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An animal’s nervous system changes asits body grows frombirth to adulthood and its
.Theformand extent of circuit remodelling across the

connectome is unknown®®", Here we used serial-section electron microscopy to
reconstruct the full brain of eight isogenic Caenorhabditis elegansindividuals across
postnatal stages to investigate how it changes with age. The overall geometry of the
brainis preserved from birth to adulthood, but substantial changes in chemical
synaptic connectivity emerge on this consistent scaffold. Comparing connectomes
between individuals reveals substantial differences in connectivity that make each
brain partly unique. Comparing connectomes across maturation reveals consistent
wiring changes between different neurons. These changes alter the strength of
existing connections and create new connections. Collective changes in the network
alter information processing. During development, the central decision-making
circuitry is maintained, whereas sensory and motor pathways substantially remodel.
With age, the brain becomes progressively more feedforward and discernibly
modular. Thus developmental connectomics reveals principles that underlie

brain maturation.

The developing nervous system faces many challenges. As the ani-
mal’sanatomy changes and the environment fluctuates, some circuits,
such aslocomotion', maintain robust outputs. New circuits are con-
structed to support new functions, such as reproduction*®. To adapt
andlearn, the nervous system modifies circuitsin response to internal
and external cues®. In many organisms, adaptive mechanisms have
beenidentified that coincide with aspects of behavioural maturation™
(Supplementary Discussion). However, the developmental principles
thatunderlie the collective synaptic changes that shape the adult brain
remain unknown.

Serial-section electron microscopy has been used toreconstruct neu-
ral circuits with synaptic resolutionacross species® ™ (Supplementary
Discussion). We leveraged advances in electron microscopy recon-
structionto study the entire brain of C. elegans—its circumpharyngeal
nerve ring and ventral ganglion—across development (Extended Data
Fig. 1a, Methods). We fully reconstructed the brains of eight isogenic
hermaphrodites at different postembryonic ages, from hatching (birth)
toadulthood (Fig.1a, Supplementary Fig.1, Supplementary Videos1, 2).
For each developmental time point, we quantified the length, shape
and position of every neural and muscle fibre in the nerve ring. We
mapped every physical contact between all neurons and muscles, as
well as every chemical synapse between neurons, muscles and glia
to generate a connectome (Fig. 1b, Extended Data Fig. 2, Extended

Data Table 1, Supplementary Tables 1-5; Methods). Our comparison
of developmental connectomes reveals principles by which synaptic
changes shape the brain of a developing worm.

Uniform growth and stable brain geometry

We found thatuniform neurite growth maintains braingeometry. The
shape and relative position of every neurite in the brain was largely
established by birth (Extended Data Figs. 1b, 3). From birth to adult-
hood, the total length of neurites increased fivefold (Fig. 1c), similar
to the fivefold increase in body length (from approximately 250 um
to 1,150 pum). Neurites grew proportionally (Extended Data Fig. 1b),
maintaining physical contact between cells that were present at birth
across maturation (Fig.1d, Extended Data Fig. 1b) with afew exceptions
(Supplementary Fig. 2, Supplementary Video 3). Thus, the braingrows
uniformly in size and maintains its overall geometry without substan-
tially changing the shape or relative position of neurites.

The total number of chemical synapses increased sixfold (from
approximately 1,300 at birth to approximately 8,000 inadults) (Fig.1e).
Except for thefirst larval stage (L1), synapse number increased in pro-
portion to neurite length, maintaining synapse density across develop-
ment (Fig.1f). The increase in synapse density during L1 coincided with
anincrease in left-right wiring symmetry (Extended Data Fig. 1d, e).
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Fig.1| The developing brain maintains overallgeometry withincreasing
numbers of synapses and connections. a, Developmental timeline of eight
reconstructed individuals. Volumetric models of the brain, coloured by cell
type, shown at threestages.b, Wiring diagrams for eightindividuals. Each
circlerepresentsacell. Eachlinerepresents aconnection between two cells
with atleast one chemical synapse. The vertical axis denotes signalling from
sensory perception (top) to motor actuation (bottom). The horizontal axis
denotes connectivity similarity—neurons that share partners are positioned
more closely?. Signal flow and connectivity similarity are based on
accumulated connections from all datasets. c, Summed length of all neuritesin
eachbrain. d, Persistent physical contact—the summed physical contact
between neurite pairs that exist at birth and persists into adulthood—accounts
fornearlyall contactareas atall stages. e, Total synapse numbersineach brain.
f, Synapse density—the total number of synapses divided by total neurite
length. g, Schematic of weak versus strong connections. Each connection
containsatleastone synapse between two cells. h, Mean number of synapses
per connection existing frombirth. i, Totalnumber of connectionsineach
brain.j, Probability of forming anew connection at physical contacts existing
frombirth. Aconnectionis called newwhenitisabsentinearly L1stages
(datasets1and2)and presentinadults (datasets 7and 8).***r=0.87,
P=4.5%x107* two-sided Spearman’srank correlation.

In the adult, about 90% of neurons are left-right symmetric pairs
in position, morphology and connectivity’. Some of these neurons
exhibited left-rightasymmetry in connectivity at birth (Extended Data
Fig.1d, e). One interpretation of early asymmetry is incompleteness:
C. elegans hatches before the L1 connectome is made symmetric by
adding synapses after birth.

Additional growth occurred as small spine-like protrusions along
many neurites and muscle processes. The number of such protrusions

2 | Nature | www.nature.com

increased fivefold after birth, contributing 17% of synapses in the adult
connectome (Extended Data Fig. 4).

Non-uniform synapse addition

Frombirth toadulthood, we found that non-uniform synapse addition
reshapes the connectome. New synapses create new connections and
strengthen existing connections. We define a connection as a pair of
cells connected by one or more chemical synapses (Fig. 1g). At birth,
the 204 cellsin the brain were interconnected by approximately 1,300
synapses among around 800 connections. Over maturation, approxi-
mately 4,500 new synapses strengthened most connections that were
present atbirth. The mean synapse number per connectionincreased
from1.7 atbirthto 6.9 atadulthood (Fig.1h). Approximately 1,200 new
synapses formed new connections between previously non-connected
cells, resulting in a 2.4-fold increase from the number of connections
atbirth (Fig. 1i).

Synapse addition did not occur uniformly across the brain. Pref-
erential synapse addition occurred in multiple contexts. First, new
connections were more likely to form between neurons that shared
larger physical contact areas at birth (Fig. 1j). Thus, physical contacts
atbirth forma constant scaffold on which network formation unfolds.

Second, synapse addition preferentially strengthened inputsto ‘hub’
neurons, neurons that already exhibited more connections at birth
(Extended DataFig. 1f). Hub neurons disproportionately strengthened
existing input connections over time and disproportionately estab-
lished more new input connections. However, the number of outputs
from hub neurons did not disproportionately increase (Extended Data
Fig.1g, h). Thus, maturation progressively focuses the flow of informa-
tion to the most highly connected neurons at birth.

Third, synapse addition selectively strengthened a cell’s individual
connections. We found no correlation in the strengthening of existing
input connections to each cell from different presynaptic partners,
leading to divergence in the relative strengths of different inputs
(Extended Data Fig.1i-1). However, strengthening of the existing output
connections from individual cells was correlated, thereby maintain-
ing relative strengths during development (Extended Data Fig. 1k, I).
Thus, each cell appears to regulate the strengthening of its outputs
butnotitsinputs.

