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heterogeneity, molecular markers, and
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datasets, this work now provides insight
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complete nervous system of a metazoan.
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SUMMARY

A comprehensive understanding of nervous system function requires molecular insight into the diversity and
sex dimorphism of both its component cell types, glia and neurons. Here, we present a single-nuclear RNA
sequencing (RNA-seq) census of all neuroectoderm-derived glia in the adult C. elegans nervous system,
across sexes. By iteratively coupling computational modeling and custom analytics with in vivo validations,
we uncovered molecular markers for all glia, as well as class-specific and pan-glial molecular signatures.
These identified that each glia is functionally heterogeneous across the nervous system and variably sex
dimorphic between sexes. Thus, this glial transcriptome (wormglia.org) offers deep mechanistic insights
into glial biology brain wide. Complementing the existing C. elegans neuronal transcriptome and mapped con-
nectome, it also enables single-cell and molecular resolution insight into the entire nervous system of an adult

metazoan.

INTRODUCTION

The nervous system consists of two major cell types—neurons
and glia, with glia comprising about half the cells and volume
of the human brain."? Glia modulate neuronal properties, influ-
encing animal behaviors such as sensory perception,®° learning
and memory,'%"'® sleep,'*"'® and motor control.'®'® Defects in
glial functions thus correlate with many neurodevelopment and
neurodegenerative disorders.'%%*

In both the central nervous system (CNS) and peripheral
nervous system (PNS), glia have been historically classified
by anatomy.?*"2” Recent advances in single-cell and single-
nuclear RNA sequencing (scRNA-seq and snRNA-seq) sug-
gest that this classification may be too simplistic and
show that even anatomically identical glia can be molecularly
heterogeneous. For instance, astrocytes, oligodendrocytes,
and microglia all exhibit diverse transcriptional profiles
across brain regions.?**° Similarly, PNS enteric glia
are molecularly heterogeneous across the gastrointestinal
tract,®® and even peripheral sense organ and satellite glia
are heterogeneous.®’*° Despite these insights, lack of vali-
dated markers for different glial cells limits our understanding

of how molecular heterogeneity informs their identity or
function.>?741-4¢

There is also conflicting evidence on whether analogous glia
are dimorphic between sexes.*’~°° In corollary, despite evidence
for sexual dimorphism in brain regions like the hypothala-
mus,’"®? the molecular bases for this across the CNS/PNS are
barely explored.®*>° Given that most neurological diseases
have sex-biased etiology, this is a major knowledge gap in dis-
secting glial roles in neural functions or disease.*®°’

C. elegans is a powerful model to mechanistically evaluate glial
heterogeneity and sex dimorphism organism wide. Its nervous
system consists of 302 neurons and 56 glia in hermaphrodites
(somatically female) and 389 neurons and 82 glia in males.*®
Each neuron and glia is born of an invariant developmental line-
age®®® and integrates into a cellularly invariant and mapped
sex-dimorphic connectome.®®¢"¢2 Although the individual neu-
rons in this system are well-characterized molecularly and func-
tionally,>®°*-5% molecular heterogeneity or sexual dimorphism of
glia has been largely unexplored.®®’° Thus, C. elegans presents
an ideal experimental platform where a glial transcriptome will
rapidly shed light on how glia across the nervous system influ-
ence neural functions and animal behavior.®%""'~"2
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Six C. elegans glia are of mesodermal lineage (glial-like cells of
the nerve ring, GLR) in both sexes and not discussed further
here.”®’* The remaining glial cells (50 in hermaphrodite, 76 in
male) derive from the neuroectoderm,”®’® localize primarily in
the animal head and tail (Figures 1A and 1B), and reside within
sense organs (Figure 1C). In each sense organ, glia are anatom-
ically subcategorized into sheath (sh) and socket (so) glial clas-
ses, such that each sense organ has 1-2 glial cells of each class
contacting cognate neuron(s) (Figure 1C; Table S1). Within the
sense organ, sh and so glia contact each other, as well as the
cognate sensory neuronal dendrite endings (Figure 1C).
Sheath-glia-secreted factors bathe dendrite endings, while so
glia also attach to the overlying epidermis (Figure 1C').

Males have an additional 28 sex-specific glial cells (36 nuclei)
in the male mating apparatus (Figures 1A and S1A; Table S1).
Besides sh and so, these include the 18 ray structural cells
(Rnst) with presumed dual sh (secrete factors) and so (attach
to epidermis) functions.”” In addition, four sex-shared glia are
known to exhibit sexually dimorphic features: male amphid so
(AMso) divide to generate CEM neurons,’® male cephalic sh
and so glia (CEPsh and CEPso) then interact with these CEM
neurons,”>’® and male phasmid so 1 (PHso1) transdifferentiate
to neurons®® (Figures 1A, 1B, and S1A) (Table S1). The molecular
mechanisms underlying these glial sex-dimorphic features are
unknown. Similarly, how the other anatomically shared glia
compare between sexes or contribute to observed sexually
dimorphic animal behaviors®'-?? is also unknown.

Here, we present the single-nuclear molecular transcriptome
of all neuroectoderm-derived glia of the adult C. elegans ner-
vous system across sexes (wormglia.org). By combining
bespoke computational analytic and machine learning tools to
compare these related cell types, with in vivo transcriptional re-
porter validation analyses, we identified glial-specific/class
molecular signatures. This validated molecular census has
identified several mechanistic insights into glial molecular prop-
erties. Glia have striking molecular heterogeneity, with each
anatomically distinct glial cell defining one or more clusters
and each cluster defining 1-2 anatomically distinct glia. Individ-
ual glia cluster by class identity (sh or so) and not sense organ,
anatomy, or developmental lineage. Molecular and anatomical
sexual dimorphism appear to be independent glial attributes.
Lastly, although glia express neuropeptides,®*** they deploy
distinct machinery to process and release these compared
with neurons. Thus, this integrated profiling of glia, combining
single-cell transcriptomics, modeling, and in vivo validations,
has yielded deep single-cell and single-gene insights into glia
across the entire nervous system of a metazoan. This compre-
hensive study of glial molecular heterogeneity and sex dimor-
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phism brain wide also offers a powerful foundation and molec-
ular tools for directed mechanistic studies of glial roles in neural
functions across sexes.

RESULTS

Isolation and sequencing of adult C. elegans glia by sex
C. elegans was the first animal to be profiled by single-cell
sequencing, but all molecular atlases reported thus far have
focused on either whole animals or neurons, with glial cells un-
der-represented and largely unannotated.*:5%:6%:70.85-88 There-
fore, we built a single-cell transcriptomic atlas enriched for
glia. Like glia of other species, C. elegans glial processes intri-
cately contact neurons. Thus, we opted for snRNA-seq to reduce
confounding contamination from physically contacting neuronal
cell material. Day 1 adult glia were profiled, as animal behaviors
are most robust at this stage.®®

Glial nuclei were isolated using a transcriptional reporter con-
sisting of a nuclear localization signal fused to a red fluorescent
protein (NLS:RFP) under the pan-glial mir-228 promoter®®°’
(Figure 1B). This reporter labeled both glial and non-glial cells
and, by cell counts, captured most, if not all, neuroectoderm-
lineage glia (Figures S1B and S1C). Pp-228:NLS:RFP was not
expressed in early embryos, germ line, or mesoderm lineage
GLR glia (Figures S1D and S1E), meaning that embryonic glial
precursors would not confound our adult dataset. Males (0.1%
of the population) were enriched by a combinatorial strategy
(see STAR Methods).%

We recovered 31,410 RFP+ nuclei (16,887 hermaphrodite
nuclei; 14,723 male nuclei) and confirmed glial gene enrichment
in these (Figures S1F and S1G). After quality control and prepro-
cessing (Figures STH and S1l) (see STAR Methods), the non-
batch-corrected data categorized into 51 clusters, of which 17
were manually annotated as “non-glia” by marker gene expres-
sion*®%%% (Figures 1D-1F and S1J; Table S1). Differential
expression and Gene Ontology (GO) analysis on the remaining
clusters uncovered enrichment of transporters and structural
proteins (Figure 1G), as expected for putative glial clusters.
These clusters comprised 20,810 nuclei, implying ~200x
coverage of each glia (Figures 1A-1A" and 1F; Table S1).

Computational and experimental annotation of glial

cell types

Batch correction and re-clustering of the putative glia yielded 32
glial clusters: 1 hermaphrodite specific, 9 male specific, and 22
sex shared (Figures 2A, 2B, and S2A). This already suggested
a previously unappreciated molecular heterogeneity for the 14
anatomically sex-shared glia (Figure 2B; Table S1).

