fig. S11b).258

When we measured modularity at earlier developmental stages, we discerned progressively fewer modules (Fig. 5e, Fig. S11a,259

Table S2). At birth, WSBM identified two discernible modules. Most of the increase in discernible modularity is due to a smaller260

fraction of total synapses over development. 74% of new synapses are added to stable connections without increasing modularity261

(Table S3, bottom row). The difference in discernible modularity is mostly attributed to developmentally dynamic connections,262

which only represent 14% of new synapses (Table S3, middle row). Variable connections, which are not uniformly distributed263

among cell types, also contributed to module segregation (Table S3, top row). The increased connectivity increases the number of264

discernible modules of closely connected neurons in the adult brain (Fig. 5g, Video 4). The physical proximity of neurons in these265

modules is reminiscent of distinct brain lobes with different behavioral roles.266

Discussion270

To learn the emergent principles from studying synaptic changes of an entire brain across maturation, we analysed eight isogenic271

C. elegans beginning with the earliest larva stage and ending with the adult. Previous lineage studies revealed that the vast majority272

of post-embryonic neurogenesis and differentiation occurs during the L1 and L2 stages30. We reconstructed three L1s, two L2 and273

one L3 animals at six different developmental time points, to afford the temporal resolution in capturing continuous connectomic274

changes during the period of most rapid growth. We reconstructed two adults to make direct comparisons between animals of275

the same age and with the original published connectome. While it took more than a decade to assemble the first C. elegans276

connectome14, the advent of automation in sample sectioning, image acquisition, and data processing sped up the process, allowing277

our complete brain reconstructions of multiple animals in less time.278

We found that several general features remained largely unchanged from the earliest larva to the adult stage. For example, the279

overall geometry of the brain, the three-dimensional shape, relative placement of individual neurons, and their physical contacts280

was surprisingly stable. Established neurite neighbourhoods33 at birth provides the structural platform that both constrain and281

support wiring maturation.282
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Figure 6. Principles of connectivity changes across maturation. Left: schematic of brain-wide synaptic changes from birth to adulthood. Right: emerging principles of
maturation that describe synaptic changes at the level of brain geometry, individual neurons, neuron types, and entire networks. Thicker lines represent stronger connections with
more synapses.
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268

269

In contrast, the total volume of the brain enlarged about 6-fold. However, changes in brain connectivity were not simply explained283

by enlargement of existing structures. While there was a 5-fold increase in the number of synapses, these synaptic changes were284

not distributed uniformly through the network. Rather, they appeared to be organized by several developmental principles that285

profoundly shape how the brain’s network changes.286

The principles that we uncovered are illustrated in Fig. 6 and listed below. At one level, we observed patterns of synaptic287

remodeling that differentially alter the number and strength of connections, applied to every neuron. At a second level, we observed288

patterns of synaptic remodeling that differ between cell types (i.e., sensory neurons, modulatory neurons, interneurons, and motor289

neurons). At the third level, we observed network-level changes that alter the directionality of information flow and the segregation290

of information processing throughout the brain. We propose that these three levels of synaptic remodeling (listed below) might291

contribute to the behavioral maturation of the growing animal.292

Large contacts predict new connections. Because the overall geometry of the brain is constant, physical contacts between293

neurites from birth to adulthood are invariant with little exception. Nearly all new synapses appear at sites where these physical294

contacts already exist, both adding synapses to connections between neurons and creating new connections between neurons. The295

larger the physical contact, the greater the probability of a new connection. Therefore, the brain’s geometry at birth creates the296

scaffold upon which adult connectivity is built.297

More inputs to well-connected neurons. We found that developmental synapse addition was not equal among all neurons. Cells298

with larger numbers of connections at early stages receive disproportionately more new synapses, both strengthening existing input299

connections and creating new input connections. In contrast, these neurons see less synapse addition to their output connections.300

Thus, well-connected neurons become better integrators of information, but not broader communicators of that information.301

Selective change of a neuron’s inputs, but not outputs. We also found a pattern in how synapses selectively change the strengths302

of existing connections. The strength (synapse number) of input connections that converge on the same neuron tends to become303

more heterogeneous. In contrast, the outputs from the same neuron maintain their relative strengths. Neurons thus become304

differentially driven by a subset of their presynaptic partners, but distribute that information uniformly among their postsynaptic305

partners.306

Prevalent variability in the connectomes between animals. Each animal has connections between neurons that are not found in307

other individuals. These variable connections tend to consist of small numbers of synapses, but represent almost half of connected308

neuron pairs in the mature brain. This variability is most prominent among modulatory neurons and least prominent among motor309

neurons.310

Stable interneuron circuits. We discovered remarkable stability in the wiring between interneurons that may constitute the core311

decision-making architecture of the developing brain. In contrast, there are extensive developmental wiring changes among other312

cell types.313

Increase in feedforward bias. At the level of the entire network, we discovered a change in the directionality of information flow.314

Synaptogenesis over development preferentially creates new connections and strengthens existing connections in the direction of315

sensory layers to motor layers. This makes the network more feedforward and reflexive over time.316

Increase in discernible modularity. Synaptogenesis increases the discernible modular structure of the brain, making it possible317

to increasingly resolve sub-networks for sensory or motor processing with maturation.318

These principles have ontogenetic, phylogenetic, and functional implications discussed below.319
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The C. elegans wiring diagram is not stereotyped320

We found considerable variability in chemical synaptic connectivity in our set of isogenic animals. In contrast, the extent of321

physical contacts between neurites at birth were maintained across developmental stages (Fig. 1g and Table SX). About 43% of322

all cell-cell connections, which account for 16% of total number of chemical synapses, are not conserved between animals. This323

degree of variability contrasts with the view that the C. elegans connectome is hardwired. The idea that individual neurons have324

identical connectivities probably stemmed from the finding that the same C. elegans neuron is identifiable in each animal by virtue325

of its mostly stereotyped lineage and morphology14,30,34. This stereotypy implies that many properties are genetically determined.326

The reasoning was that if genetic regulation is strong, an isogenic population is more likely to exhibit stereotyped connections327

between cells. The original connectome, which consisted of compiled annotations from two complete nerve rings - JSH (L4 larva)328

and N2U (adult), and one partial nerve ring N2T (adult) - did not address variability14.329