Unlike mammals, where synapse pruning is a hallmark of early devel-
opment, we did not observe systematic synapse elimination. In the
C. elegans brain, synaptic connections are rarely removed; instead,
adiminished connection is mediated by selectively strengthening
other connections.

Stereotyped and variable connections

We found thatisogenic animals exhibited both stereotyped and variable
connections. We mapped the change in synapse number for each con-
nection across development, and thereby classified each connection
asstable, developmentally dynamic or variable (Fig. 2a, Extended Data
Fig.5,Supplementary Table 6, Methods). Stable connections were pre-
sent from birth to adulthood and maintained their relative strengths.
Developmentally dynamic connections significantly increased or
decreased their relative strengthsina stereotyped manner, sometimes
forming new connections or more rarely eliminating connections at
specific life stages. Variable connections exhibited no consistent trend
insynapse number and were not present in every animal.

Intheadultconnectome, stable and variable connections eachrepre-
sented around 43% of total connections. Developmentally dynamic con-
nections represented around 14% of connections (Fig. 2b). We observed
similar partitions when connections were classified by synapse size
(Extended Data Fig. 6a), suggesting that synapse number is a good
proxy for synapse size.
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Fig.2|Connectomes ofisogenicindividualsincludebothstereotyped and
variable connections. a, Example of asensory sub-circuit across maturation.
Circlesrepresentcells, colour-coded by cell type. Lines indicate stable (black),
developmentally dynamic (blue) and variable (grey) connections. b, Total
number of stable, developmentally dynamic and variable connections across
maturation. ¢, Totalnumber of synapsesinstable, developmentally dynamic
and variable connections across maturation. d, Wiring diagram with invariant
(stable and developmentally dynamic) connections between different cell
types. Connections with statistically significantly different proportions of
developmentally dynamic connections are denoted, *P=3.2x1072 (motor-
muscle), 4.2 x107% (inter-motor), ***P=2.0 x 10~ (inter-inter), two-tailed z-test,
false discovery rate (FDR)-adjusted using Benjamini-Hochberg correction
(n=160 (interneuron-interneuron), 52 (interneuron-motor neuron) and 145
(motor neuron-muscle) observations).

Stable connections contained more synapses than variable connec-
tions (6.6 + 5.8 versus 1.4 + 1.0 synapses per connection (mean +s.d.),
inadults), and constituted alarge proportion (~72%) of total synapses
(Fig. 2c). Nonetheless, variable connections were common. Similar to
other connections, most variable connections formed at cell contacts
that already existed at birth (Extended Data Figs. 3, 5, 6b). The preva-
lence of variable connections is not a result of serendipitous synapse
annotation between adjacent neurites (Extended Data Fig. 6¢-f).

Stable and developmentally dynamic connections represent
the invariant portion of the connectome that is shared across indi-
vidual worms. Variable connections represent the portion that is
unique to each worm (Extended Data Fig. 6g-i). The proportion
of variable connections differed according to cell type (Extended
Data Fig. 6j). Modulatory neurons exhibited higher variability in
their output connections, whereas motor neurons exhibited the
least variability. The high stereotypy of connections from motor
neurons to muscles may reflect high fidelity in circuits for motor
execution. Modulatory neurons, which secrete monoamines and
neuropeptides by volume release, may have less need for precisely
positioned synaptic outputs.

Stable interneuron connections

Excluding variable connections enables assessment of developmental
changes in connectivity that are shared across individuals. Develop-
mentally dynamic connections were not uniformly distributed among
cell types or circuit layers (Fig. 2d). Connections between interneu-
rons and frominterneurons to motor neurons had disproportionately
more stable connections than developmentally dynamic connections
(Fig.2d, Extended DataFig. 7a). By contrast, connections between and
fromsensory, modulatory and motor neurons had many developmen-
tally dynamic connections (Fig. 2d, Extended Data Fig. 5). Spine-like
protrusions may facilitate developmental changes, as developmentally
dynamic connections were twice as likely toinvolve these protrusions
than other connections (Extended Data Fig. 4h)

Thus, maturation changes how sensory informationisintegrated and
relayed to downstream neurons. However, the layout of interneuron
circuits, the core decision-making architecture, is largely stable from
birth to adulthood.

Increases in feedforward signalling with age

We investigated how the sum of synaptic changes collectively alters
the network structure. First, we examined how synaptic changes affect
information flow. We classified connections from the sensory to motor
layer as feedforward, connections from the motor to sensory layer
as feedback, and connections between neurons of the same cell type
as recurrent (Fig. 3a). Among stable connections, synapse addition
strengthened existing feedforward connections more than feedback
or recurrent connections (Extended Data Fig. 7b). Developmentally
dynamic connections also preferentially increased feedforward signal
flow (Extended Data Fig. 7c). Cumulatively, the proportion of synapses
infeedforward connections gradually increased (Fig. 3b).

Thus, one global pattern of brain maturation augments signal flow
from sensation to action, making the brain more reflexive with age.
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Modularity increases with age

Next, we compared the brain-wide community structure across
maturation. We used weighted stochastic block modelling to
group neurons of similar connectivity into distinct modules™. In
the adult, modularity corresponds to six cellular congregations
with distinct functions (Fig. 3c-e, Extended Data Fig. 8a, Supple-
mentary Table 7). Sensory neurons and interneurons separate into
three modules: anterior sensory (consisted of labial sensory neu-
rons), posterior sensory (amphid sensory neurons and associated
interneurons) and medial interneurons (other sensory neurons and
most interneurons). Head motor neurons and descending premo-
tor interneurons separate into two modules. Muscles constitute
another module.

We discerned fewer modules at earlier developmental stages, starting
with two modules at birth (Fig. 3¢, Extended Data Fig. 8a, Supplemen-
tary Table 7). Most of the increase in modularity is owing to a small
fraction of total synapses over development (Extended Data Fig. 8b).
Seventy-four per cent of new synapses are added to stable connections
thatdid notincrease modularity. Theincrease in modularity is mostly
owing to developmentally dynamic connections, which account for
only 14% of new synapses. Notably, variable connections also contrib-
uted to module segregation.

After birth, an increase of connections further segregates closely
connected neuronsinto more discernible modules (Fig.3d, e, Supple-
mentary Video 4). The physical proximity of neuronsin these modules
resembles distinct brain lobes with different functions.

Discussion

From birth to adulthood, the C. elegans brain enlarges sixfold in vol-
ume while preserving several features. Overall brain geometry, shape,
relative placement of individual neurons and their physical contacts
are surprisingly stable. Established neurite neighbourhoods at birth
provide the structural platform that constrains and supports wiring
maturation. However, changesin brain connectivity were not explained
by uniform enlargement of existing wiring. With the fivefold increase
in synapse number from birth to adulthood, synaptic changes were
notdistributed uniformly through the network. Rather, we uncovered
several developmental patterns that shape how the brain’s network
changes (Fig. 4).

Large contacts predict new connections

Because the overall geometry of the brainis constant, physical contacts
between neurites are nearly invariant across development. Most new
synapses appear where physical contacts already exist, both adding
synapses to connections between neurons and creating new connec-
tions between neurons. The larger the physical contact, the greater the
probability of anew connection. The brain’s geometry at birth creates
the scaffold on which adult connectivity is built.