Figure 1. Anatomical and molecular characterization of adult C. elegans neuroectoderm glia
(A and a') Schematic of both sexes, showing shared, hermaphrodite-specific, and male-specific neurectoderm glial nuclei. (') Close up of the glia within the head,

midbody, and tails.
(B) Pan-glial nuclear localized RFP. Scale bars, 10 pM.

C) Schematic of C. elegans cephalic sense organ as example, consisting of sensory neuron(s) (yellow) contacting one so (light brown) and one sh (cyan) glia.
c’) Close up of CEP’s dendritic (top box) and axonal (lower box) glial interactions.

E) UMAP showing sex contribution to each cluster (male: blue; hermaphrodite: orange).
F) UMAP showing contribution of non-glial tissues (glia: blue; neuron: yellow; non-neural cells: green; coelomocytes: light green).

(
(
(D) UMAP colored by 51 non-batch-corrected clusters.
(
(
(

G) GO term analysis of putative glial clusters compared with neuronal clusters.
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Although him-5 is broadly used to study sex dimorphism in
C. elegans,®'®® it has not been evaluated for glial biology. We
thus compared hermaphrodite snRNA-seq data between wild-
type N2 hermaphrodites (11,115 nuclei) and him-5 hermaphro-
dites (8,078 nuclei). Given equivalence between putative glial
clusters in the two datasets, we inferred that the him-5 mutation
does not globally alter glial identity (Figure S2B). Thus, all subse-
quent analyses were performed on wild-type hermaphrodite and
him-5 male batch-corrected data, unless noted.

Because most C. elegans glia are molecularly enigmatic, we
undertook a data-driven approach to annotate each cluster.
Existing gene expression analysis tools identify genes ex-
pressed in multiple clusters of these homotypic glial cells. To
enrich for genes that uniquely express in individual clusters,
we developed a pairwise differential expression analysis
(PairDEXx) to uncover cluster-enriched genes (CEGs) that were
specific to individual clusters (Table S2). Briefly, we performed
differential gene expression analysis between cells of one clus-
ter separately against cells of every other cluster and enumer-
ated the number of times a gene is identified to be statistically
different (see STAR Methods; wormglia.org). We then gener-
ated double-labeled transgenic animals expressing a transcrip-
tional GFP reporter for a curated CEG with the pan-glial
Pmir-226:NLS:RFP. Each cluster was tested with 1-4 indepen-
dent CEGs (Tables S2 and S4). As proof of concept for this
pipeline, we turned to the best-studied glia in the animal, the
related amphid and phasmid sh (AMsh and PHsh),®"%*-° which
express spig-9, spig-11, fig-1, and vap-1°>°"® (Figures 2C,
2D, and S2D; Mendeley data). PairDEx-derived cluster 10
CEGs included all these genes, suggesting that cluster 10 cor-
responds to AMsh/PHsh glia (Figure 2C and 2D; Mendeley
data). We selected a CEG not previously reported in AMsh/
PHsh glia, srif-2, for in vivo validation and found that its tran-
scriptional reporter expressed specifically in AMsh/PHsh glia
(Figures 2E and S2E, wormglia.org). Deeper analyses of clus-
ter 10 showed it as a super-cluster of two subclusters
(Figure S2C), with only one expressing vap-1, a gene expressed
in AMsh but not PHsh glia® (Figures 2D and S2C). These find-
ings confirmed that PairDEx can effectively annotate glial cell
profiles and uncover cluster-specific gene signatures.

The limited literature was less reliable for glia with fewer vali-
dated genes in our clusters, with minimal overlap with
PairDEx-derived CEGs for any one cluster® (Table S1). This
included 4/10 known genes for AMso and PHso, 0/4 known
genes for CEPsh, and 2/5 known genes for inner labial so
(ILso) glia®® (Figures S2F, S2H, and S2l). In vivo validation of
PairDEx-derived CEGs by transcriptional reporters identified
cluster 4 as AMso/PHso1, 16 as CEPsh, and 7/11/28 as ILso
glia (Figures 2F, 2G, S2G, and S2J), respectively. We found
that the reporter for the AMso/PHso1 cluster 4 CEG nxnr-1
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also expressed in male-specific MCM and PHD neurons derived
from these glia (Figure 2F). Further, although it was initially sur-
prising that known CEPsh genes were barely expressed in our
dataset, RT-qPCR of ptr-10 confirmed low mRNA abundance,
despite its transcriptional reporter expressing in adult glia®
(Figures S1G and S2H). This implied a mismatch between RNA
levels and transcriptional reporters rather than snRNA-seq
data quality.

To annotate the remaining clusters ab initio, we validated
CEGs specific to each cluster (Table S2). For some clusters,
we additionally co-labeled with known markers and/or markers
for the cognate sense organ neuron.®®°°” For example, re-
porters for the CEGs spig-14 and ttr-59 validated the male-spe-
cific cluster 24 as mir-228* spicule so (SPso) glia (Figures 3A-3C
and S3A) of both wild-type and him-5 males (Figures 3B, S3B,
and S3C). These genes were not expressed in hermaphrodite
glia (Figures 3B and S3C, left). Further, Pgpig.14:GFP colocalized
with the known SPso marker, CAT-2/tyrosine hydroxylase®®°
(Figure 3C). A reporter for a third cluster 24 CEG, spig-8, also ex-
pressed in male-specific cluster 27 (Figures 3A, 3D, and S3D),
which we identified as male PHsh glia.

PairDEx analyses did not uncover CEGs that uniquely differen-
tiated between five of the clusters (clusters 1, 3, 5, 6, and 23),
indicating that these clusters are closely related. Hierarchical
clustering of the mean expression profiles confirmed their high
similarity (Figures S3E and S3F), and we tentatively annotated
these as inner labial (IL) and outer labial (OL) sh glia by elimination
(Figure 2A). We re-ran PairDEx within this subset, and reporter
expression analyses of the resulting CEGs identified clusters 1,
3, 6, and 23 as ILsh glia—with clusters 1 and 23 being male spe-
cific—and cluster 5 as OLsh (Figures 2A, 3E-3G, and S3H-S3P).
Thus, these findings also identified previously unappreciated
molecular heterogeneity and sex dimorphism for the six anatom-
ically equivalent ILsh glia. Overall, our pipeline successfully vali-
dated glial identities to 29/32 clusters (Figure 2A) to yield a
census of C. elegans neuroectoderm glia across sexes.

Although PairDEx-derived CEGs readily identify individual glia,
they can also be expressed in non-glial tissues (Table S2). For
example, a transcriptional reporter for the CEPsh glia CEG
ntfc-1 (Figure 2G) also expressed in cells around the pharynx
(Figure S3Q); SPso glia CEG ttr-59 also had low expression in
epithelia (Figure S3R) and ILsh glia CEG spi-2 also expressed
in non-mir-228* (likely arcade) cells'’ (Figure 3E). We reasoned
this was because PairDEx analyses ranked genes based on dif-
ferential expression between glial clusters, but did not penalize
for expression in non-glial cells, and also that mir-228 expression
is not glia-exclusive. In line with this, CEGs for clusters 13, 14,
and 20 showed these as epithelial cells missed by our litera-
ture-based annotations (Figure 1F), expressing epithelial genes
like collagen (Mendeley data). Validations identified these as

(C) Zoomed-in PairDEXx results for cluster 10 (see Mendeley data) showing mean expression of genes (x axis) per cluster (y axis). Previously characterized genes,

green font.

(D) UMAP showing imputed expression of known AMsh/PHsh genes in cluster 10.
(E-E") (E) CEG srlf-2/ZK822.4 GFP reporter expression in AMsh/PHsh glia (arrows) in heads (top) and tails (bottom). Zoom-in of AMsh tip (¢’) and cell body (e”).
(F and F') CEG nxnr-1/Y52E8A.3 GFP reporter expression in AMso (arrows) and PHso1 of both sexes (arrows). Males show additional expression in AMso-derived

MCM neuron (f') (arrowhead) and PHso1-derived PHD neuron (arrowhead) in tail.

(G) CEG ntfc-1/Y71H10B.1 GFP transcriptional reporter expression in CEPsh. Zoom-in of the four CEPsh cell bodies (arrows, ¢').

(D-G) Markov affinity-based graph imputation of cells (MAGIC)'*®

imputed expression for all genes. Dotted line, animal outline. Scale bars, 10 M.
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seam cells/cluster 13 (CEG grd-10),'°" posterior epithelial cells/
cluster 14 (CEG spig-15), and male sense organ post-cloacal hy-
podermal cell (PCh)/cluster 20 (CEG spi-3) (Figures S3S-S3U)—
all tissues that are known to express mir-228°°°? (Figures S1B
and S1C).