We found that variable connections on average contained fewer synapses than non-variable connections. Interestingly, partial330

reconstructions of the mammalian thalamus suggests that weaker connections may correspond to incidental wiring19.331

We also found that synaptic variability between animals is not uniform among cell types. For example, modulatory neurons332

have considerable variability in their output connections whereas motor neurons have little variability in their outputs. This333

contrast suggests that variability is in some way regulated between cell types, and may therefore be genetically determined and334

functionally important. For example, behavioural variability between animals can confer a fitness advantage to a population35.335

Synaptic variability may be a source of such behavioural variability, e.g., in the Drosophila visual system, variability among336

neurite morphologies has been linked to behavioural individuality36.337

Despite being isogenic, C. elegans exhibits individual variability in its behaviors37 which could be related to the synaptic338

variability we describe. One mechanism that might give rise to synaptic variability may be differences in gene expression38.339

Stochastic variability of expression levels has been observed even in the housekeeping genes in C. elegans embryos39. Neuronal340

activity can also be a driving force for synaptic remodeling. Individuals from an isogenic population reared in similar conditions341

will still experience differences in their local environments throughout life, a source of differences in neuronal activity that may342

translate into wiring variability in the fruitfly40. In C. elegans, L1 and adult animals have been shown to have differences in their343

olfactory behaviors41. Adult olfactory behaviors can also be modified by the early olfactory experiences of the L1 larva42.344

Variability in the placement of individual synapses between neurons in the context of largely stereotyped nervous systems345

has been observed in other small invertebrates. EM reconstruction of isogenic Daphnia maga revealed both stereotyped and346

variable synapses in their optic lobes43. EM reconstruction of the visual systems of two closely related Platyneris larvae also347

revealed both stereotyped and variable synapses20. The original connectome of C. elegans was also examined for inter-animal348

variability by comparing the nerve ring connectomes of the JSH series (an L4 animal) and N2U44. They noted that the numbers349

of synapses between connected neurons were more variable between animals than between the left and right sides of the same350

animal. Consistent with our observations, they noted that connections between neurons in JSH and N2U with fewer than three351

synapses could also be variable between these original datasets. With our eight datasets, we have been able to quantify the patterns352

of variable and stereotyped synapses and synaptic connections across cell types and across development. We note that the intrinsic353

variability in the number of synapses between neuron pairs may partly explain previous observations using in vivo fluorescence-354

labeling labeling of pre- and postsynaptic markers. In a study of synapse formation in the motor circuit, for example, the numbers355

of fluorescent puncta corresponding to pre- and postsynaptic markers differed across life stage and between animals45. Some of356

this variability in light microscopy of synaptic puncta may be due to animal-to-animal variability in synapse formation that we and357

others have observed using serial section EM.358

Developmental changes in the periphery of the connectome versus constancy in the central core359

Why is interneuron connectivity more stable across maturation when compared to the sensory input and motor output of the brain?360

From an evolutionary standpoint, it may not be surprising that the part of a nervous system that physically interacts with the outside361

world, the sensory and motor systems, is under high evolutionary pressure to maintain an animal’s fitness in changing environments.362

Such evolutionary changes in the nematode brain (phylogeny) may have accrued as developmental changes (ontogeny) in its wiring363

diagram.364

Stability of the core parts of the nervous system across maturation implies that the central processing unit is robust enough to be365

used in different contexts. Maturation changes the flow of sensory information into the central processor and the readout of motor366

execution from the central processor, without changing the central processor itself. Sensory maturation may reflect changes caused367

by learning and memory42. Motor circuit maturation may reflect adaptations to the changing musculature of the growing animal368

body46.369

The connectome becomes more feedforward during maturation370

We observed an increased feedforward-bias of the adult brain that may be more effective in rapid information processing and371

making reflexive decisions. In contrast, the juvenile network with more feedback connections may have a greater capacity for372

learning and adaptation. Interestingly, feedback is also what is used to train some artificial neural networks that perform machine373

learning. After these artificial networks achieve desired performance, they operate in a feedforward manner47. The architecture of374

the adult nematode brain may be a consequence of feedback-mediated optimization of its sensorimotor pathways.375
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The modularity of the adult connectome376

We observed an increase in the discernible community structure of the brain’s network with age. With increased numbers of377

synapses and connections in the adult brain, it becomes possible to resolve functional communities among neurons that are378

physically close to one another (Fig. 5g). These communities form spatially compact areas for sensory or motor processing,379

reminiscent of distinct brain areas in larger animals.380

Perspectives381

In larger animals that mature more slowly, maturation involves extensive changes in the nervous system. Apoptosis, neurite382

degeneration, and synapse pruning remove unwanted circuitry48. Neurogenesis, neurite growth, and synapse formation create new383

circuitry49. For the short-lived C. elegans, maturation must be fast and efficient. In its small nervous system, each cell is unique,384

thus each may be characterized by an intrinsic propensity for synaptic remodeling. These changes occur in the context of its stable385

morphology and fixed amount of physical contact between neighbouring neurites. With these constraints, the nematode has evolved386

a broad set of principles for synaptic maturation to build its adult brain (Fig. 6).387

Connectome comparisons have revealed instances of wiring plasticity caused by development or genetics. In the Drosophila388

larva, the mechanosensory circuit at two different larval stages is maintained by scaled synapse growth4. In the mouse, activity-389

driven connectivity changes have been uncovered in the cerebellum26. Differences in the pharyngeal circuits of different nematode390

species point to genetic specification of wiring patterns23. Comparison of the C. elegans male and hermaphrodite reveals sexual391

dimorphism in their nervous systems with different numbers of neurons and shared and divergent connections24.392

Future work will extend the study of the development of the C. elegans connectome. First, we have not included gap junctions,393

critical components of the nervous system, in our analysis. Our online connectome database (www.nemanode.org) includes394

electrical synapses where gap junctions were most visible. But improvements in sample preparation and analysis are needed to395

reach the same level of confidence and throughput as we reached for chemical synaptic networks throughout development.396

Second, we have analyzed only one connectome at most time points. This allowed us to compare stable, variable, and397

developmentally dynamic synaptic networks across development but not to assess animal-to-animal variability at each age.398