Hub neurons at birth get more inputs

Developmental synapse additionis not equal among neurons. Cells with
larger numbers of connections at early stages receive disproportion-
ately more new synapses, both strengthening existing input connec-
tionsand creating new input connections. By contrast, these neurons
add fewer synapses to output connections. Thus, well-connected
neurons become better integrators of information, but not broader
communicators of that information.

Convertentinputs undergo selective changes

Synapses selectively change the strengths of existing connections. The
strengths of input connections that converge on the same neuron tend
to become more heterogeneous. By contrast, the outputs from the
same neuron maintain their relative strengths. Neurons thus become
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differentially driven by asubset of their presynaptic partners, but dis-
tribute thatinformation uniformly among their postsynaptic partners.

The wiring diagram is not stereotyped

Each worm has connections that are not found in other individuals.
About 43% of all cell-cell connections—accounting for 16% of all chemi-
cal synapses—are not conserved betweenisogenicindividuals. By con-
trast, physical contacts between neurites at birth are maintained across
developmental stages. Wiring variability contrasts with the assumption
that the C. elegans connectome is hardwired.

Interneuron circuits are stable

Stablewiringbetweeninterneurons may constitute the decision-making
architecture of the developing brain. Stability of the core parts of the
nervous system implies that the central processing unit is robust
enough to be used in different contexts. Maturation changes the flow
of sensory information into the central processor and its motor read-
out without changing the central processor itself. Sensory maturation
may reflect changes caused by learning and memory”. Motor circuit
maturation may reflect adaptations to the changing musculature of
the growing body™.

Feedforward bias increases with age

Synaptogenesis preferentially creates new connections and strength-
ens existing connections in the direction from sensory to motor lay-
ers. This makes the network more feedforward over time. The adult
brain, withincreased feedforward-bias, may be more effective in rapid
information processing and in reflexive decisions. The juvenile brain,
which has more feedback connections, may have a greater capacity for
learning and adaptation. Architecture inthe adult brain may arise partly
from feedback-mediated optimization of sensorimotor pathways.

Discernible modularity increases with age

Synapse remodelling that generates developmental and variable con-
nections increases the modularity of the brain, making it possible to
resolve more sub-networks for sensory or motor processing with matu-
ration. In the adult brain, it becomes possible to resolve functional
communities among cells that are physically close to one another



(Fig. 3d). These communities form spatially compact areas reminis-
centof distinct brain areasin larger animals.

Perspective

In the C. elegans brain, synaptic remodelling from the cellular to net-
work levels is likely to have functional consequences on behaviour.
Most investigations of flexibility in neural circuits and behaviours focus
on functional modulations of connectomes that are assumed to be
anatomically static'. Our comparison of connectomes argues that the
maturation and variability of brain and behaviour are not separated
from the wiring changes. Comparative connectomics is needed to
reveal the origin of similarities and differences in structure and behav-
iour withinand across species. High-throughput electron microscopy
establishes a foundation for understanding how genes, experience,
andevolution create the behaving adult (Supplementary Discussion).
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Methods

No statistical methods were used to predetermine sample size.
The experiments were not randomized.

Electron microscopy

To learn emergent principles from studying synaptic changes of an
entire brain across maturation, we analysed eight isogenic C. elegans
beginning with the earliest larval stage and ending with the adult. Previ-
ous lineage studies revealed that the vast majority of post-embryonic
neurogenesis and differentiation occurs during the L1and L2 stages®.
We reconstructed three L1, two L2 and one L3 worms at six different
developmental time points, to afford the temporal resolution in cap-
turing continuous connectomic changes during the period of most
rapid growth. We reconstructed two adults to make direct compari-
sons between animals of the same age and with the original published
connectome. While it took more than a decade to assemble the first
C.elegans connectome’, the advent of automationin sample sectioning,
image acquisition and data processing sped up the process, enabling us
to complete our brain reconstructions of multiple animalsinless time.

We examined wild-type (Bristol N2) animals reared in standard con-
ditions?: 35 x 10 mm NGM plates, fed by OP50 bacteria, and raised at
22.5°C.The worms were within afew generations of the original stock
acquired from C. elegans Genetics Center (CGC) in 2001. All samples
used in this study were derived from three batches prepared for elec-
tron microscopy.

Each electron microscopy sample was prepared and processed as
previously described? with small modifications to the substitution
protocol of the last three datasets (protocol in preparation). Inshort,
isogenic samplesreared in the same environment were high-pressure
frozen (LeicaHPM100 for datasets 1-5and Leica ICE for datasets 6-8)
at different stages of post-embryonic development. High-pressure
freezing was followed by freeze substitutionin acetone containing 0.5%
glutaraldehyde and 0.1% tannic acid, followed by 2% osmium tetroxide.

For each life stage, we selected samples on the basis of their overall
size and morphology for electron microscopy analysis. The precise
developmental age of each larva was determined after the electron
microscopy reconstruction, by comparing its cellular compositions to
stereotyped C. elegans cell lineage?, as well as the extent of its neurite
growth. Three samples (datasets 2, 6,and 7) were prepared for transmis-
sion electron microscopy (TEM). Five samples (datasets1, 3,4, 5and 8)
were prepared for scanning electron microscopy.

For TEM, samples were manually sectioned at ~50 nm using a Leica
UC7 ultramicrotome, collected on formvar-coated slot grids (Electron
Microscopy Sciences, FF205-Cu), poststained with 2% aqueous uranyl
acetateand 0.1% Reynold’s lead citrate, and coated with a thin layer of
carbon. Images were manually acquired using an FEI Tecnai 20 TEM
and a Gatan Orius SC100 CCD camera.

For scanning electron microscopy, samples were serial sectioned at
~30-40nm and collected using an automated tape-collecting ultrami-
crotome (ATUM)?. The tape was glued tosilicon wafers, carbon coated,
and sections post-stained with 0.5% uranyl acetate (Leica Ultrostain
I, Leica Microsystems) and 3% lead citrate (Leica Ultrostain II, Leica
Microsystems). Images were collected semi-automatically using cus-
tom software guiding an FEI Magellan XHR 400L%.

Allimages were acquired at 0.64-2.00 nm per pixel (~25,000x mag-
nification). Intotal, these datasets comprise 94,374 images, 5 teravoxels
and 2.4 x10° pm?. Images were aligned using TrakEM2*% and imported
into CATMAID? for annotation.

Brainreconstruction

The brain was defined as the nerve ring and ventral ganglion, neu-
ropil anterior of the ventral sub-lateral commissures. In every elec-
tron microscopy volume, all cells within the brain were manually
reconstructed by skeleton tracing in CATMAID?, Neuron and muscle

processes, but not glia processes, were also volumetrically segmented
(Supplementary Table 4).

Every neuron, gliaand muscle was annotated for chemical synapses
to generate a connectome of the brain (Fig. 1b, Extended Data Fig. 2,
Supplementary Video 2, Supplementary Table 2). Chemical synapse
annotations include classical synapses, which contain mostly clear
vesicles as well as a small number of dense core vesicles (DCVs), and
synapses from modulatory neurons, which contains mostly DCVs
(Extended Data Fig. 1a). Gap junctions were partially annotated and
excluded from analyses. Chemical synapse weight was assessed
by both the number and size of synapses. Each presynaptic active
zone was volumetrically reconstructed to determine synapse sizes
(Supplementary Table 3).