Pan-glial molecular signatures

Next, to define a pan-glial-specific molecular signature, we
trained a machine learning model to classify glial/non-glial cells
using imputed gene expression (Figure S4A) using a logistic
regression model with sparsity constraints to identify a minimal
set of genes that best distinguish glia versus non-glia. To ensure
generalization, we trained our model on hermaphrodite data and
tested it on male data, which achieved near-perfect accuracy
(Figures S4A and S4B). This suggests that glial transcriptional
identity is sex independent.

We next devised an iterative gene-ranking procedure to select
a subset of genes that are predictive across the different glial cell
types (see STAR Methods). The top 10 genes from this approach
(Figure S4E) achieved near-perfect accuracy (>99% confidence)
across all clusters, including those that are male specific
(Figures S4B bottom and S4C). Importantly, no one gene ex-
pressed in all glia or was glial exclusive (Figure S4E), implying
that no gene is pan-glial and glial exclusive.

We thus defined a “pan-glial signature” —a minimal gene set
that distinguishes glial from non-glial cells. We tested all combi-
nations of the top 10 genes identified above and found that a
core set of 6 genes (Figure 4A; col-34, gst-28, spig-16, glam-1,
cnc-10, and glb-1) classified all glial cells with >95% confidence
(Figure S4D outline). We tested the robustness of this signature
using independent datasets. When applied to an aging transcrip-
tome atlas of C. elegans®® (hereafter, “Roux dataset”), our pan-
glial signature was able to successfully identify all 13 presump-
tively annotated glial cell types (Figure S4F; Mendeley Data).
We integrated both datasets and re-ran the analysis, comparing
our glia with non-glial cells from the Roux dataset because our
non-glia fraction was limited. Analysis showed that 4 out of 6
genes of the pan-glial signature were retained as top genes in
the classifier (Figures S4G and S4H). This objective, data-driven
validation underscored the robustness of our dataset in reliably
extracting glial properties and for annotating glia across
datasets.

Glial TFs, channels, and transporters

We also examined expression of all predicted transcription fac-
tors (TFs) (WTF 3.0; 941 TFs, Table S1).'°° In Drosophila, the TF
repo labels all glia. In C. elegans, all non-neuronal neuroectoder-
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mal cells, including glia, express LIN-26/C2H2 zinc finger TF dur-
ing development,’®"% but this was absent from our dataset.
We also did not identify any other pan-glial TF. Rather, each TF
is variably expressed across clusters (Figure 4B), suggesting
that TFs may work in combination to maintain different adult glial
functional modules.

Deeper analyses of the dataset yielded further insights into glial
TF biology. The MAB-9/T-Box TF, which regulates the fate of the
spicule progenitor B blast cell,'°° labeled the B cell-derived male-
specific cluster 31/SPsh in silico (Figure 4B, outlined), and ex-
pressed in four adult mir-228™ glia in vivo (Figure S4l), consistent
with the binucleated syncytial SPsh glia. Thus, MAB-9 may play
roles in SPsh glial function in the adult male. Further, although
CEH-27/NK2 Hox and LIM-7/LIM Hox TFs labeled all 3 ILso and
3 OLso clusters (Figure 4B, dotted outlines), their expression
levels varied reciprocally between these in both our (Figure S4J)
and annotated Roux datasets (Figure S4K). This suggested that
the ratio of expression between TFs may be one mechanism un-
derlying glial heterogeneity.

A critical glial function is maintaining ion homeostasis and cell
volume,®7 172107110 gnd different subsets of channels and
transporters were variably expressed across individual glia
(Figure 4C; Table S1). As expected, the K*/Cl~ cotransporter
kcc-3 was expressed in multiple glia, including the AMsh®
(Figure 4C, yellow box). The glutamate transporter glt-1 ex-
pressed in CEPsh glia, which is associated with brain neuropil
synapses'® (Figure 1C) and also other sh glia that do not
(Figure 4G, yellow box). Further, many sh glia expressed vacu-
olar H ATPases (vha genes) (Figure 4C, black asterisks), indica-
tive of lysosomal degradation burden in these cells. Finally,
mammalian astrocytes express aquaporin channels that trans-
port water and small solutes.”'" We found that aquaporins ex-
pressed differentially across glia (Figure 4C, red asterisks).
Mammalian astrocytic aquaporin-4 (AQP4) acts with the inward
rectifier potassium channel Kir4.1 to regulate K" and wa-
ter."""""2 Of the three predicted inward rectifier potassium chan-
nels in the C. elegans genome,''® irk-3 enriched in a subset of
glia (CEPsh, AMsh, PHsh, and PDEsh) both in silico and in vivo
by a transcriptional reporter (Figures 4C, 4D, and S4L). Together,
these findings suggested that each glial cell in C. elegans is a
distinct cell type defined by a unique combination of TFs, chan-
nels, and proteins.

We next expanded our analyses to investigate how C. elegans
glial profiles compared across human glial types.*""'* We used
web-based cell-type-specific enrichment analysis of genes
(WebCSEA)' " to uncover cell-type signatures using orthologous
genes.''® Globally, we observed broad enrichment of multiple

(B-G') MAGIC'*® imputed expression illustrated for genes noted. Images are transcriptional GFP reporters in vivo. Dotted line, animal outline. (B) CEG spig-14/
Y67D8C.7 reporter expression. Close up of SPso in male tail depicts multinucleated GFP expression (b’, arrows) extending into the spicule (b, arrowhead). Scale

bars, 10 and 5 pM in (b').

(C) spig-14/Y67D8C.7 GFP and cat-2 nuclear RFP reporters show colocalization in 8 nuclei. Scale bar, 5 pM.
(D) CEG spig-8/Y57E12AL.4 reporter expression PHsh (arrows) across sexes, and male SPso (arrowheads). Zoom-in depicts P,,-228:NLS:RFP co-expression

with the GFP* male PHsh (d’, arrows). Scale bar, 10 and 5 uM in (d').

(E) CEG spi-2/B0238.12 reporter expression in putative arcade cells (bright) and RFP* cells (dim) (¢/, arrow). Scale bar, 10 and 5 uM in (¢').

(F) spi-2/B0238.12 mScarlet* and inner labial (IL2) neuron GFP* reporters. Close interactions between the two cell types observed (arrowheads). Zoom-in (F')
shows single GFP* IL2 dendritic tip apposing mScarlet™ ILsh glia. Scale bar, 10 and 1 pM in (F').

(G) spi-2/B0238.12 mScarlet* and col-177 reporters. Zoom-in (g') shows single GFP™ ILso glial projection apposing mScarlet™ ILsh glia. Scale bar, 10 and 1 uM

in (G).
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Figure 4. Molecular characteristics of C. elegans glia

(A-C) Dot plots showing expression of the (A) six-gene pan-glial signature, (B) predicted TF expression, and (C) predicted ion channels and transporters. Color
intensity indicates mean expression in the cluster, dot size indicates fraction of cells expressing the gene. (B) Black box: mab-9; dashed box: ceh-27 and lim-7. (C)
Yellow box: kcc-3 and glt-1; black asterisks: vha genes; red asterisks: aquaporins; dashed black line: irk-3.

(D and D') irk-3 transcriptional reporter expression, including CEPsh (d’, top arrows), AMsh (d’, bottom arrow), PHsh, and PDEsh. Scale bars, 10 uM, except

PDEsh panel scale bar, 2 pM.

(E) Enrichment of C. elegans glial genes in different human glia/glia-like cells. Uncorrected p value < 0.05. Heatmap color is proportional to the tissue-cell-type

specificity of inquiry gene list.

glia/glia-like cell types (Figure 4E; Table S3). At the individual glial
level, CEPsh glia, which transcriptionally resemble mouse astro-
cytes,'® also showed a similar transcriptional profile to human
astrocytes (Figure S4M). In addition, CEPsh also displayed an
analogy to oligodendrocytes, consistent with their posterior
processes enwrapping axons (Figure 1C) and expressing
HLH-17, an ortholog of the oligodendrocyte differentiation gene
0lig2.5%°%117 Similarly, we uncovered relatedness between

8 Developmental Cell 60, 1-20, December 15, 2025

AMsh glia and astrocytes (Figure S4N; Table S3), which tracks
that both glial cell types express genes like thrombospondin
and KCC-3 and engulf neuronal fragments.>®9%118-120 Thege
feature analogies are likely non-random, as, for example, ADEsh
glia did not exhibit similar relatedness to any glial class but were
broadly related to all neuroectoderm glia (Figure S40; Table S3).
In summary, these results indicate that each C. elegans gliahas a
combinatorial functional relatedness with subsets of human glia.
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Glial class signatures

We next leveraged our glial transcriptome dataset to probe mo-
lecular phylogeny between different glia. We performed hierar-
chical clustering of all glial clusters and found that they segre-
gated into two distinct groups: sh and so (Figures 5A and 5B).
Thus, glia cluster by functional relatedness and not proximity
within a sense organ (sh and so of each organ), regional prox-
imity in the body plan, or developmental lineage.”® Two male-
specific glia were the only outliers to this molecular phylogeny.
One, the spicule sh (SPsh) and SPso glia clustered with the
opposite groups (Figures 5A and 5B). Two, hook sh/so (HOsh/
s0), glia which co-clustered together (cluster 21), grouped with
so glia (Figure 5A). The HOsh/so are the only glia to cluster
together by sense organ, and this is the only glia-containing
organ to not be laterally symmetric.”” Lastly, like the epithelial
clusters (clusters 13, 14, and 20), the three unvalidated clusters
(clusters 17, 18, and 29) also segregated with the so glia, hinting
at shared so glial-epithelial functions.