Increased throughput and the analysis of many animals at each age will allow analysis of the statistical properties of synaptic399

connectivity.400

In the C. elegans brain, synaptic remodeling leads to changes from the cell to network level, with likely functional consequences401

on behaviour. Most investigations of flexibility in neural circuits and behaviours focus on functional modulations of connectomes402

that are assumed to be anatomically static50,51. Our comparison of connectomes argues that the maturation and variability of brain403

and behaviour are not separated from wiring changes. Moreover, comparative connectomics is needed to understand the origin of404

similarities and differences in structure and behaviour, within and across species. High-throughput and high-resolution electron405

microscopy are necessary to establish the foundation for understanding how genes, experience, and evolution create the behaving406

adult.407

Methods408

Data acquisition409

We studied wild-type (Bristol N2) animals reared in standard conditions: 35x10mm NGM-plates, fed by OP50 bacteria, and raised410

at 22.5 °C52. The animals were within a few generations of the original stock acquired from Caenorhabditis elegans Genetics411

Center (CGC) in 2001. All samples used in this study were derived from three batches of EM preparation.412

Each EM sample was prepared and processed as previously described29 with small modifications to the substitution protocol of413

the last 3 datasets (protocol in preparation). In short, isogenic samples reared in the same environment were high-pressure frozen414

(Leica HPM100 for datasets 1-5 and Leica ICE for datasets 6-8) at different stages of post-embryonic development. High-pressure415

freezing was followed by freeze-substitution in acetone containing 0.5% glutaraldehyde and 0.1% tannic acid, followed by 2%416

osmium tetroxide. For each life stage, we selected animals based on their overall size and morphology for EM analysis. The417

precise developmental age of each larval animal was determined based on its cellular compositions relative to its stereotyped cell418

lineage30, as well as the extent of its neurite growth (see Supplementary Information 7). Three samples (datasets 2, 6, and 7) were419

prepared for transmission electron microscopy (TEM). Five samples (datasets 1, 3, 4, 5, and 8) were prepared for scanning electron420

microscopy (SEM).421

For TEM, samples were manually sectioned at ~50nm using a Leica UC7 ultramicrotome, collected on formvar-coated slot grids422

(Electron Microscopy Sciences, FF205-Cu), post-stained with 2% aqueous uranyl acetate and 0.1% Reynold’s lead citrate, and423

coated with a thin layer of carbon. Images were acquired using an FEI Tecnai 20 TEM and a Gatan Orius SC100 CCD camera.424

For SEM, samples were serial sectioned at ~30-40nm and collected using an automated tape-collecting ultramicrotome425

(ATUM)53. The tape was glued to silicon wafers, carbon coated, and sections post-stained with 0.5% uranyl acetate (Leica426

Ultrostain I, Leica Microsystems) and 3% lead citrate (Leica Ultrostain II, Leica Microsystems). Images were collected427

semiautomatically using custom software guiding an FEI Magellan XHR 400L54.428

All images were acquired at 0.64-2 nm/px (~25,000x). In total, these datasets comprise 94374 images, 5 teravoxels, and 2.4×105
429

µm3. Images were aligned using TrakEM255,56 and imported into CATMAID57 for annotation.430
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Connectome annotation431

All cells within the brain were manually reconstructed by skeleton tracing in CATMAID57. The brain was defined as the nerve432

ring and ventral ganglion neuropil anterior of the ventral sub-lateral commissures. Chemical synapses and gap junctions were433

mapped manually. Chemical synapses were mapped fully and gap junctions partially. To reduce biases from different annotators,434

for chemical synapses, all datasets were annotated independently by three different people; only synapses that were agreed upon435

by at least two independent annotators were included in the final dataset.436

The same neurons were unambiguously identified in all datasets based on their soma position, neurite trajectory, and stereotypic437

morphological traits, as described14. In the original connectome datasets, as well as ours, some variability in cell body position and438

neurite trajectory was observed (see Supplementary Information 8). However, every cell could still be unambiguously identified in439

every dataset because the combined anatomical features and neighbourhood for each cell is unique. Negligible amounts of neuropil440

in our reconstructions could not be reliably traced to a known cell. These orphan fragments were small (median length 0.38 µm)441

and rare (4.13±6.05 per dataset). Orphan fragments represent 0.18% of the total neurite length and 0.13% of all synapses and were442

excluded from analysis.443

Modulatory neurons distinguish themselves from non-modulatory neurons by distinct features of their chemical synapses58.444

Chemical synapses come in two varieties: classical synapses, containing mostly clear synaptic vesicles, are made by all non-445

modulatory neurons; modulatory synapses, containing mostly dense-core vesicles (DCVs), are made by all modulatory neurons.446

Classical synapses were identified by a characteristic presynaptic swelling containing a pool of clear vesicles adjacent to a447

dark presynaptic active zone on the inside of the membrane29. Each presynaptic active zone was annotated as the presynaptic448

partner of one chemical synapse. Cells adjacent to the active zone, within 100nm in xyz dimension, was identified as its potential449

postsynaptic partners. Annotation included considerations for additional characteristics. Presynaptic swellings were also typically450

characterized by a small number of DCVs at the periphery of the active zone-associating synaptic vesicle cloud, the presence of451

mitochondria, as well as the cadherin-like junctions between the pre- and postsynaptic partner cells59. Some postsynaptic partners452

exhibit morphological features such as swelling or postsynaptic densities that resemble the signature PSDs at the mammalian453

glutamatergic synapses.454

Modulatory synapses appear as periodic varicosities along the modulatory neuron’s neurite, each filled with a cloud of DCVs.455

Some modulatory synapses are devoid of clear synaptic vesicles; some have a small numbers of clear vesicles in these varicosities.456

Most DCV-specific varicosities did not have presynaptic active zones; the small amount of presynaptic active zones were often not457

associated with vesicles58.458

Gap junctions were partially annotated and not subjected to the consensus scoring process due to limitations of current sample459

preparation protocols29.460

Final synapse annotations for all datasets are available at http://nemanode.org/. Only chemical synapses with presynaptic active461

zones were included for subsequent analyses.462

Classification of neuron types463

We followed conventional neuronal type classification14, with modifications based on structural features revealed in this study and464

other studies.465

Neurons were classified as motor neurons if they primarily made synapses onto muscles. Neurons were classified as sensory466

if they had specialized sensory processes and/or were previously reported to have sensory capabilities. Neurons were classified467

as interneurons if most of their connections were to other neurons. Neurons were classified as modulatory if they make chemical468

synapses that contained mostly large dark vesicles, or, if they had been previously reported to use following neurotransmitters:469

serotonin (AIM, HSN), dopamine (ADE, CEP), or octopamine (RIC)60,61. Some neurons exhibit features corresponding to more470

than one type. In this case, they were classified based on their most prominent feature. A summary of the classification of each471

neuron and their justification is provided in Table S1.472

Volumetric reconstruction of cellular processes473

We computed the precise shape of every neurite and muscle process in each EM image based on the skeleton tracing that was474

performed in CATMAID and a machine learning algorithm that recognized cellular boundaries. In brief, the algorithm expanded475

all skeleton nodes in each section until they fully filled the images of all labelled cells.476