The same neurons were unambiguously identified in all datasets
based on their soma position, neurite trajectory, and stereotypic mor-
phological traits, as described®. In the original connectome datasets,
aswellasours, some variability in cellbody position and neurite trajec-
tory was observed. However, every cell could still be unambiguously
identified in every dataset because the combined anatomical features
and neighbourhood for each cell is unique.

Negligible amounts of neuropil in our reconstructions could not
bereliably traced to aknown cell. These orphan fragments were small
(medianlength 0.38 um) andrare (4.13 £ 6.05 per dataset (mean £s.d.)).
Orphanfragmentsrepresent 0.18% of the total neurite length and 0.13%
of all synapses and were excluded from analysis.

Synapse annotation

Chemical synapses and gap junctions were mapped manually. Chemical
synapses were fully mapped and gap junctions were partially mapped.
Toreduce biases from different annotators, for chemical synapses, all
datasets were annotated independently by three different people; only
synapses that were agreed upon by at least two independent annotators
were included in the final dataset.

Chemical synapse annotations include classical synapses, which
contain mostly clear vesicles as well as a small number of DCVs, and
synapses from modulatory neurons, which contains mostly DCVs
(Extended DataFig. 1a).

Modulatory neurons are distinguished from non-modulatory neu-
rons by distinct features of their chemical synapses®. Classical synapses
are made by all non-modulatory neurons; modulatory synapses are
made by all modulatory neurons.

Classical synapses were identified by a characteristic presynaptic
swelling containing a pool of clear vesicles adjacent to at least one
dark presynaptic active zone on the inside of the membrane®. Each
presynaptic active zone was annotated as the presynaptic partner of
one chemical synapse. Cells adjacent to the active zone, within 100
nm inxyz dimensions, were identified as its potential postsynaptic
partners. Synapse annotation included considerations for additional
characteristics. Presynaptic swellings were also typically charac-
terized by a small number of DCVs at the periphery of the active
zone-associating and clear synaptic vesicle cloud, the presence of
mitochondria, as well as the cadherin-like junctions between the
pre- and postsynaptic partner cells*. Some postsynaptic partners
exhibit morphological features such as swelling or postsynaptic
densities (PSDs) that resemble the signature PSDs at the mammalian
glutamatergic synapses.

Modulatory synapses appear as periodic varicosities along the
modulatory neuron’s neurite, each filled with a cloud of DCVs. Some
modulatory synapses are devoid of clear synaptic vesicles; some have
asmall numbers of clear synaptic vesicles in these varicosities. Most
DCV-specific varicosities do not have presynaptic active zones; the
small amount of presynaptic active zones are often not associated
with vesicles®.

Gapjunctions were partially annotated and not subjected to the con-
sensus scoring process due to limitations of current sample preparation



methods?. They are shown at http://nemanode.org/but were excluded
from analyses due to incompleteness.

Volumetric reconstruction

For seven electron microscopy volumes, every neuron and muscle
processes, but not glia processes, were volumetrically segmented (Sup-
plementary Table 4). We computed the precise shape of every neurite
and muscle process in each electron microscopy image based on the
skeleton tracing that was performed in CATMAID and amachine learn-
ing algorithm that recognized cellular boundaries. Another algorithm
expanded all skeleton nodes in each section until they fully filled the
images of all labelled cell boundaries.

Cellular borders were predicted by a shallow Convolutional Neural
Network (CNN) that builds on XNN**?, a recently developed high per-
formance system that computes convolutions on CPUs, to achieve
border prediction throughput®?* of ~10 MB/s. Node expansion was
computed with a dedicated Cilk-based code® that parallelized the
Dijkstra graph search algorithm. Code optimization allowed us to
perform node expansion of an entire electron microscopy section
in memory by a single multi-threaded process. Each software thread
expanded anindividual skeleton. Each pixel is attributed toagivencell
by computing a generalized form of distance, taking into account the
minimum number of cellular border pixels that must be traversedina
path connecting pixeland node. The generalized distance is computed
using graph theory and concurrent data structures.

Volume traces were imported into VAST** for manual proofreading.
At least 1,120 person-hours were spent proofreading the volumetric
expansions. It was not possible to perform volumetric reconstruction
on dataset 7 due to weak membrane contrast.

Spine-like protrusions

In parallel to neurite growth, there was extensive synapse addition.
Butonly asmallfraction of physical contacts developed into chemical
synapses (Extended Data Fig. 1c). Presynaptic terminals appear as en
passant boutons, most apposing the main neurite of a postsynaptic
cell and some apposing small, spine-like protrusions®.

These protrusions, short branches (<10% of the main neurite length),
were found in many neurons and muscles (Extended Data Fig. 4f, g).
From birth to adulthood, their number increased fivefold (Extended
Data Fig. 4¢), and the proportion apposing presynaptic terminals
increased twofold (Extended Data Fig. 4d). In the adult connectome,
small spine-like protrusions were postsynaptic at ~17% of total synapses
(Extended DataFig. 4a, b, Supplementary Table 5).

Protrusions apposing presynaptic termini were morelikely to locate
distally along a neurite, whereas protrusions not apposing presynaptic
termini were more proximal (Extended DataFig. 4e). Developmentally
dynamic connections were twice as likely to involve spine-like protru-
sions than stable and variable connections (Extended Data Fig. 4h).

Cell-type classification

We followed conventional neuronal type classification®, with modi-
fications based on structural features revealed in this study and
other studies.

Neurons were classified as motor neurons if they primarily made
synapses onto muscles. Neurons were classified as sensory ifthey had
specialized sensory processes and/or were previously reported to have
sensory capabilities. Neurons were classified as interneurons if most
of their connections were to other neurons. Neurons were classified as
modulatory if they make chemical synapses that contained mostly large
dark vesicles (DVCs) orifthey had been reported to use serotonin (AIM,
HSN), dopamine (ADE, CEP), or octopamine (RIC)***°, Some neurons
exhibit features corresponding to more than one type. Inthis case, they
were classified based on their most prominent feature. Asummary of
the classification of each neuron and their justification is provided in
Extended Data Fig.10 and Supplementary Table 1.

Chemical synapse size

Presynaptic active zones were volumetrically reconstructed to deter-
minesynapsesizesinall electron microscopy volumes (Supplementary
Table 3). Coordinates of all chemical synapses were exported from
CATMAID?® andimported into VAST* using custom scripts. The presyn-
apticactive zone for every synapse was manually segmented through-
outeverysection whereit was visible. The size of monadic synapsesis
represented by the volume of the presynaptic active zone. At polyadic
synapses, we estimated the relative strengths of postsynaptic partners
by the proportion of postsynaptic area that each partner occupies at
each synapse. We performed a Monte Carlo simulation of neurotrans-
mitter diffusion from the presynaptic active zone, and quantified the
proportion of these particles that reached each potential postsynaptic
partner using the three-dimensional geometry of the electron micros-
copy reconstruction. Synapse size for each postsynaptic partner was
calculated by multiplying the total volume of the presynaptic active
zone by the proportion of particles that hit the membrane of each
postsynaptic partner.