Do sh and so glia across sense organs share molecular signa-
tures that define them as distinct cell classes? We adapted the
pan-glial signature binary classification model to distinguish be-
tween sh and so clusters (Figure S5A). This model achieved
near-perfect accuracy in distinguishing between sh and so cells
across sexes, suggesting that sh versus so identity is sex
agnostic (Figure S5B). Seven genes in each glial group were suf-
ficient to predict each sh and so type with >99% accuracy
(Figures 5C and S5C). A combination of three genes (zipt-2.2,
col-150, and col-186) could achieve >99% accuracy in anno-
tating so clusters (Figures 5D, S5C, and S5D). For sh glia,
spig-1 predicted most sh clusters and inclusion of gst-70
achieved >99% accuracy (Figures 5D, S5C, and S5D). To obtain
additional genes that mimic the expression of the minimal set
that was derived using sparsity constraints, we retrained our
classification model with non-sparsity-inducing regularization
(see STAR Methods). This identified multiple genes broadly ex-
pressed in either so or sh clusters (Figure S5F). Genes like
col-34 and col-186 resembled expression patterns of zipt-2.2.
Of the genes resembling pan-sh expression like spig-1
(Figure S5F), kcc-3, spig-9, and glt-1 had previously been re-
ported as glia enriched.® '8

To validate these findings in vivo, we selected zipt-2.2 as proof
of concept (Figure S5C). Its transcriptional reporter expressed in
the easily detectable AMso, PHso1/2, and PDEso, as well as la-
beling 22-24 cells in hermaphrodite heads, 20 of which are glia
(Figures 5E and S5E). We concluded that zipt-2.2 labeled all 26
hermaphrodite so glia. Expression was also observed in epithelia
and excretory duct cells in vivo (Figure S5I). In males, expression
was also seen in PCso and HOso glia and so glia-derived neu-
rons (Figures 5F and S5I).

Developmental Cell

For sh glia, we curated spig-1, ttr-43, and kcc-3 for validation
by transcriptional reporters. Extrachromosomal transgenic ar-
rays for these were unstable but expressed consistently in
AMsh, CEPsh, PHsh glia, glia around the anterior pharyngeal
bulb, and male Rnst and other tail glia (Figure S5J). No expres-
sion was seen in PHso1/2 or AMso cells (Figure S5J, arrow-
heads). Both kcc-3 and ttr-43 colocalized broadly across sh
glia, with kcc-3 lacking expression in few glia anterior to CEPsh
(Figure 5F). Cell counting of Py,.43:mScarlet™ cells that were also
Pir-228:GFP* in hermaphrodites identified 24 cells, as expected
for a pan-sh glia marker (Figure S5E). These validations
confirmed that ttr-43 is a pan-sh-glia marker. Further, we gener-
ated stably integrated double-transgenic animals with so glia
labeled by P2 2:GFP and sh glia with Py, 43:mScarlet. These
reporters did not overlap in expression (Figure 5G).

Three further observations independently corroborated sh and
sogliaas distinct cell types. One, GO analyses'?*'** of sh-glia-en-
riched terms included transporter activity, transmembrane trans-
port, and ion homeostasis (Figure S5G), whereas so terms en-
riched for cuticle, regulation of proteolysis, and guidance of
neuronal projections (Figure S5H). Two, hierarchical clustering
showed that so glia are molecularly more related to neuronal
and epithelial cell clusters than sh glia are (Figure S5K). Lastly,
WebCSEA'"® analysis of differentially expressed genes in sh or
so glia indicated that sh glia related to astrocytes and OPCs in
the cortex and RPE in the retina, whereas so glial signatures
were broadly enriched across multiple glial types (Figure S5L).
Thus, both in silico and in vivo reporter studies showed that sh
and so glia are distinct cell types, with different functions and mo-
lecular attributes.

C. elegans glia are variably sex dimorphic
Having both sexes in our annotated transcriptome enabled anal-
ysis of sex-specific differences in glial cells with single-cell and
single-gene precision. Because sex is transcriptionally encoded
in C. elegans,'* we investigated whether any TFs were ex-
pressed in a sex-specific manner. Differential gene expression
analysis uncovered that TFs like MDL-1/MAD and CEY-4/Y-box
were upregulated in hermaphrodite glia (Figures 6A and S6A). In
corollary, MAB-3/Doublesex, expressed in male intestines and
neurons,'?® also expressed in male glia (Figures 6A and S6B).
Further, of the sex-determination TFs, only the feminizing TRA-2
TF expressed in one of the three OLso (sex-shared) glial clusters
(cluster 9), with higher expression in male cells (Figures 6B, 6C,
and S6C), indicating potential “feminization” of a subset of male
OLso glia. Thus, anatomically sex-shared glia have differing and
molecularly dimorphic TF expression profiles.

These analyses also identified molecular sex dimorphism in the
sex-shared PHsh and OLsh glia not previously predicted by

(C) Dot plot of the top 14 genes distinguishing sh/so clusters.
(D) Minimal gene set that predicts sh and so types with >99% accuracy.
(C and D) Dot plot color and size as per Figures 4A-4C.

(E-G) Transcriptional GFP reporters in vivo. (E) zipt-2.2 reporter expression in several so cells. High expression in ILso and AMso, anterior RFP* cells. Increased
GFP intensity in dimly expressing glia (arrows, €’), most likely CEPso and OLso. Expression in the midbody PDEso, hermaphrodite PHso1/PHso2, male PHso2
(arrows), and PHD neurons (arrowheads). Scale bars, 10 pM except for midbody, where scale bar, 5 pM. (F) sh kcc-3 GFP* and ttr-43 mScarlet* reporters showing
overlapping expression, except the region anterior to the CEPsh (arrows) and (', arrowheads). Expression also observed in the PDEsh, PHsh glia in both sexes,
and male ray glia. Scale bars, 10 uM, except for midbody and (f'), where scale bars, 5 pM. (G) zipt-2.2 GFP* and ttr-43 mScarlet* reporters showing non-

overlapping expression. Scale bars, 10 pM, midbody image scale bar, 5 pM.
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Figure 6. C. elegans glia are variably sexually dimorphic

(A) Volcano plot (t test) of sex-specific TFs. Top 5 genes labeled.

(B) UMAP showing imputed expression of tra-2.

(C) Differential gene expression of tra-2 between sexes. ***p < 1e—4 (t test).

(D) Volcano plot (t test) of PHsh glial gene expression by sex. Top 5 genes labeled.

(E-G) Transcriptional reporter images in vivo. (E) GFP reporters for col-177, mfsc-1/T27D12,1, and ntfc-1/Y71H10B.1 depicting expression in various combi-
nations of ray glia (arrows). (F) CEG spig-17/F40H3.2 GFP reporter expression in PHso2 of both sexes. (G) CEG spig-16/F35C5.12 GFP reporter expression in
PHso2 of hermaphrodites but not males. (F and G) MAGIC'“® imputed expression illustrated for all genes. Dotted line, animal outline. All scale bars, 10 uM.
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anatomy. The PHsh vap-71— subcluster in cluster 10 was nearly
exclusively comprised of hermaphrodite cells (Figures S2C and
S6D), whereas male PHsh glia mapped to cluster 27 (Figures 3A,
3D, and S3D). Thus, the anatomically identical PHsh glia are
molecularly sex dimorphic. Differential gene expression and GO
analysis of PHsh glia between sexes showed several sex-specific
genes (Figure 6D) and divergent GO profiles (Figure S6F). Similarly,
two of the four ILsh clusters (clusters 1 and 23) were male specific
(Figure 2B), despite no sex dimorphism previously reported for this
sense organ. These findings provide molecular insights into sex-
specific glia and previously unrecognized molecular sex dimor-
phism in anatomically identical C. elegans glia.