Cellular borders were predicted by a shallow Convolutional Neural Network (CNN) that builds on XNN 62,63, a recently477

developed high performance system which computes convolutions on CPUs, to achieve border prediction throughput of478

~10MB/s64,65. Node expansion was computed with a dedicated Cilk-based code66 that parallelized the Dijkstra graph search479

algorithm. Code optimization allowed us to perform node expansion of an entire EM section in memory by a single480

multi-threaded process. Each software thread expanded an individual skeleton. Each pixel is attributed to a given cell by481

computing a generalized form of distance, taking into account the minimum number of cellular border pixels that must be482

traversed in a path connecting pixel and node. The generalized distance is computed using graph theory and concurrent data483

structures.484

Volume traces were imported into VAST67 for manual proofreading. At least 1,120 person-hours were spent proofreading the485

volumetric expansions. It was not possible to perform volumetric reconstruction on dataset 7 due to weak membrane contrast.486
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Quantification of chemical synapse size487

Coordinates of all chemical synapses were exported from CATMAID57 and imported into VAST67 using custom scripts. The488

presynaptic active zone for every synapse was manually segmented throughout every section where it was visible. The size of489

monadic synapses is represented by the volume of the presynaptic active zone. At polyadic synapses, we estimated the relative490

strengths of postsynaptic partners by the proportion of postsynaptic area that each partner occupies at each synapse. We performed491

a Monte Carlo simulation of neurotransmitter diffusion from the presynaptic active zone, and quantifying the proportion of these492

particles that reached each potential postsynaptic partner using the three-dimensional geometry of the EM reconstruction. Synapse493

size for each postsynaptic partner was calculated by multiplying the total volume of the presynaptic active zone by the proportion494

of particles that hit the membrane of each postsynaptic partner.495

Data processing for analysis496

Volumetric neuron traces were exported from VAST67 and imported into MATLAB. EM artefacts were manually corrected. To497

calculate the contact area of each adjacent cell pair, we performed two-dimensional morphological dilation of every traced segment498

across extracellular space until neighbouring segments made contact within 70 pixels (140-280nm). Expansion was restricted to499

the edge of the nerve ring. The total contact area was calculated as the sum of adjacent pixels for each segment in all sections.500

Contacts between cell bodies at the periphery of the neuropil were excluded.501

Neuron skeletons and synapses were exported from CATMAID using custom Python scripts, and imported into Python or502

MATLAB environments for analyses. The module detection analysis was performed in MATLAB. Other analyses were503

implemented with custom Python scripts using SciPy and Statsmodels libraries for statistics. Post-embryonically born neurons504

were excluded from analyses related to classification of connections, feedforward information flow, and modules.505

For analyses related to neurites, both processes of neurons and muscles in the nerve ring were included. The neurite length506

was calculated using the smoothened skeleton of each neurite. The skeleton was smoothed by a moving average of 10 skeleton507

nodes after correction of major alignment shifts. Spine-like protrusions were defined as any branch shorter than the 10% of the508

average neuron length. For analyses related to information flow, separating connections into feedforward, feedback, and recurrent,509

connections to muscles were excluded since they are all feedforward.510

Classification of connections511

A total of 3113 connections (averaging 1292 per dataset) were assigned as stable, variable, or developmentally dynamic. 1647512

connections (averaging 323 per dataset) had no more than two synapses in two or more datasets and were left-right asymmetric.513

These connections were classified as variable. The 1466 remaining connections were pooled by left-right cell pairs, resulting514

in 658 pair connections. The number of synapses in each pair connection was tested for relative increase or decrease across515

maturation (Spearman’s rank correlation, corrected for multiple comparisons using the Benjamini–Hochberg correction). Pair516

connections showing a significant change and at least a 5-fold change in synapse number from birth to adulthood were classified517

as developmentally dynamic. When a connection is absent from dataset 1 and 2, but exists in later datasets, we consider it to have518

increased more than 5-fold (an ‘infinite’ increase). Remaining pair connections were considered stable if they were present in at519

least 7 datasets, and variable if present in fewer than 7 datasets. The 5-fold change cutoff is based on the overall expansion in520

synapse number from early L1 to adulthood. Occasionally, connections were near the cutoff for developmentally dynamic versus521

variable connections. How they are categorized does not affect any overall pattern in our connectome analysis due to the extremely522

small number.523

Comparison to the original C. elegans adult connectome524

The original adult hermaphrodite brain connectome annotated by White et al.14,44 was taken from wormatlas.org (dataset N2U).525

Because individual muscles were not traced in the original annotation, we completed this dataset by tracing through all head muscles526

using the scanned EM micrographs hosted by wormatlas.org. Individual muscles arms were identified by their characteristic527

location within the brain, which were confirmed by tracing the arms back to their cell body in several datasets. This augmented528

dataset (referred to as “N2U, White et al., 1986”) was used for subsequent comparison.529

The wormatlas.org hosts a re-annotated version of the wiring of the N2U connectome, which includes synapses to individual530

muscles from (24). We noted errors in muscle identification and synapse annotation in this reannotation. We corrected some errors531

so that we could perform comparisons with our analysis. Specifically, we corrected the identity of the following muscle pairs VL1-532

VL2, VR1-VR2, DL2-DL3, DR2-DR3, DL5-DL6, DR5-DR6, VL5-VL6, and VR5-VR6. Other mistakes in tracing and synapse533

annotation could not be corrected. For example, muscles DL7 and DL8 were not traced at all in the brain, and only one of more534

than 50 synapses onto muscle VR2 (named as VR1 in Cook et al. 2019) was annotated. This minimally corrected dataset, referred535

to as “N2U, Cook et al., 2019” was used for subsequent comparison.536

For both N2U datasets, we only included neurons and neurites within the same regions used for our datasets for comparison.537