Connection classification

Atotal of 3,113 connections (averaging 1,292 per dataset) were assigned
as stable, variable or developmentally dynamic as follows. A total of
1,647 connections (averaging 323 per dataset) had no more than two
synapsesin two or more datasets and were left-right asymmetric. These
connections were classified as variable. The 1,466 remaining connec-
tions were pooled by left-right cell pairs, resulting in 658 pair con-
nections. The number of synapses in each pair connection was tested
for relative increase or decrease across maturation (Spearman’s rank
correlation, corrected for multiple comparisons using the Benjamini-
Hochberg correction). Pair connections showing a significant change
and at least a fivefold change in synapse number from birth to adult-
hood were classified as developmentally dynamic. Whena connection
isabsentfromdataset1and 2, butexistsin later datasets, we consider it
tohaveincreased more than fivefold (an‘infinite’increase). Remaining
pair connections were considered stableif they were presentin atleast
seven datasets, and variableif presentin fewer than seven datasets. The
fivefold change cut-off is based on the overall expansion in synapse
number from early L1 to adulthood. Occasionally, connections were
near the cut-off for developmentally dynamic versus variable connec-
tions. How they are categorized does not affect any overall patternin
our connectome analysis due to the extremely small number.

Prevalence and validation of variable connections

When comparing connectomes from individuals at different devel-
opmental stages, we found a surprisingly substantial proportion of
synapses and connections to be variable from animal to animal. Moreo-
ver, not all variable connections consisted of few synapses and not
all stable connections consisted of many synapses (Extended Data
Fig. 6g, h). The range of synaptic strength for both stable and variable
connections makes it difficult to set them apart by thresholding: any
threshold tofilter postsynaptic partners—by synapse number, synapse
size, or number of postsynaptic partners—excluded both variable and
stable connections (Extended Data Fig. 6g, h).

We assessed the possibility that variability is more prominent during
development thaninthe mature connectome. A conservative measure
ofvariability inthe adult stage can be made by comparing our two adult
datasets and the original adult connectome®. When using these adult
datasets to quantify variability, variable connections stillmade up ~50%
of all connections (Extended Data Fig. 9a, b). Thus, variable connec-
tions are prominentinthe C. elegans connectome across development.

The higher prevalence of variable connections between certain cell
typesremained evident when variable connections were defined only
among adult datasets (Extended Data Fig. 9c) and when connections
with fewer synapses were excluded (Extended Data Fig. 6h). The low
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variability of connections from motor neurons to muscles could not be
explained simply by saturation of their physical contacts by synapses
(Extended Data Fig. 9d). We also considered that neurons with more
synapses may exhibit more stochastic synapses or have more annota-
tion errors. However, the proportion of variable connections did not
scale with the number of synapses (Extended Data Fig. 9e, f).

The developmental age of each dataset

The developmental age of each sample was established based on the
described temporal cell division pattern exhibited by wild-type (N2)
larvaraised® at 25 °C.

Dataset 1: L1 at birth. No Q cell division, which occurs ~3 h
post-hatching (after birth). Q cell nuclei are symmetrical, before nuclei
migration, which occurs ~2 h after birth, placing this sample so close
to birth, estimated tobe ~0 h.

Dataset 2: L1 estimated to be 5 h. Q cell divided but no H1 division,
which occurs at~7.5 h after birth. We found that PVC neurites were
partially grown out and SAA posterior neurites had not begun to grow
atthis time point, indicating an age slightly more than halfway between
datasetsland 3.

Dataset 3: L1 at 8 h. With H1 just completing its division and P5/6
starting their migration, this sample was placed at ~8 h after birth,
when both events take place.

Data set 4: L1 at the very end of the larval stage, near the end of the
Lllethargus.Itis estimated to be16 h. It has two layers of cuticle. Both
Pll.aaaand P12.aaa have divided. V5R.p isin the midst of division, and
H1.a has not yet divided; all happen at ~16 h after birth.

Dataset 5: L2 towards the end of the larval stage (23 h). SML/R have
not divided, which occurs at ~29 h. It has 40 gonad cells, and a slight
double cuticle that indicates the end of L2. However, its gut lumen
contains food, placing this sample shortly before entering L2 lethargus,
which occurs at ~23 h.

Dataset 6: L3 at 27 h. Based on the partial outgrowth of the RMF
neurites, whichisbornat 23 h, this sample was estimated to be ~27 h.

Datasets 7 and 8: Young adults at 45 h. Both samples have adult cuti-
cles but are relatively small compared to other adults. The exact ages
of the two young adult samples are uncertain, so they are treated as
equals for analyses.

Anatomical inconsistencies between samples

Similar to observations of the original studies’®, a few anatomicincon-
sistencies are observed in some datasets, likely due to heterogeneity
orimprecision of development processes. These events donot have an
impactonoverall connectivity, as allnon-variable connections between
individual neuron classes were conserved. Neurons in these datasets
did not exhibit more variable connections either.

Dataset 2: CEPDL cell body is shifted to the anterior ganglion.

Dataset 3: RIFL neurite terminates prematurely laterally, not reach-
ing the dorsal midline.

Dataset 4: RIH cell body is shifted to the anterior ganglion. PVCL and
PVCR neurites both goright-handedly around the nervering, appear-
ingas PVCR.

Dataset 5: RMHL and RMHR neurites both traverse right-handedly
around the nerve ring, appearing as RMHR. ADAL terminates prema-
turely atadorsal sub-lateral position, not reaching the dorsal midline.

Dataset 6: PVR neurite is fragmented.

Dataset 7: RIFL and RIFR neurites both traverse right-handedly
around the nerve ring, appearing as RIFR.

Comparison to the original C. elegans adult connectome

The original adult hermaphrodite brain connectome annotated by White
etal.**°was taken from wormatlas.org (dataset N2U). Because individual
muscles were not traced in the original annotation, we completed this
dataset by tracing through allhead muscles using the scanned electron
microscopy micrographs hosted by http://wormatlas.org. Individual

muscles arms were identified by their characteristic location within the
brain, whichwere confirmed by tracing the arms back to their cellbody
inseveral datasets. This augmented dataset (referred to as ‘N2U, White
etal.,1986’) was used for subsequent comparison.

Thewormatlas.orgsite hosts are-annotated version of the wiring of
the N2U connectome, which includes synapses to individual muscles
fromref.*, We noted errorsin muscle identification and synapse anno-
tationinthisreannotation. We corrected some errors so that we could
perform comparisons with our analysis. Specifically, we corrected the
identity of the following muscle pairs VL1-VL2, VR1-VR2, DL2-DL3,
DR2-DR3,DL5-DL6,DR5-DR6, VL5-VL6 and VR5-VR6. Other mistakes
intracing and synapse annotation could notbe corrected. Forexample,
muscles DL7 and DL8 were not traced at all in the brain, and only one
of more than 50 synapses onto muscle VR2 (named as VR1in ref. *') was
annotated. This minimally corrected dataset, referred to as ‘N2U, Cook
etal., 2019’ was used for subsequent comparison.

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

Community structure analysis

Weighted stochastic block modelling (WSBM)' was used to define mod-
ulesindividually for all eight connectomes. Inthis approach, modules
are optimized on the likelihood of observing the actual network from
the determined modules (log-likelihood score) based on two expo-
nential family distributions. We chose the probability of establishing
connections to follow aBernoullidistribution and the synapse number
for each connection to follow an exponential distribution. These dis-
tributions fit the data best according to the log-likelihood score and
resulted in left-right cell pairs being assigned to the same modules.