Our validations identified clusters for all male-specific sh/so
glia (Figure 2A) (Table S1) but not the Rnst (nine bilaterally sym-
metric Rnst, n = ray numbers 1-9). Consistent with the presumed
dual sh-so features of Rnst,”® reporters for multiple sh (ttr-43,
kcc-3, and spig-1) and some so markers (col-177), but not others
(zipt-2.2), expressed in all Rnst glia (Figures 5E, 6E, and S5J). The
only known ray glial gene, ram-5'2° expressed in multiple so and
sh glia (Figure S6H). Further, reporters for CEGs for different glial
clusters expressed differentially in subsets of Rnst glia in vivo
(Figures 6E, S2J, and S6G). Although it is possible that lack of
an Rnst cluster/s reflected technical limitation (poor tissue disso-
ciation), these expression patterns lead us to favor the model
that, like ray neuron and ray sense organ functions,’® Rnst glia
are also not equivalent. Rather, they each are molecularly het-
erogeneous and may have individually clustered with the glia
they were most functionally related with.

We next examined the four sex-shared glia with anatomically
dimorphic features. The CEPsh/CEPso glia associate with
embryonically born CEM neurons only in males.>®6%:72.127.128
However, we found no sex dimorphism for the sex-shared
CEPsh/cluster 16 (49.72% male cells) or CEPso/cluster 19
(25% male cells) glia (Figures 2A and S2A). Thus, interaction
with a sexually dimorphic neuron does not cause persistent mo-
lecular changes in CEPsh/so. Similarly, the AMso of both sexes
coalesce into one cluster (Figures 2F and S2G). Finally, PHso2
serves as the male PHso analog to hermaphrodite PHso1,”%12°
and CEGs from the sex-shared AMso/PHso1 cluster also mark
male PHso2, suggesting functional molecular convergence.
Instead of a male-specific PHso2 cluster, we found the sole her-
maphrodite-specific cluster 0/sex-shared cluster 30 to map to
PHso2 (Figure 2A). Further, reporters for some CEGs marked
PHso2 of both sexes and others only marked hermaphrodite
PHso2 (Figures 6F, 6G, S6l, and S6J). We inferred that the her-
maphrodite PHso2 is molecularly distinct from male PHso2/her-
maphrodite PHso1. These results show that adult glial cells
exhibit variable sex dimorphism without following anatomical
or sex-determination patterns.

Glia lack the canonical DCV release protein UNC-
31/CAPS

Our glial transcriptome included multiple neuropeptide genes
(Figures 5C, S7A, and S7B; Table S1). Extending prior reports
of predicted glial neuropeptide signaling,®*** we confirmed in vivo
expression of the neuropeptide NLP-16 in glia (Figure S7B). Ama-
jor mechanism of neuropeptide release is through Ca®*-depen-
dent secretion of dense core vesicle (DCV), mediated by the
CAPS protein.'**"®" However, the sole C. elegans UNC-31/
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CAPS was absent in our dataset (Figure 7A). Co-labeling of a
Punc-31:GFP transcriptional reporter with the pan-glial P,-228:
NLS:RFP confirmed this in vivo, consistent with prior reports of
UNC-31 expression only in neurons and vulval muscles. %%
We did find unc-31 expression in glia-derived male MCM and
PHD neurons (marked by persisting P,,;-228:NLS:RFP expression)
(Figure 7B), indicating that lack of unc-37 expression is a feature
of the glial transcriptional profile. Previous studies have shown
glial neuropeptide signaling roles in aging and in response to
endoplasmic reticulum (ER) stress.®*®* However, we found no
unc-31 expression in glia in either aged (day 8) animals or animals
subjected to ER stress (Figures S7F, S7H, and S7J). Thus, unlike
neurons, glia do not deploy UNC-31 as primary release machinery
in either healthy, aged, or ER-stressed adult animals.

This led us to examine other regulators of neuropeptide pro-
cessing in our datasets. Neuropeptide precursors are first
cleaved by proprotein convertases (primarily eg/-3 in neurons
but also kpc-1, bli-4, and aex-5)."*>"3% Like unc-31, egl-3 was
not expressed in any mir-228* glia in vivo but expressed in mir-
228" glia-derived male-specific neurons (Figures 7C and 7D).
Also, like unc-31, egl-3 expression remained absent from glia of
aged or ER-stressed adult animals (Figures S7G, S71, and S7J).

How do glia process neuropeptides? Two of the remaining
three convertases encoded in the C. elegans genome, kpc-1
and bli-4, were present in our dataset, and we confirmed glial
expression of bli-4 in vivo (Figures 7E, 7F, and S7C). Cleaved
pro-peptides are edited by carboxypeptidases (mainly egl-21
in neurons but also cpd-1 and cpd-2), then amidated (by en-
zymes pamn-1, pghm-1, and pgal-1) and packaged for
release.'®"'3%13% We found low expression of the carboxypepti-
dase cpd-1 (Figure S7C) and amidation enzymes (pamn-1,
pghm-1, and pgal-1) (Figure S7D) in our glia data. Finally, neuro-
peptide signals are degraded by different enzymes,'** multiple
of which expressed variably in our dataset (tpp-2, dpf-1, dpf-2,
and acn-1) (Figure S7E). Together, these results show that
although glia express neuropeptides, they process and release
these via mechanisms analogous to, but distinct from, neurons.

DISCUSSION

This study reports the complete and validated molecular census
of adult neuroectoderm glia of a metazoan, spanning both sexes.
By combining snRNA-seq profiling with bespoke computational
approaches and in vivo validations, we defined pan-glial and glial
class signatures, providing molecular markers and mechanistic
insights for previously uncharacterized glia. Complementing
prior neuronal scRNA-seq,*>"? this transcriptome establishes
C. elegans as the first animal with all neural cells (glia and neuron)
profiled and annotated.

The molecular profile of glia of an adult nervous system
by sex

This molecular map (wormglia.org) provides comprehensive,
brain-wide insights into glial biology at the molecular and sin-
gle-cell levels. All C. elegans developmental lineages and glia:
neuron contacts are invariant,”®°° the connectome is mapped
in both sexes,®' and neurons profiled by sex.*>"° This validated
glial transcriptome thus provides unparalleled power to map glial
molecular heterogeneity onto functional consequences. Further,


http://wormglia.org
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Figure 7. Glia lack canonical neuropeptide processing release mechanisms

(A, C, and E) UMAP showing imputed expression of unc-31 (A), egl-3 (C), and bli-4 (E). MAGIC'*® imputed expression illustrated for all genes.

(B, D, and F) Transcriptional reporter images in vivo. Dotted line, animal outline. (B) unc-31 reporter expression does not overlap with P,;-205:NLS:RFP* cells of
either sex, except male MCM/PHD neurons (arrows). (b’) unc-31 expression in MCM neuron (b/, arrowhead) but not AMso glia above; (b”) PHD neuron
(arrowheads). Scale bars, 10 uM, except (b) and (b”) scale bars, 2 pM. (D) egl-3 reporter expression does not overlay with P,;..20:NLS:RFP™ cells of either sex,
except male MCM/PHD neurons (arrows). (d') egl-3 in the MCM neuron (arrowhead) but not the AMso glia above it; (d”) PHD neurons (arrowheads). Scale bars,
10 uM, except (d') and (d”) scale bars, 2 uM.(F) bli-4 reporter expression overlaying with pan-glial Pp,;r.208:NLS:RFP* cells (arrows). (F-F") bli-4 expression in AMsh
glia (F); PHsh glia (f'); predicted IL/OLsh glia, but not all RFP* cells in the head (circles) (f’). No expression is observed in the predicted ILso glia above the box in the
male head (f’). Male tail: PHsh glia (arrow) and all ray glia expression. Scale bars, 10 pM, except (f-f’) where scale bars, 5 pM.

our computational signatures can annotate glia across transcrip-
tomic datasets, allowing for rapid and directed inquiry of glia
across contexts,*>:8%:86:135

These studies identified four in vivo-validated features of glial
biology. First, each glial cell in this animal is molecularly distinct,
demonstrating extensive molecular heterogeneity across the
nervous system. Two, glia group by functional relatedness, not
developmental lineage or physical proximity. Three, each glia

is variably sex dimorphic, with different mechanisms likely
defining this dimorphism in every glial cell. Four, gliarelease neu-
ropeptides via machinery distinct from that used by neurons.

Computational approaches to dissect glial molecular
heterogeneity

Differential gene expression analysis identifies enriched genes in
single-cell data but lacks penalties for multi-cluster gene
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expressions, making it less reliable for differentiating between
homotypic cells. PairDEXx, a pairwise differential analysis proced-
ure reported and validated in this study, enabled us to define
unique CEGs that differentiate between related glia. We antici-
pate that PairDEx will be a broadly applicable protocol to define
any related clusters in single-cell -omics datasets. Further, we
employed logistic regression models to identify pan-glial, sh,
and so signatures. Several features together ensured the accu-
racy, robustness, and generalizability of our approach (see
STAR Methods). Like PairDEX, this classification model can be
broadly applied to derive gene sets that identify user-defined
groups of clusters across single-cell datasets (see “data and
code availability” section for information/tutorials).