Community structure analysis538

Weighted stochastic blockmodeling (WSBM)32 was used to define modules individually for all eight connectomes. In this539

approach, modules are optimized on the likelihood of observing the actual network from the determined modules (log-likelihood540

score) based on two exponential family distributions. We chose the probability of establishing connections to follow a Bernoulli541

distribution and the synapse number for each connection to follow an exponential distribution. These distributions fit the data best542

according to the log-likelihood score and resulted in left-right cell pairs being assigned to the same modules.543
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In order to find a stable and representative number of modules for each connectome, we used a consensus-based model-fitting544

approach, similar to previously described68. First, to ensure unbiased coverage of the parameter space, we fitted the model545

independently 300 times using an uninformative prior for each potential number of modules (k = 1, . . . , 8). This procedure was546

repeated 100 times to yield a collection of models with concentrated and unimodally distributed log evidence scores. To improve547

the stability of the models on multiple runs, we increased the parameters for a maximum number of internal iterations to 100. For548

each dataset, we chose the number of modules whose collection of models had the highest mean posterior log-likelihood score.549

For dataset 2 the second-highest score was selected, as the number of modules otherwise conflicted with adjacent time points.550

Finally, for each dataset, we found a representative consensus module assignment that summarized all 100 models68. In brief,551

considering all 100 models, we calculated the frequency of each cell being assigned to each module, and used this as a new prior552

to fit another 100 models. This procedure was repeated until convergence, when the consistency of the 100 models was larger than553

0.95.554

Community structure validation555

We validated the community structure defined by WSBM using a previously described method68. In brief, for each possible number556

of modules k = 1, . . . , 10, the quality of the best final model determined by WSBM was examined to validate the model chosen by557

the log-likelihood score. For each k, we fit a WSBM model with a prior matching the module assignment, and reverse simulated558

2000 synthetic connectomes from the model. For each synthetic connectome, we recorded 8 statistic measurements: degree559

distribution, in-degree distribution, out-degree distribution, weight distribution, in-weight distribution, out-weight distribution,560

betweenness centrality, and weighted clustering coefficient. These distributions were compared to the actual connectome using a561

Kolmogorov–Smirnov (KS) statistic test, and summarized by computing the mean KS energy, defined as the mean value of all 8562

KS statistic values. A lower mean KS energy indicated a better match. For the connectomes of early developmental stages, an563

equal match was found for k = 3 . . . 6 (Fig. S11b). For the adult connectomes, k = 6 matched the connectome significantly better564

than k < 6 (Fig. S11b).565

Statistics566

Statistical methods were not used to predetermine sample sizes. Spearman’s rank was used for all correlations (Fig. 2d-2f, S3c, S6d,567

S6e, S9e and S9f) and time series (Fig. 2g, 3 and S5b-S5d). Two-tailed Z-test was used to compare proportions (Fig. 4c, 5c). To568

determine if developmentally dynamic connections were over- or underrepresented, the proportions of developmentally dynamic569

connections between each cell type were compared to the total proportion of developmentally dynamic connections throughout all570

cell types (Fig. 4c, S10b). Kruskal-Wallis test followed by pairwise Mann-Whitney U tests were used for comparisons of more571

than two unpaired categories (Fig. 4b, 5b, S6f, S9c and S10b). For figure panels with more than three categories, only categories572

statistically different from all others were labelled (Fig. 4b, S9c and S10b. For figure panels with multiple comparisons, the reported573

p-values were FDR adjusted using Benjamini–Hochberg correction.574

Data availability575

All electron microscopy images and volumetric reconstructions are available at bossdb.org/project/witvliet2020. Connectivity576

matrices for all datasets are available at www.nemanode.org and as supplementary info.577

Data and code availability578

Scripts used to generate all figures will be made available on a public repository before publication.579
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Extended data701

Video 1. Fly-through of an adult EM dataset.702

Video 2. Volumetric reconstruction of an adult dataset.703

Video 3. Individual neurons across maturation.704

Video 4. Modules in the adult brain.705
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Table S1. Cell types in the nerve ring.
This table lists cell type using each neuron, muscle, and glia that contributed to chemical synapses included in our analyses. Each
is assigned a cell type using the described criteria (see Methods). We performed volumetric reconstructions of all listed neuron and
muscle processes within our datasets. We did not perform volumetric reconstructions of the much thinner glia processes, which
our algorithms (see Methods) were unable to reconstruct automatically. Volumetric reconstruction of the 6 GLR glia (cells with a
mesodermal origin that may affect neuron-muscle communication) and the 4 CEPsh glia (the sheath cells of the cephalic sensilla
that have a neuronal/epidermal origin) will require thinner EM sectioning69.

Class Members Type
Integration into
nerve ring

ADA 2 inter embryonic
ADE 2 modulatory embryonic
ADF 2 sensory embryonic
ADL 2 sensory embryonic
AFD 2 sensory embryonic
AIA 2 inter embryonic
AIB 2 inter embryonic
AIM 2 modulatory embryonic
AIN 2 inter embryonic
AIY 2 inter embryonic
AIZ 2 inter embryonic
ALA 1 modulatory embryonic
ALM 2 sensory embryonic
ALN 2 sensory post-embryonic
AQR 1 sensory post-embryonic
ASE 2 sensory embryonic
ASG 2 sensory embryonic
ASH 2 sensory embryonic
ASI 2 sensory embryonic
ASJ 2 sensory embryonic
ASK 2 sensory embryonic
AUA 2 sensory embryonic
AVA 2 inter embryonic
AVB 2 inter embryonic
AVD 2 inter embryonic
AVE 2 inter embryonic
AVF 2 modulatory post-embryonic
AVH 2 modulatory embryonic
AVJ 2 modulatory embryonic
AVK 2 modulatory embryonic
AVL 1 modulatory embryonic
AVM 1 sensory post-embryonic
AWA 2 sensory embryonic
AWB 2 sensory embryonic
AWC 2 sensory embryonic
BAG 2 sensory embryonic
BDU 2 inter embryonic