In order to find a stable and representative number of modules
for each connectome, we used a consensus-based model-fitting
approach, similar to the one described previously*. First, to ensure
unbiased coverage of the parameter space, we fitted the model inde-
pendently 300 times using an uninformative prior for each potential
number of modules (k=1, ..., 8). This procedure was repeated 100
times to yield a collection of models with concentrated and unimo-
dally distributed log evidence scores. Toimprove the stability of the
models on multiple runs, weincreased the parameters for amaximum
number of internal iterations to 100. For each dataset, we chose the
number of modules whose collection of models had the highest mean
posteriorlog-likelihood score. For dataset 2 the second-highest score
was selected, as the number of modules otherwise conflicted with
adjacent time points.

Finally, for each dataset, we found a representative consensus mod-
ule assignment that summarized all 100 models*. In brief, considering
all100 models, we calculated the frequency of each cell being assigned
to each module, and used this as a new before fit another 100 models.
This procedure was repeated until convergence, when the consistency
ofthe 100 models was larger than 0.95.

Data processing for analysis

To calculate the contact area of each adjacent cell pair, volumetric
neuron and muscle traces were exported from VAST” and imported
into MATLAB. Electron microscopy artefacts were manually corrected.
We performed two-dimensional morphological dilation of every traced
segmentacross extracellular space until neighbouring segments made
contact within 70 pixels (140-280 nm). Expansion was restricted to the
edge ofthe nerve ring. The total contact areawas calculated as the sum
of adjacent pixels for each segment in all sections. Contacts between
cell bodies at the periphery of the neuropil were excluded.

To analyses related to neurites, synapses and connections, neuron
skeletons and synapses were exported from CATMAID using custom
Python scripts, and imported into Python or MATLAB environments
for analyses. The module detection analysis was performed in MATLAB.
Other analyses were implemented with custom Python scripts using
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SciPy and Statsmodels libraries for statistics. Post-embryonically born
neurons were excluded from analyses related to classification of con-
nections, feedforward information flow, and modules.

For analysesrelated to neurites, both processes of neurons and mus-
clesin the nerve ring were included. The length was calculated using
the smoothened skeleton of each neurite. The skeleton was smoothed
by a moving average of 10 skeleton nodes after correction of major
alignment shifts. Spine-like protrusions were defined as any branch
shorter than 10% of the average neuron length.

For analyses related to information flow, analyses for feedforward,
feedback, and recurrent connections excluded connections to muscles
since they are all feedforward.

Statistics

Statisticalmethods were not used to predetermine sample sizes. Spear-
man’s rank was used for all correlations (Fig. 1j, Extended DataFigs. 1c,
g, h-j, 9¢, f) and time series (Extended Data Figs. 11, 2a-c, 3b, 4b-d).
Two-tailed z-test was used to compare proportions (Fig. 2e, Extended
Data Fig. 7c). To determine if developmentally dynamic connections
were over-or underrepresented, the proportions of developmentally
dynamic connections betweeneach cell type were compared to the total
proportionof developmentally dynamic connections throughout all cell
types (Fig. 2e, Extended Data Fig. 4h). Kruskal-Wallis test followed by
pairwise Mann-Whitney Utests were used for comparisons of more than
twounpaired categories (Extended DataFigs. 1k, 4h, 6], 9¢c, 7b). For fig-
ure panels withmore than three categories, only categories statistically
different fromall others were labelled (Extended Data Figs. 4h, 6, 9c).
For figure panels with multiple comparisons, the reported P-values
were FDR-adjusted using Benjamini-Hochberg correction.

Limitations
We have not included gap junctions, critical components of the nerv-
ous system, in our analysis. Our online connectome database (http://
nemanode.org/) includes electrical synapses where gap junctions were
most visible. But improvements in sample preparation and analysis
are needed to reach the same level of confidence and throughput as
wereached for chemical synaptic networks throughout development.
We have analysed only one connectome at most time points. This ena-
bled us to compare stable, variable and developmentally dynamic syn-
aptic networks across development but not to assess animal-to-animal
variability at each age. Increased throughput and the analysis of many
animals at each age will allow analysis of the statistical properties of
synaptic connectivity.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All electron microscopy images and volumetric reconstructions are
available at https://bossdb.org/project/witvliet2020. Connectivity
matrices for all datasets are available at http://www.nemanode.org
and as Supplementary Tables.

Code availability

Allscriptsand files used to generate all figures are available at https://
github.com/dwitvliet/nature2021.
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Extended DataFig.1|Electron microscopy reconstruction of cellsand
synapsesin C. elegansbrains frombirth toadulthood. a, Arepresentative
electron microscopy micrograph of the neuropil (from dataset 3). Presynaptic
terminiof classical chemical synapses are characterized by apool of clear
synaptic vesicles (red arrows) surrounding an active zone (red arrowhead).
Presynaptic termini of chemical synapses of modulatory neurons are
characterized by mostly DCVs (orange arrows) distant from the active zone
(orange arrowhead). Postsynaptic cells are marked by asterisks. The
proportion of dense core and clear synaptic vesicles were not quantified.

b, Neurites grow while maintaining overall brain geometry. Correlation of
therelative neuritelength ofeachbranch between L1 (dataset1) and adult
(dataset 8). Thelength of each neurite is normalized against the total neurite
length of the neuron. P=9.4 x10772, r=0.75,n=947,Spearman’s rank
correlation. ¢, Proportion of physical contactsin the brain that harbours
atleastone chemical synapse at respective developmental time points.

d, Most connectivity asymmetry at birthis eliminated during L1. Connectivity
asymmetry decreases from birth to adulthood, most significantly during L1.
Asymmetryis defined as the coefficient of variation (CV) in synapse number
between left-right cell pairs. Error barsindicate s.e.m. e, Total number of
missing connections decreases from birth to adulthood, most significantly
duringL1.Oneconnectionreferstoacell making atleast one chemical synapse
to another cell. Amissing connectionis defined as aconnection absentinonly
onedatasetand fromoneside of the brain. f, Non-uniform distribution of
connections and strengthening of connections across maturation.
Distribution of the total number of input and output connections per neuron at
birth.g, Non-uniform synapse addition to synapticinputs and outputs of acell.
Top: neurons with higher number of connections at birth (dataset1) are more
likely to receive new synapses at existing input connections by adulthood
(averaging datasets 7 and 8). Bottom: no correlationis observed at existing
output connections. Each datapoint represents one cell. Significance is
calculated using two-sided Spearman’s rank correlation (top: P=1.1x107%,
n=166;bottom: P=0.017,n=141). h, Top: neurons with higher number of
connectionsatbirth (dataset1) are more likely to establish newinput
connections by adulthood (averaging datasets 7 and 8). Bottom: no correlation
isobserved at new output connections. Each data point represents one cell.
Significanceis calculated using two-sided Spearman’s rank correlation