C. elegans neuroectodermal glia are comprised of two
distinct classes

We identified a pan-glial signature for neuroectoderm-lineage
glia, comprising six genes, that is robust across datasets, as
well as signatures for both glial classes. These signatures were
based on gene expression alone and were independent of their
gene function. That sh and so glia have distinct signatures
computationally and in vivo, and so glia resemble epithelial cells,
indicates that C. elegans neuroectodermal glia are comprised of
two functionally and molecularly distinct glial types. We posit
that these two glial classes are likely specified via distinct devel-
opmental programs rather than deriving from a common basal
“pro-glial” state.

We also note that although we validated all sex-shared neuro-
ectoderm glia, three sex-shared clusters (17, 18, and 29) remain
unmapped and three epithelial clusters (13, 14, and 20) had so-
glia-like profiles. The relatedness of so glia with epithelial cells
suggests shared molecular functions, tracking prior granular
studies,®>%°'%¢ and may explain why developing a marker for
all so glia or all glia without labeling epithelial cells is not feasible.
Together, we infer that in C. elegans some epithelia and other cell
types may execute glial-like functions. This mixed fate is reminis-
cent of mammalian glia-like RPE cells of the retina and radial
glia.”®""13% Whether this reflects multifunctional cell types or
evolutionary adaptation of the animal having fewer glial cell
numbers remains to be determined.

Glial heterogeneity and sexual dimorphism

Glia within each class exhibited molecular heterogeneity in their
expression profiles of TFs, transporters, and neuropeptide pro-
cessing factors. This tantalizingly suggests that each glial cell,
rather than glial type, may have a combinatorial identity
selector program that builds its functional trait, like neuron
fate specification.’® The molecular markers derived from this
molecular map provide valuable tools to examine glial fate
specification and functional differences. This study also under-
scores the importance of examining these features at single-
glia resolution.

This glial transcriptome identifies a surprisingly complex mo-
lecular map of glia across both space and time. For example,
all ILso are anatomically equivalent and generated by symmetric
lineages but segregate into three clusters, in accord with their
embryonic progenitors likely being non-equivalent.®® Further,
the male Rnst may be non-equivalent. The implied functional
heterogeneity of this awaits inquiry. Finally, we note that none
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of the embryonic genes expressed by CEPsh glia that are
required for nerve ring assembly (kpc-1, chin-1, unc-6, and
mab-20)'*" appear enriched in adult CEPsh.

Our data found that C. elegans glia have varying degrees of
molecular sexual dimorphism, independent of their anatomical
or dimorphic features. This dimorphism can also vary temporally:
some sex-shared glia show dimorphic expression of certain fac-
tors during development,®® whereas others retain expression of
sex-determination factors into adulthood (this study). If true
evolutionarily, it may explain why studies of glial sexual dimor-
phism are challenging in other systems.*®142:143 Thjs transcrip-
tome provides a powerful single-cell resolution platform to inter-
rogate the molecular mechanisms and regulatory processes
underlying glial sex dimorphism.

Glial neuropeptide processing

Neuropeptides are a diverse class of signaling molecules.'**
Although glia across mammals and C. elegans express neuro-
peptides, how these are processed remains unclear.®*'*® Our
studies on glial neuropeptides and neuropeptide processing ma-
chinery demonstrate that glia regulate these processes differ-
ently from neurons. How and why different glia do so differently
will be an exciting avenue for future study.

Molecular signature of C. elegans glia and their
similarity to mammalian glia

Most C. elegans glial genes enrich in human glia,®®"""'%% high-
lighting the evolutionary conservation of molecular pathways.
Although WebCSEA''° is limited by scarcity of adult brain data-
sets, and our dependency on OrthoList2''® to capture accurate
orthologs may introduce additional constraints, the analogies
are suggestive, nonetheless. The resemblance of individual
C. elegans glial cells to various combinations of human glia sug-
gests potential shared functions. This also leads us to speculate
that unlike each human glial subtype with dedicated functions,
each C. elegans glia may combine multiple functional molecular
modules in varying ways to account for fewer numbers of avail-
able dedicated glia.

Limitations of the study

As with all single-cell transcriptomic studies, ours is also limited
by 3’ sequencing bias, potential loss of low-abundance tran-
scripts, and a lack of information on isoform-specific gene
expression. We note that lack of a transcript is uninformative un-
less validated in vivo (e.g., unc-31 and ptr-10). Further, CEG tran-
scriptional reporters are extrachromosomal mosaic arrays. Like
all such studies in C. elegans, these can vary by copy number,
fluorescence reporter perdurance, and brightness. For example,
CEG spi-2 expresses brightly in arcade cells and lowly in ILsh glia
by GFP, but the ILsh glia are easily identified with mScarlet.
Finally, our high-throughput transcriptional reporters may have
missed relevant enhancer elements.
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Materials availability
Plasmids and strains generated in this study are available, without restriction,
by contacting Aakanksha Singhvi (asinghvi@fredhutch.org).

Data and code availability

® Raw and processed snRNA-seq dataset of males and hermaphrodites
are available on the Gene Expression Omnibus (GEO) accession num-
ber: GEO: GSE256266 (https://www.ncbi.nim.nih.gov/geo/query/acc.
cgi?acc=GSE256266).

@ Jupyter notebooks for reproducing figures in the manuscript are avail-
able at https://github.com/singhvilab/glia-atlas-reproducibility. Jupyter
notebook tutorials for pairwise differential analysis, classification
model, and gene ranking are available at https://github.com/settylab/
worm-glia-atlas.'’

® Mendeley data: PairDEx related to Figures 2 and 3, and Purice et al.
pan-glial signature versus Roux et al.?® at days 1, 5, and 11 related to
Figure 4, were deposited on Mendeley (doi: https://doi.org/10.17632/
sfnrgj5y4c.1)

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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See Table S4 for a list of all plasmids

N/A

Software and algorithms

Fiji (2.16.0)

ApE

Adobe Creative Suite

GraphPad Prism (9.5.1)

R (4.1.1)

Cell Ranger (v5.0.1)

Python (v3.8.10)

Python package scanpy (v1.9.1)

Python package scikit-learn (v0.24.2)

Schindelin et al.’*°
Davis and Jorgensen'®’
N/A

N/A

N/A

10X Genomics

Python

SCANPY: large-scale single-cell
gene expression data analysis'**

Scikit-learn: Machine Learning in Python'>®

https://imagej.net/software/fiji/;
RRID:SCR_003070
https://jorgensen.biology.utah.edu/
wayned/ape/; RRID:SCR_014266
https://adobe.com;
RRID:SCR_014199
https://www.graphpad.com/;
RRID:SCR_002798
https://www.r-project.org/;
RRID:SCR_001905
https://support.10xgenomics.com/
single-cell-gene-expression/
software/downloads/latest

N/A
https://scanpy.readthedocs.io/
en/stable/installation.html
https://scikit-learn.org/
stable/install.html

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Python package scipy (v1.7.0)

Python package palantir (v1.0.0)

Python package harmonypy (v0.0.5)

SciPy 1.0: fundamental algorithms for
scientific computing in Python'>*
Characterization of cell fate probabilities
in single-cell data with Palantir'*®

Fast, sensitive and accurate integration
of single-cell data with Harmony'°°

https://scipy.org/install/

https://github.com/dpeerlab/
Palantir https://scipy.org/install/
https://harmony-py.readthedocs.io/
en/stable/user/install.ntml

Other

Confocal Laser Scanning
COPAS Biosort System

Zeiss
UNION BIOMETRICA

LSM780
N/A

Cat#43-50050-03
Cat#43-50030-40
Cat#43-50030-50

Cell strainer (50 pm) pluriStrainer

Cell strainer (40 pm) pluriStrainer

Cell strainer (30 pm) pluriStrainer

Mendeley Data: PairDEx and This study https://doi.org/10.17632/sfnrgj5y4c.1
comparison to Roux et al.
Glial Atlas Website This study https://wormglia.org

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Husbandry conditions of experimental animals
C. elegans were cultured and maintained at 20°C. Animals were grown on NGM-agar plates supplemented with cholesterol and
seeded with E. coli OP50 strain as food source, per standard practice.'®” %8

METHOD DETAILS

Transgenesis methods

Transgenic reporters were generated using standard techniques'®® with injections of 100 ng/uL DNA (5-50 ng/pL per plasmid). All
transgenic arrays were generated with 30 ng/pl Pp,g_24:Venus or 10-20 ng/pL Pyc.120:GFP as co-injection markers'®%'%" and 1-4
transgenes evaluated per genotype. Integrated reporters were created using FLInt (Fluorescent Landmark Interference)'®” landing
pad strains.’*° All strains are listed in Table S4. For all reporter analyses, animals were picked as L4, and expression analyzed a day
later as day 1 adult animals. Unless otherwise noted, all male data was acquired in him-5 (e1490) mutant background.