BWM01 4 muscle embryonic

BWM02 4 muscle embryonic

BWM03 4 muscle embryonic

BWM04 4 muscle embryonic

BWM05 4 muscle embryonic

706

Class Members Type
Integration into
nerve ring

BWM06 4 muscle embryonic

BWM07 4 muscle embryonic

BWM08 4 muscle embryonic
CEP 4 modulatory embryonic
CEPsh 4 glia embryonic
DVA 1 modulatory embryonic
DVC 1 inter embryonic
FLP 2 sensory embryonic
GLR 6 glia embryonic
HSN 2 modulatory post-embryonic
IL1 6 motor embryonic
IL2 6 sensory embryonic
OLL 2 sensory embryonic
OLQ 4 sensory embryonic
PLN 2 sensory post-embryonic
PVC 2 inter embryonic
PVN 2 modulatory post-embryonic
PVP 2 inter embryonic
PVQ 2 modulatory embryonic
PVR 1 inter embryonic
PVT 1 inter embryonic
RIA 2 inter embryonic
RIB 2 inter embryonic
RIC 2 modulatory embryonic
RID 1 modulatory embryonic
RIF 2 inter embryonic
RIG 2 inter embryonic
RIH 1 inter embryonic
RIM 2 inter embryonic
RIP 2 inter embryonic
RIR 1 inter embryonic
RIS 1 modulatory embryonic
RIV 2 motor embryonic
RMD 6 motor embryonic
RME 4 motor embryonic
RMF 2 motor post-embryonic
RMG 2 modulatory embryonic
RMH 2 motor post-embryonic
SAA 4 sensory embryonic
SDQ 2 sensory post-embryonic
SIA 4 motor embryonic
SIB 4 motor embryonic
SMB 4 motor embryonic

707
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Class Members Type
Integration into
nerve ring

SMD 4 motor embryonic
URA 4 motor embryonic
URB 2 sensory embryonic
URX 2 sensory embryonic
URY 4 sensory embryonic

708
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Table S2. Members of modules detected by WSBM colored by type.709

L1 (dataset 1) L1 (dataset 2) L1 (dataset 3) L1 (dataset 4) L2 (dataset 5) L3 (dataset 6) Adult (dataset 7) Adult (dataset 8)

ADAL ADAR ADFL
ADFR ADLR AIAL
AIAR AIBL AIBR
AIYL AIYR AIZL
AIZR ASER ASKR
AUAL AUAR AVAL
AVAR AVBL AVBR
AVDR AVEL AVER
AVHR AVKL AVKR
AWCL AWCR BAGL
BAGR DL01 DL02
DR01 DR02 VL01
VL02 VR01 VR02
CEPDL CEPVL CEPVR
DVA IL1L IL1R
IL2L IL2R OLLL
OLQVL OLQVR PVR
RIAL RIAR RIBL
RIBR RICL RICR
RIFL RIGL RIGR
RIH RIML RIMR
RIPL RIPR RIR
RIS RMDDL RMDDR
RMDL RMDR RMDVL
RMDVR RMED RMEL
RMER RMEV SAADR
SMBVL SMBVR SMDDL
SMDDR SMDVL SMDVR
URXL URXR URYVR

ADEL ADER ADLL
AFDL AFDR AIML
AIMR AINL AINR
ALA ALML ALMR
ASEL ASGL ASGR
ASHL ASHR ASIL
ASIR ASJL ASJR
ASKL AVDL AVHL
AVJL AVJR AVL
AWAL AWAR AWBL
AWBR BDUL BDUR
DL03 DL04 DL05
DL06 DL07 DL08
DR03 DR04 DR05
DR06 DR07 DR08
VL03 VL04 VL05
VL06 VL07 VL08
VR03 VR04 VR05
VR06 VR07 VR08
CEPDR DVC FLPL
FLPR IL1DL IL1DR
IL1VL IL1VR IL2DL
IL2DR IL2VL IL2VR
OLLR OLQDL OLQDR
PVCL PVCR PVPL
PVPR PVQL PVQR
PVT RID RIFR
RIVL RIVR RMGL
RMGR SAADL SAAVL
SAAVR SIADL SIADR
SIAVL SIAVR SIBDL
SIBDR SIBVL SIBVR
SMBDL SMBDR URADL
URADR URAVL URAVR
URBL URBR URYDL
URYDR URYVL

AFDL AFDR ASIL
ASIR AVDR AVL
DL01 DL02 DL03
DL04 DL05 DL06
DL07 DL08 DR01
DR02 DR03 DR04
DR05 DR06 DR07
DR08 VL01 VL02
VL03 VL04 VL05
VL06 VL07 VL08
VR01 VR02 VR03
VR04 VR05 VR06
VR07 VR08 RID
SIADL SIADR SIAVL
SIAVR SIBDL SIBDR
SIBVL SIBVR

AIAL AIBL AIBR
AIZL AIZR AVAL
AVAR AVBL AVBR
AVDL AVEL AVER
IL1L RIAL RIAR
RIBL RIBR RICL
RICR RIML RIMR
RIPL RIPR RMDDL
RMDDR RMDL RMDR
RMDVL RMDVR RMED
RMEL RMER RMEV
RMGL SAAVL SAAVR
SMBDL SMBDR SMBVL
SMBVR SMDDL SMDDR
SMDVL SMDVR

ADAL ADAR ADEL
ADER ADFL ADFR
ADLL ADLR AIAR
AIML AIMR AINL
AINR AIYL AIYR
ALA ALML ALMR
ASEL ASER ASGL
ASGR ASHL ASHR
ASJL ASJR ASKL
ASKR AUAL AUAR
AVHL AVHR AVJL
AVJR AVKL AVKR
AWAL AWAR AWBL
AWBR AWCL AWCR
BAGL BAGR BDUL
BDUR CEPDL CEPDR
CEPVL CEPVR DVA
DVC FLPL FLPR
IL1DL IL1DR IL1R
IL1VL IL1VR IL2DL
IL2DR IL2L IL2R
IL2VL IL2VR OLLL
OLLR OLQDL OLQDR
OLQVL OLQVR PVCL
PVCR PVPL PVPR
PVQL PVQR PVR
PVT RIFL RIFR
RIGL RIGR RIH
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Motor output

Body movement

Head movement

Anterior sensory

Medial sensory/
interneuron

Posterior sensory
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Table S3. Optimal number of modules detected by WSBM using subsets of connections.711

712

Connections
included

Dataset 1
(L1)

Dataset 2
(L1)

Dataset 3
(L1)