(top: P=1.3x107,n=166; bottom: P=0.18, n=141). i, Upper panels: neurons
withmoreinput connectionsatbirth are more likely tostrengthen these
connections during maturation. Left: the number of input connections at birth
(dataset1)is positively correlated with their synapse number increase by
adulthood (average of datasets 7and 8). P=1.6 X107, n=166 by the Spearman’s
rank correlation. Right: the number of output connections at birth does not
predict the synapse number increase atinput connections by adulthood.
P=0.32,n=120 by the Spearman’srank 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=141by the two-sided Spearman’s rank correlation.
Each pointrepresents onecell.j, Upper panels: neurons with higher number of
input connections (left) or output connections (right) at birth (dataset1) are
more likely to establish new input connections by adulthood (average of
datasets7and 8). Left: P=5.4x107, n=166; right: P=1.7x10™*,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 two-sided Spearman’s rank correlation. Each data point represents one
cell.k, Relative number of synapses added to existing connections is correlated
between outputs of the same cell compared to connectionsto and from
different cells. Relative number of synapses added represents the fold increase
of synapse number from birth (dataset 1) to adulthood (average of datasets 7
and 8). ns (notsignificant) P=0.48,**P=4.5x1073,**P=4.9 107, two-sided
Mann-Whitney Utest, FDR adjusted using Benjamini-Hochberg correction
(Moytputs = 753, Minpues =1203, Noyhe, =90709). Centre line, median; box limits, upper
and lower quartiles; whiskers, 1.5x interquartile range; outliers not shown. Top:
eachdatapointrepresents the mean coefficient of variation (CV) in the number
of synapses for different sets of connections. The CV of output connections
fromthe same cellis maintained. The CV of input connections to the same cell
increases over time, at the same rate as connections to and from different cells.
Errorbarsindicates.e.m.Bottom: the difference between the mean CV for
outputandinput connectionsrelative to connections between different cells
grows over time.***P=5.3x107,r=0.99, two-sided Spearman’s rank
correlation.
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b, Proportion of postsynaptic spine-like protrusions increases across
maturation.**P=6.5x1075, two-sided Spearman’s rank correlation. ¢, Total
number of spine-like protrusionsin the brainincreases across maturation.
*xp=53x107, two-sided Spearman’s rank correlation. d, Proportion of
synapses with atleast one spine-like protrusion postsynaptic partnerincreases
across maturation.**P=1.8 x10™, two-sided Spearman’s rank correlation.
e, Distribution of spine-like protrusions by location, with the entry of the

neuriteinto 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 opposea
presynaptic terminal per neuron atbirth (average of datasets1and 2) andin
adulthood (average of datasets 7 and 8). g, Proportion of presynapticinputs
onto spine-like protrusions per neuronin adulthood (average of datasets 7 and
8), grouped by their cell type. h, Proportion of synapses with spine-like
protrusions that comprise stable, variable, and developmentally dynamic
connections. Developmentally dynamic connections have the highest
proportion.***(stable-dev. dynamic) P=3.7 x107*,*** (variable-dev. dynamic)
P=5.1x10"%, two-tailed Z-test, FDR adjusted using Benjamini-Hochberg
correction (nsmble = 10r059l Nyariavle = 2r169r ndeu.dynamic = Léll)'
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Extended DataFig. 6 | A connectome has prevalent variable connections.
a, Composition of stable, developmentally dynamic, and variable connections
ineach dataset classified by synapsesize. b, Prevalence of variable connections
isnot caused by over-annotation of ambiguous synapses. High proportions of
bothvariable and non-variable (stable and developmentally dynamic)
connections formatnon-variable physical contacts. A physical contact is
defined asvariable whenitis absent from more than one of the seven datasets.
¢, Synapses that constitute non-variable and variable connections, sorted by
electron microscopy section numbers that the presynapticactive zone
encompasses. All synapsesin seven volumetrically segmented datasets are
included. Synapses comprising variable connections are marginally smaller
that those comprising non-variable connections, but no threshold canbe set to
remove exclusively the variable connections. d, Proportion of synapses that
formapolyadicsynapse 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 not fortuitous accidents of synapse
annotation. e, Synapses comprising non-variable and variable connections
sorted by the number of post-synaptic partners. They exhibit similar
distributions from 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 canbe set to filter variable connections.

f, Proportion of postsynaptic contactarea occupied by each postsynaptic
partner ateach synapse. Synapses comprising variable connections on average
occupy less postsynaptic area than synapses comprising non-variable
connections, but no threshold canbe set to only exclude variable connections.

g, Any threshold removes both variable and non-variable connections. Total
number of non-variable (stable and developmentally dynamic) and variable
connectionsinadulthood (average of datasets 7 and 8) upon thresholding by
different synapse numbers. No synapse number provides afilter for specific
removal of variable connections: all removes both variable and stable
connections. h, 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. i, Non-uniform distribution of variable and
developmentally dynamic connections. Wiring diagrams for variable, stable,
and developmentally dynamic connections. Eachline represents a connection
observedinatleast one dataset.Line widthindicates the largest number of
synapses observed foraconnectionacross datasets. Eachcirclerepresentsa
cell. Cellcoordinates arerepresented as in Fig. 1b. Comparison of the
proportion of variable and non-variable connections for each cell type.
Non-variable connectionsinclude stable and developmentally changing
connections. Cell types with significantly higher or lower proportions of
variable connections areindicated. Upper panel: *P (modulatory-
inter)=2.2x1072,*P(modulatory-sensory) = 6.5 %1073, ***P (sensory-

motor) =4.7 x1078,***P (modulatory-motor) =5.2 x 1078, ***P (inter-

motor) =1.7 x107, lower panel: **P (sensory-muscle) =6.9 10,
***P(modulatory-muscle) =1.3x107,***P (inter-muscle) =3.6 107,
***P(motor-muscle) =8.1x107. n=22-57, two-sided Mann-Whitney Utest,
FDR adjusted using Benjamini-Hochberg correction. Centre line, median;
box limits, upper and lower quartiles; whiskers, 1.5x interquartile range;
outliers notshown.
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b, Increaseinboth feedforward signal flow and modularity across maturation.
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strengthened more than stable feedback and recurrent connections.

ns (notsignificant) P=0.13, **P (feedforward-recurrent) =0.0015,

**P (feedforward-feedback) =0.0012, two-sided Mann-Whitney Utest,

FDR adjusted using Benjamini-Hochberg correction (M¢eeqrorwara = 301,

Nyecurrent = 229, Nieeavack = 107). Centre line, median; box limits, upper and lower
quartiles; whiskers, 1.5x interquartile range; outliers not shown. ¢, Proportions
of feedforward, feedback, and recurrent connections for stable and
developmentally dynamic connections. **P(stable-strenghened) = 0.0015,
**P (stable-weakened) =0.0032, two-tailed Z-test of the proportion of
feedforward connections, FDR adjusted using Benjamini-Hochberg
correction (Ny,pe =737, Nagged =198, Nyeakenca = 18)-
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Extended DataFig.9 | Comparison of multiple adult connectomes reveals
extensive variability in connectivity. a, Shared and unique connections for
threeadult connectomes: dataset 7, dataset 8, and N2U (a) annotated by White
etal. 1986 (ref.*°), illustrated in the Venn diagram. Connections of all synapse
numbers are included for comparison (Methods). b, Re-annotation of N2U
increased its variability. Re-annotation of the N2U adult connectome (ref. *)
added 1109 new connections that disproportionally enlarged its pool of unique
connections (Methods). Only 16% contributed to connections shared by three
connectomes. Thissuggests the use of differentannotation criteriafromthe
original annotation. ¢, Propensity of forming variable connections correlates
with celltype. Comparison between the proportion of adult connectome-
defined variable and non-variable connections for each cell type. Adult-
defined non-variable connectionsinclude the connections thatare presentin
bothof ouradult datasets as well as the original connectome annotated by
White et al.1986. Cell types with significantly higher or lower proportions of
variable connections are denoted; upper panel: ***P (sensory-

motor) =5.1x107%,***P (modulatory-motor) =1.7 x 10°%, ***P (inter-

motor) =7.5x107%, lower panel: ***P (sensory-muscle) =2.6 x107¢,
***p(modulatory-muscle) =9.9 x10~%, ***P (inter-muscle) =4.7 x 107,