Preparation of adults for dissociation

Worms were grown on 10 cm, standard 1% NGM agar plates seeded with E.coli strain OP50. To obtain synchronized day 1 adult
worms, embryos were first obtained by hypochlorite treatment (1N NaOH + 4% NaOCI freshly made) of gravid adult hermaphrodites.
The embryos were plated and hatched overnight (16-20 hours) on unseeded NGM agar plates and L1 arrested worms were allowed to
recover on 10 cm OP50-seeded plates at 20°C for 64-68 hours. For each hermaphrodite sample, about 50,000 day 1 adult worms
were washed off plates with M9 into 50 ml conical tubes that were fitted with a 50um pluriStrainer® filter to separate day 1 adults from
embryos or hatched L1s. Filtered day 1 adult hermaphrodite population were spot verified by eye for age, transferred to 15 ml conical
tubes and washed 3x with M9 with centrifugation at 1200 rcf for 1 min. For each male sample, about 150,000 day 1 adult worms of
mixed sexes were washed off plates with M9 into 50 ml conical tubes fitted with stacked 50um, 40 pm, and 30um pluriStrainer® filters
to separate adult males from hermaphrodites. The stacked filtration was repeated 1x. Worms from the 30um filter were a mix of 80-
90% males and some young day 1 adult hermaphrodites. To further enrich for a male only population, this fraction was sorted using a
Union BioMetrica COPAS worm sorter and gated to select animals by size and lack of P4 mVenus staining. This recovered
50,000 males. After sorting, 5x10 pl aliquots of worms were visualized under a light microscope and confirmed to contain 100%
males. We also recovered ~50,000 him-5 hermaphrodites from the worm sorter. All worms were washed again 3x with M9 with
centrifugation at 1200 rcf for 1 min, before proceeding to dissociation.

Dissociation

Single nuclei suspensions were obtained as described®® with modifications to further dissociate the cell membranes. For the her-
maphrodite samples, worms were split into 1.6 ml clear tubes with M9, containing 250 pl pellets. A tabletop mini centrifuge was
used to pellet worms during all dissociation steps. After removing the M9 solution, worms were quickly washed once in 500 pl lysis
buffer 200mM DTT, 0.25% SDS, 20mM HEPES pH 8.0, 3% sucrose), and lysed with 750 pl lysis buffer for 5 min for hermaphrodites
and 3 minutes for males (longer lysis time caused the males to rupture during the downstream M9 washing steps). Cuticle disruption
was monitored by examining 1 pl of sample under a microscope. Lysis was noted as complete when worms had a slightly blunt head
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but were not ruptured. Reaction was stopped by adding 500 pul M9 and 6x quick washes in M9. Lysed worms were then dissociated
by adding 500 pl freshly made 20 mg/ml Pronase mix (resuspended in water) to the worm pellet for 15-20 minutes (adjusted based on
variable Pronase activity/lot). Males were dissociated in 15 mg/ml Pronase. During Pronase incubation, worms were dissociated by
pipetting vigorously with a P1000 pipette set to 400 pl every 45 seconds, rotating between samples for 10 minutes, followed by trit-
uration with a P200 pipette set to 200 pl for 5-10 minutes. Worms were quickly spun down between trituration so that the worm pellet
size could be monitored. Between pipetting, 2 ul of worms were examined on a dissecting scope to assess level of dissociation.
Dissociation was continued until large fragments were gone and the pellet of worms was less than 20yl after centrifugation. With
this protocol, most cell membranes were digested away. To stop the digestion, 750 pL of ice-cold 1xPBS/10%FBS was added to
the tube. Dissociated nuclei were transferred to a 1 ml syringe using a 27-gauge needle. The needle was replaced by a 5 uM syringe
filter that was pre-wetted with ice cold 1xPBS. The nuclei were gently passed through the syringe filter directly into the FACS collec-
tion tube on ice. Protector RNase Inhibitor was added to the following solutions: Pronase, PBS-FBS, and PBS-L15-FBS to get final
concentration of 2U/pl inhibitor.

Cell sorting and single nuclear RNA-sequencing

Nuclei were sorted with a Sony MA90O cell sorter fitted with a 100 pm nozzle running at a speed of 10-12k events/second using the PE
(R-Phycoerythrin) filter set channel FL2 (585/30). For hermaphrodite samples, age matched N2 worms were used as negative control
to set FACS gates. For male samples, him-5 males were used as negative controls. In either case, negative controls were taken
through identical dissociation protocols. All nuclei samples were sorted into 1:1 1xPBS:L15 + 30%FBS 2U/pl Protector RNAse inhib-
itor, transferred to a low-bind 2 ml tube and centrifuged 9600g for 5 min at 4°C. Once an RFP* pellet was confirmed under a fluores-
cent dissection scope, the nuclei were gently resuspended in 1xPBS/10%FBS buffer to an approximate final concentration of 1000
nuclei/pL, which was then verified by hemocytometer counting. Each sample approximated 10,000 cells and was then processed on
the 10X Chromium platform using 10X NextGem v3.1 chemistry. cDNA was amplified for 12 cycles and the index PCR was cycled 12
times. Final libraries were brought to 10 nM concentration and processed on an lllumina HiSeq2500 sequencer. Male and hermaph-
rodite samples were prepared and sequenced on different days, for a total of 2 biological replicates for either sex.

RT-qPCR

About 200,000 RFP* nuclei were sorted directly into Trizol LS and stored at —80°C until RNA extraction. “Whole animal” controls
consisted of dissociated nuclei of N2 worms stored on ice during FACS to mimic the same amount of time the RFP* samples
were being sorted; and 100 pl of this nuclei suspension was added to Trizol LS after FACS was complete. After thawing, samples
were incubated at 65°C for 5 min with vortexing every 1 minute. One fifth volume of chloroform was added to each sample and mixed
in a 5Prime-Heavy Phase Lock Gel, and samples were then centrifuged (12,000g, 15 min). The upper aqueous phase was removed,
and RNA was isolated using Qiagen RNeasy MinElute Cleanup Kit. RNA was quantified using the Qubit fluorometer. DNase digestion
and RNA reverse transcription was performed using Qiagen QuantiTect Reverse Transcription Kit. The resulting cDNA was diluted
1:5, and 2ul was used for each RT-qPCR reaction. Real time assays were performed using TagMan gene expression assays
(ThermoFisher) and TagMan Fast Advanced Master Mix on a QuantStudio™ 5 system (ThermoFisher). Gene pmp-3 (TagMan assay
Ce02485188_m1) was used as the control housekeeping gene. The following TagMan assays were also utilized: unc-119 (TagMan
assay Ce02452615_g1), spig-9/F53F4.13 (TagMan assay Ce02484052_g1), kcc-3 (TagMan assay Ce02434964_g1), ptr-10 (Tagman
assay Ce02418075_g1).

Transcriptional reporter plasmids

For each CEG transcriptional reporter, the promoter sequence was determined as the sequence upstream of the ATG start codon
and up to either 3kb upstream or to the nearest upstream gene, whichever came first. This was PCR-amplified from genomic
DNA with Sphl and BamHI enzymes in the promoter sequence and the amplicon was ligated into pSM:GFP."®® Some plasmids
were generated by restriction cloning into pSM:GFP vector, and most via Gibson assembly. Briefly, the PCR-amplicon also contained
the Agel enzyme site in the promoter sequence. Gibson assembly was performed by mixing fragments of the different DNAs at a 2:1
or 3:1 ratio (insert:vector) and a 2X Gibson Assembly Master Mix. The bacterial transformation was done using either Invitrogen Sub-
cloning Efficiency™ DH5a Competent Cells or NEB 5-alpha Competent E. coli (High Efficiency). All plasmid sequences (Table S4)
were verified by standard Sanger sequencing or Oxford Nanopore Technologies whole plasmid sequencing (plasmidsaurus).