Dataset 4
(L1)

Dataset 5
(L2)

Dataset 6
(L3)

Dataset 7
(Adult)

Dataset 8
(Adult)

All connections 2 3 3 4 4 6 6 6
Non-variable
connections 2 2 2 2 2 4 5 5

Stable connections 2 2 2 2 2 2 2 2
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Figure S1. Volumetric models for seven C. elegans brains at respective developmental stages. All models include the complete neuropil and muscle fibers of the brain,
consisting of the nerve ring and ventral ganglion. Glia processes are not included. Cells are colored by type.
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Figure S2. Closeup of an adult brain connectome. Wiring diagrams for an adult connectome (dataset 8). Each circle represents a cell. Circle colour denotes cell type. Each
line represents a connection with at least one chemical synapse between two cells. Line width indicates synapse number. Straight lines direct information from sensory to muscle
layers whereas curved lines direct information in reverse. Cell coordinates are represented as in Fig. 1b, with overlapping cells manually separated.
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Figure S3. Continued on next page.719
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Figure S3. A physical contact matrix between neurites and muscle fibers in seven volumetrically reconstructed C. elegans brains. a. Cells are pooled by left-right pairs.
The physical contact size is represented by the largest value from the seven datasets. Neurites grow while maintaining overall brain geometry. b. Correlation of the relative
neurite length of each branch between L1 (dataset 1) and adult (dataset 8). The length of each neurite is normalized against the total neurite length of the neuron. p = 9.4×10-172,
r = 0.75, n = 947, Spearman’s rank correlation. c. Proportion of physical contacts in the brain that harbors at least one chemical synapse at respective developmental time points.
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Figure S4. Three neuron classes grow new neurites after birth. Volumetric models of ADE, SAAV, SAAD, and RIM in L1 (dataset 2), L3 (dataset 6), and adult (dataset 8).
These neurons pairs grow new major branches, highlighted by dotted gray circles. ADE’s new branches sprout outside the brain; regions not volumetrically reconstructed are
denoted by a dotted blue line.
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Figure S5. Prevalence, location, and synaptic distribution of spine-like protrusions. a. 3D reconstructions of one neuron class (AIZL and AIZR) across maturation. The
overall geometry was maintained, whereas the number of spine-like protrusions (grey arrows) increased over time. b. Proportion of postsynaptic spine-like protrusions increases
across maturation. *** p = 6.5×10-5, Spearman’s rank correlation. c. Total number of spine-like protrusions in the brain increases across maturation. *** p = 5.3×10-7, Spearman’s
rank correlation. d. Proportion of synapses with at least one spine-like protrusion postsynaptic partner increases across maturation. *** p = 1.8×10-4, Spearman’s rank correlation.
e. Distribution of spine-like protrusions by location, with the entry of the neurite into the brain as the most proximal, and the exit or terminal end of the neurite the most distal. f.
Number of spine-like protrusions that oppose a presynaptic terminal per neuron at birth (averaged between datasets 1 and 2) and in adulthood (averaged between datasets 7 and
8). g. Proportion of presynaptic inputs onto spine-like protrusions per neuron in adulthood (averaged between datasets 7 and 8), grouped by their cell type.
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Figure S6. Most connectivity asymmetry at birth is eliminated during L1 a. Connectivity asymmetry decreases from birth to adulthood, most significantly during L1.
Asymmetry is defined as the coefficient of variation (CV) in synapse number between left-right cell pairs. Error bars indicate SE. b. Total number of missing connections decreases
from birth to adulthood, most significantly during L1. One connection refers to a cell making at least one chemical synapse to another cell. A missing connection is defined as
a connection absent in only one dataset and from one side of the brain. Non-uniform distribution of connections and strengthening of connections across maturation c.
Distribution of the total number of input and output connections per neuron at birth. Some neurons have more connections than others.d. Upper panels: neurons with more input
connections at birth are more likely to strengthen these connections during maturation. Left: the number of input connections at birth (dataset 1) is positively correlated with their
synapse number increase by adulthood (averaged between datasets 7 and 8). p = 1.6×10-17, n = 166 by the Spearman’s rank correlation. Right: the number of output connections
at birth does not predict the synapse number increase at input connections by adulthood. p = 0.32, n = 120 by the Spearman’s rank correlation. Lower panels: Neither input
connection (left) nor output connection (right) at birth predicts the synapse number increase at output connections by adulthood. left: p = 0.16, n = 120; right: p = 0.12, n = 141
by the Spearman’s rank correlation. Each point represents one cell. e. Upper panels: neurons with higher number of input connections (left) or output connections (right) at birth
(dataset 1) are more likely to establish new input connections by adulthood (averaged between datasets 7 and 8). Left: p = 5.4×10-4, n = 166; right: p = 1.7×10-4, n = 120 by
the Spearman’s rank correlation. Lower panels: Neither the input (left) or output (right) connection number at birth predicts the likelihood to establish new output connections by
adulthood. Left: p = 1.00, n = 120; right: p = 0.08, n = 141 by the Spearman’s rank correlation. Each data point represents one cell.f. The relative number of synapses added
to existing connections is correlated between outputs of the same cell compared to connections to and from different cells. The relative number of synapses added is quantified
as the fold increase of synapse number from birth (dataset 1) to adulthood (averaged between datasets 7 and 8). ns (not significant) p = 0.24, ** p = 2.3×10-3, *** p = 2.5×10-5,
Mann–Whitney U test, FDR adjusted using Benjamini–Hochberg correction (noutputs = 753, ninputs = 1203, nother = 90709). Center line, median; box limits, upper and lower quartiles;
whiskers, 1.5x interquartile range; outliers not shown.