***p (motor-muscle) =2.6 x10°%; two-sided Mann-Whitney Utest, FDR
adjusted using Benjamini-Hochberg correction. Centre line, median; box
limits, upper and lower quartiles; whiskers, 1.5x interquartile range; outliers
notshown.d, Thelow 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
(Extended DataFig. 6j), are not restricted by few available potential synaptic

partners. Centre line, median; box limits, upper and lower quartiles; whiskers,
1.5xinterquartile range; outliers not shown. e, Higher variability for certain cell
typesisnotexplained by afixed probability of anerroneous connection by
neurons with abundant synapse formation. 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 (Extended
DataFig. 6j), do not exhibit more synapses per stable connection. Centreline,
median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range; outliers not shown. Bottom: The number of variable connections
formedbyacell doesnot correlate with the strength of its stable output
connections. Each datapoint represents one cell. ns (notsignificant) P=0.08,
r=0.15,n=139, two-sided Spearman’s rank correlation coefficient.f, Top: the
relative number of synapses added to existing stable output connections by
celltypes. Connections from modulatory neurons, which have a higher
proportion of variable connections than other cell types (Extended Data

Fig. 6j), do not exhibit higherincrease in synapse number than connections
fromother cell types. Centre 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
birthtoadulthood. The relative number of synapses added is quantified as
thefold increase of synapse number from birth (dataset 1) to adulthood
(averaged of datasets 7 and 8). Each data point represents one cell. ns (not
significant) P=0.56,r=0.05,n=139, two-sided Spearman’s rank correlation
coefficient. For panels d-f, the synapse number for the adult brain (averaged
of datasets 7 and 8) isshown.
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Extended Data Table 1| Cell types in the nerve ring

Integration into

Integration into

Class Members Type . Class Members Type .
nervering nervering
ADA 2 inter embryonic CEP 4 modulatory embryonic
ADE 2 modulatory embryonic CEPsh 4 glia embryonic
ADF 2 sensory embryonic DVA 1 modulatory embryonic
ADL 2 sensory embryonic DVC 1 inter embryonic
AFD 2 sensory embryonic FLP 2 sensory embryonic
AlA 2 inter embryonic GLR 6 glia embryonic
AIB 2 inter embryonic HSN 2 modulatory post-embryonic
AIM 2 modulatory embryonic IL1 6 motor embryonic
AIN 2 inter embryonic IL2 6 sensory embryonic
AlY 2 inter embryonic OLL 2 sensory embryonic
AlZ 2 inter embryonic oLQ 4 sensory embryonic
ALA 1 modulatory embryonic PLN 2 sensory post-embryonic
ALM 2 sensory embryonic PVC 2 inter embryonic
ALN 2 sensory post-embryonic PVN 2 modulatory post-embryonic
AQR 1 sensory post-embryonic PVP 2 inter embryonic
ASE 2 sensory embryonic PVQ 2 modulatory embryonic
ASG 2 sensory embryonic PVR 1 inter embryonic
ASH 2 sensory embryonic PVT 1 inter embryonic
ASI 2 sensory embryonic RIA 2 inter embryonic
ASJ 2 sensory embryonic RIB 2 inter embryonic
ASK 2 sensory embryonic RIC 2 modulatory embryonic
AUA 2 sensory embryonic RID 1 modulatory embryonic
AVA 2 inter embryonic RIF 2 inter embryonic
AVB 2 inter embryonic RIG 2 inter embryonic
AVD 2 inter embryonic RIH 1 inter embryonic
AVE 2 inter embryonic RIM 2 inter embryonic
AVF 2 modulatory post-embryonic RIP 2 inter embryonic
AVH 2 modulatory embryonic RIR 1 inter embryonic
AV)J 2 modulatory embryonic RIS 1 modulatory embryonic
AVK 2 modulatory embryonic RIV 2 motor embryonic
AVL 1 modulatory embryonic RMD 6 motor embryonic
AVM 1 sensory post-embryonic RME 4 motor embryonic
AWA 2 sensory embryonic RMF 2 motor post-embryonic
AWB 2 sensory embryonic RMG 2 modulatory embryonic
AWC 2 sensory embryonic RMH 2 motor post-embryonic
BAG 2 sensory embryonic SAA 4 sensory embryonic
BDU 2 inter embryonic SDQ 2 sensory post-embryonic
BWMO1 4 muscle embryonic SIA 4 motor embryonic
BWMO02 | 4 muscle embryonic SIB 4 motor embryonic
BWMO3 | 4 muscle embryonic SMB 4 motor embryonic
BWMO04 | 4 muscle embryonic SMD 4 motor embryonic
BWMO5 | 4 muscle embryonic URA 4 motor embryonic
BWMO06 | 4 muscle embryonic URB 2 sensory embryonic
BWMO7 | 4 muscle embryonic URX 2 sensory embryonic
BWMO08 | 4 muscle embryonic URY 4 sensory embryonic

Cell types using each neuron, muscle, and glia that contributed to chemical synapses in our analyses. Cell types assigned using the criteria described in Methods. We performed volumetric
reconstructions of all listed neuron and muscle processes within our datasets. We did not perform volumetric reconstructions of the thinner glia processes, which our algorithms were unable
to reconstruct automatically (Methods). 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) require thinner electron microscopy sectioning.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed
E The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
D A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

E The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Neurons were segmented volumetrically in VAST 1.2.1 and skeletonized in CATMAID 2019.06.20

Data analysis Python 3.6.9 (Pandas 1.1.4, SciPy 1.4.1, Statsmodels 0.12.1), MATLAB R2020b. All code for data analysis is available at github.com/dwitvliet/
science-developmental-connectomics

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

0202 1Ay

Data collection

Electron microscopy images were aligned in TrakEM2 1.3.2. Neurons were segmented volumetrically in VAST 1.2.1 and skeletonized in CATMAID 2019.06.20
Data analysis

All scripts and files used to generate all figures are available at https://github.com/dwitvliet/nature2021.

All data analysis was done in Python 3.6.9 (Pandas 1.1.4, SciPy 1.4.1, Statsmodels 0.12.1) and MATLAB R2020b.

Data availability

All electron microscopy images and volumetric reconstructions are available at https://bossdb.org/project/witvliet2020. Connectivity matrices for all datasets are
available at https://www.nemanode.org/ and as Supplementary Tables.




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The number of EM samples was selected to interrogate the developmental time course of maximum nervous system growth and
plasticity. The number of adult samples was selected to validate animal-to-animal variability with respect to the one published
connectome.
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Data exclusions
Replication All annotations were replicated by three independent individuals to verify the consistency of each synaptic structure. All samples were drawn
from an isogenic population to allow animal to animal comparisons and assess reproducibility.

Randomization  Randomization is not applicable in connectomics as the total number of mapped nervous systems is small.

Blinding Annotations were done by three individuals working independently and blindly. All results were subsequently collected. Only consistent
annotations were reported in analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology & |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals We studied wild-type (Bristol N2) animals reared in standard conditions: 35x10mm NGM-plates, fed by OP50 bacteria, and raised at
22.5 degree C. The animals were within a few generations of the original stock acquired from Caenorhabditis elegans Genetics Center
(CGC) in 2001.

Wild animals The study did not involve wild animals

Field-collected samples  The study did not involve samples collected from the field

Ethics oversight No ethical considerations needed for working with C. elegans

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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