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

27



Connectomes across development reveal principles of brain maturation in C. elegans

Figure S7. Connectivity matrix of the C. elegans brain throughout maturation. A connectivity matrix that includes all connections observed in eight C. elegans brains. Cells
are pooled by left-right pairs. The size of each connection represents its largest synapse number in any dataset. Stable, developmentally dynamic, and variable connections are
colour-coded by their classification (see Methods).
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Figure S8. A connectome has prevalent variable connections a. Composition of stable, developmentally dynamic, and variable connections in each dataset classified by
synapse size. b. Composition of stable, developmentally dynamic, and variable connections in each dataset classified by synapse density, defined by the total synapse number
divided by the cable length of the input neuron). Prevalence of variable connections is not caused by over-annotation of ambiguous synapses c. High proportions of both
variable and non-variable (stable and developmentally dynamic) connections form at non-variable physical contacts. A physical contact is defined as variable when it is absent
from more than one of the seven datasets. d. Synapses that constitute non-variable and variable connections, sorted by EM section numbers that the presynaptic active zone
encompasses. All synapses in seven volumetrically segmented datasets are included. Synapses comprising variable connections are marginally smaller that those comprising
non-variable connections, but no threshold can be set to remove exclusively the variable connections. e. Proportion of synapses that form a polyadic synapse with synapses
of the stable connections. A marginally smaller portion of synapses that comprise variable connections (78%) than those comprising non-variable connections (93%) reside in
this configuration. Therefore, variable connections are fortuitous accidents of synapse annotation. f. Synapses comprising non-variable and variable connections sorted by the
number of post-synaptic partners. They exhibit similar distribution from being monoadic to polyadic. Non-variable connections have marginally more polyadic synapses than
variable connections (20% vs 28% for dyadic, and 61% vs 54% for triadic synapses, respectively). No threshold by postsynaptic partner number can be set to filter variable
connections. g. Proportion of postsynaptic contact area occupied by each postsynaptic partner at each synapse. Synapses comprising variable connections on average occupy
less of the postsynaptic area than synapses comprising non-variable connections, but no threshold can be set to only exclude variable connections. All threshold removes
both variable and non-variable connections. h. Total number of non-variable (stable and developmentally dynamic) and variable connections in adulthood (averaged between
datasets 7 and 8) upon thresholding by different synapse numbers. No synapse number provides a filter for specific removal of variable connections: all removes both variable and
stable connections. i. Thresholding connections by synapse number leaves substantial proportion of variable connections for all cell types. Non-uniform distribution of variable
connections remains when connections with low synapse numbers are removed.
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Figure S9. Comparison of multiple adult connectomes reveals extensive variability in connectivity. a Shared and unique connections for three adult connectomes:
dataset 7, dataset 8, and N2U (a) annotated by White et al. 14, illustrated in the Venn diagram. Connections of all synapse numbers are included for comparison (Methods).
Re-annotation of N2U increased its variability. (b) Re-annotated of the N2U adult connectome (Cook et al. 24)) added 1109 new connections that disproportionally enlarged
its pool of unique connections (see Methods). Only 16% contributed to connections shared by three connectomes. This may imply the application of different annotation criteria
from the original annotation. Propensity of forming variable connections correlates with cell type. c. Comparison between the proportion of adult connectome-defined
variable and non-variable connections for each cell type. Adult-defined non-variable connections include the connections that are present in both of our adult datasets as well as
the original connectome annotated by White et al. 14. Cell types with significantly higher or lower proportions of variable connections are denoted, ** p < 10-2, *** p < 10-3, n =
28-65, Mann–Whitney U test, FDR adjusted using Benjamini–Hochberg correction. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range;
outliers not shown. d. The low variability of connections from motor neurons to muscles cannot be simply explained by saturation of their physical contacts by synapses. Physical
contacts are not saturated for connections for any cell type. Motor neurons, which have the lowest proportion of variable connections (Fig. 4b), are not restricted by few available
potential synaptic partners. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. e-f. Higher variability for certain cell
types could also not be simply explained by a fixed probability of an erroneous connection by neurons that exhibit abundant synapse formation. e. Top: The number of synapses
for stable output connections by cell types. Modulatory neurons, which exhibit a higher proportion of variable connections than other cell types (Fig. 4b), do not exhibit more
synapses per stable connection. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. Bottom: The number of variable
connections formed by a cell does not correlate with the strength of its stable output connections. Each data point represents one cell. ns (not significant) p = 0.08, r = 0.15, n
= 139, Spearman’s rank correlation coefficient. f. Top: The relative number of synapses added to existing stable output connections by cell types. Connections from modulatory
neurons, which have a higher proportion of variable connections than other cell types (Fig. 4b), do not exhibit higher increase in synapse number than connections from other cell
types. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. Bottom: The number of variable connections formed by a
cell does not correlate with the number of synapses added to existing stable output connections from birth to adulthood. The relative number of synapses added is quantified as
the fold increase of synapse number from birth (dataset 1) to adulthood (averaged between datasets 7 and 8). Each data point represents one cell. ns (not significant) p = 0.56, r
= 0.05, n = 139, Spearman’s rank correlation coefficient. For panels d-f, the synapse number for the adult brain (averaged between datasets 7 and 8) is shown.
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Figure S10. Stability of interneuron connections and strengthening of feedforward connections are revealed by assessing connection strength by synapse size. a.
Proportion of developmentally dynamic connections by cell type, when connection strength changes were evaluated by either synapse number (left) or synapse size (middle).
Connections between interneurons are the most stable regardless of how synapse weight was evaluated. Right panel: Developmental stability of connections is not correlated
with the extend of synapse number increase from birth (averaged between datasets 1 and 2) to adulthood (averaged between datasets 7 and 8). Spine-like protrusions are
significantly enriched at developmentally dynamic connections. b. Proportion of synapses with spine-like protrusions that comprise stable, variable, and developmentally
dynamic connections. Developmentally dynamic connections have the highest proportion. *** p < 10-24, two-tailed Z-test, FDR adjusted using Benjamini–Hochberg correction
(nstable = 10059, nvariable = 2169, ndev. dynamic = 1611). c. Fold increase of summed synapse size for stable connections from birth (averaged between datasets 1 and 2) to adulthood
(averaged between datasets 7 and 8). Feedforward connections are strengthened more than feedback and recurrent connections. ns (not significant) p = 0.39, * p < 0.05,
Mann–Whitney U test, FDR adjusted using Benjamini–Hochberg correction (nfeedforward = 301, nrecurrent = 229, nfeedback = 107). Center line, median; box limits, upper and lower
quartiles; whiskers, 1.5x interquartile range; outliers not shown.
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Figure S11. Cell modules across maturation. a. The log-likelihood score for each WSBM model (see Methods). b. The deviation between the connectome and each synthetic
network generated from the best WSBM model, measured by the mean KS energy (see Methods). A lower deviation indicates a better match between the actual connectome and
network generated from the model. Adult datasets show a clear preference to more than 5 modules, while juvenile datasets do not.
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