Microscopy, Image Processing, and Analysis

Day 1 animals were immobilized with 40mM sodium azide. Images were collected on a Zeiss 780 LSM NLO with a 40x/1.3NA Plan
Neofluar oil-immersion. Image processing was done in FIJI Imaged and Adobe Photoshop. Outlines of head and tail regions were
based on reference transmitted light images acquired simultaneously and overlayed in FIJI and Adobe InDesign. For each genotype
analyzed, 1-4 transgenes were examined (Table S4). From the 10-20 animals evaluated for each transgene and sex, on average, 2-5
animals displaying clear expressions in the correct orientation were imaged for documentation. All images in figures shown as
Z-stack projections.
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Aging and tunicamycin stress

For the aging experiments, L4 staged animals were picked onto fresh NGM plates seeded with OP50 and maintained at 20°C. The
adults were transferred daily to new plates to avoid overcrowding, and this process continued until the animals reached 8 days of
age, at which point they were imaged. For inducing stress in young animals experiments, endoplasmic reticulum (ER) stress was
induced using previously described protocols® with UPRFR reporter animals (P, 4::GFP) as positive control to monitor stress in-
duction (Figure S7J). Briefly, animals were age-synchronized by bleaching and grown to the L4 stage at 20°C on OP50. At the L4
stage, the animals were washed off the plates using M9 buffer, washed once more with M9, and resuspended in M9 containing either
25 ng/pL tunicamycin (EMD Millipore, 654380) or DMSO (Sigma, 472301) as a control. The animals were incubated at 20°C on a
rotating platform for 3 hours. After incubation, the animals were washed twice with M9, replated onto fresh NGM plates seeded
with OP50, and allowed to recover overnight at 20°C. The following morning, the animals were imaged.

Single-cell data analysis

10X Cell Ranger (v5.0.1) was used to generate the count matrices for each sample. The 3’ untranslated regions (UTRs) in the refer-
ence transcriptome (WormBase WS280) were previously reported to be too short for reliable gene assignment.*>®® Therefore,
following the previously published approaches for prior genome releases, we extended 3’ UTRs for the WS280 genome.*>°® Spe-
cifically, for genes not overlapping with a downstream gene, 3° UTRs were extended by 50, 100, 150, 200, 250, 300, 400 and
500bp. If the extended sequence collided with a downstream gene, it was trimmed back to the base next to the gene. The unmodified
and eight modified GTF files were each used to build a reference genome. Protein-coding genes and non-coding RNA genes (lincR-
NAs, ncRNAs and antisense RNAs) were included for gene expression count determination. Cell Ranger was used to generate a
count matrix for each sample relative to each reference and the optimal 3’ UTR extension was defined as follows: 20 reads were
considered as a significant gain by an extension interval. For each gene, the cumulative sums from 3’ (the longest extension) to 5’
was calculated after subtracting 20 from read increment in each extension interval. The optimal extension for a given sample was
set to the point which had the smallest cumulative sum of less than 0. If cumulative sums were all greater than zero, the optimal exten-
sion was set to 500bp. The final extension of a gene was set to the point supported by most samples and by at least two samples.
Cell-containing droplets by 10X Cell Ranger were used for downstream analysis (16687 cells in hermaphrodites and 14723 cells in
males replicates respectively, for a total of 31410 cells measured across 28045 genes). Housekeeping genes were excluded from all
downstream analyses (Table S1). The four samples were concatenated resulting in a final count matrix of 31410 cells and 12376
genes. For hermaphrodites, this reflected 1114 UMIs/cells and 458 genes/cell detected; for males 1350UMIs/cell and 525 genes/
cell; which globally averaged to 1224 UMls/cell and 491 genes/cell detected, and ~90k-100k mean reads per cell, which accounts
for ~92-94% of genome. Thus, recovery from our single-nuclear RNA-seq approximated that of reported single-cell RNA-seq
studies.®>%°

Data processing

Data processing was performed using the scanpy package'°” with default parameters unless specified. Raw counts were normalized
by dividing the counts by total counts per cell. The normalized data was multiplied by the median of total counts across cells to avoid
numerical issues and log-transformed with a pseudo count of 1. Feature selection was then performed to select the top 2500 most
highly variable genes (using scanpy.pp.highly_variable_genes), which was used as input for principal component (PC) analysis with
50 components. PCs were used as input for generating UMAPs'®* (with min_dist=0.2) and clustering with Leiden, '®® resulting in 51
clusters. MAGIC'*® imputation was used to visualize gene expression on UMAPs.

Annotation of glial, neuronal, and anatomical compartments

We utilized a multi-pronged approach to annotate each of the 51 clusters as belonging to one of glial, neuronal, and non-neural com-
partments. First, we identified differentially expressed genes for each cluster using scanpy.tl.rank_gene_groups by comparing
gene expression in each cluster to all other cells (adjusted p-value < 1e-3, logFC > 1.5). We then performed a literature survey to
identify cell types where possible (Table S1).

Next, we utilized the CeNGEN™*° dataset to identify neuronal, and other non-glial clusters. Count matrices and annotations were
downloaded from the NCBI Gene Expression Omnibus (GEO) at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE136049. Data was processed as described in the “data processing” section. Differential expression was performed to iden-
tify sets of genes that define each cell type (adjusted p-value < 1e-3, logFC > 1.5) in the CenGEN data (Table S1). Each set of genes
for a given cell type in the CeNGEN data were then used to derive gene signature scores for each cell in our dataset: We first z-scored
the expression of each gene across all cells and a signature score was computed for each cell by averaging the z-scores expression
across the gene set. Gene signature scores were then used to associate compartments to our clusters based on the enrichment of a
particular CenGEN cell type signature. As a complement and to corroborate our findings, the same analysis was done with the Roux
dataset®® where the same enrichment analysis was performed using the D1 hermaphrodite cells to derive signatures. Using this
approach, we identified clusters that were consistently highly enriched for anatomical or neuronal signatures in either CeNGEN
and Roux data by visual inspection (Figure 1F; Table S1). The remainder of the clusters were annotated as putative glial cells. These
clusters were also enriched for glial signatures from either dataset (Figure 1F; Table S1).
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Batch effect correction between all hermaphrodite and male cells

We excluded mitochondrial genes prior to batch correction (Table S1). We then identified highly variable genes separately amongst
the hermaphrodite and male cells (2500 genes for each sex) and used the union of these highly variable genes for downstream anal-
ysis (3355 genes) as input to PCA (50 components). Harmony'°® was used to perform batch effect correction and the corrected PCs
were used as input for UMAP and Leiden clustering (Figure S4A). We identified 43 clusters following batch-correction (Figure S4A).
Cell type compartments were transferred by computing the fractions of glia, neuronal and anatomical cells within each cluster and
assigning labels to each cluster based on the highest proportion of cells that make up a particular cluster. Batch corrected data was
used for visualizations and for identification of pan-glial marker genes.

Glial compartment batch correction

Normalized count matrix was subset to contain only the annotated glial clusters. Batch correction was performed as described above
after reselecting highly variable genes using only the glial cells (3626 genes). Leiden clustering led to identification of 32 clusters
(Figure 2A). We note that batch-correction may mask biological variance between sexes, hence this conservative data processing
will, if at all, under-report inherent sexual dimorphism.

PairDEx for computational annotation of glial types

We observed that standard differential expression analysis that compares cells of one cluster to all other cells was insufficient to iden-
tify genes that are uniquely expressed in each cluster. Therefore, we devised PairDEx to identify genes that are likely expressed spe-
cifically in each cluster, which we term CEGs: cluster enriched genes. PairDEx performs pairwise differential expression analysis pro-
cedurewhere each cluster is compared to every other cluster leading to higher degree of specificity for CEGs. Thus, CEGs served as
input for our in-vivo experiments to annotate glial cell types.

Given a cluster that needs to be annotated, we first performed differential expression analysis using scanpy.tl.rank_gene_groups
to compare cells of the cluster with cells of every other cluster separately. We then enumerated the number of comparisons in which a
gene was significantly higher (adjusted p-value < 1e-25, logFC > 1.5 - stringent filtering criteria was used to ensure specificity).
Genes were ranked based on their frequency of significant differential expression and visualized using heatmaps (e.g: Figure 2C).
Candidates for in vivo validation were selected based on the frequency of differential expression and their mean expression in the
cluster. Clusters were annotated as a particular glial cell type based on in vivo anatomical locations and previously characterized
marker genes (Table S2).

Additionally, these results were used to create a table of top markers (Table S2). In brief the top 10 markers in terms of number of
significant comparisons were identified for each cluster. If a cluster had more than 10 marker genes which were significant in all 31
comparisons, all were used. Additional information such as the percent of the cells in the cluster expressing the gene, and other cell
types identified as expressing the gene were recorded.

Sex-specific and sex-shared glial types

We nominated a cluster as sex-specific or shared based on the fraction of male and hermaphrodite cells in the cluster. A cluster was
assigned as hermaphrodite-specific if it comprised of >90% hermaphrodite cells, as male-specific if it comprised of >90% male cells,
and as a shared cluster otherwise (Figure S2A). The thresholds were chosen such that the quantification should reflect the true
biology of sex-specific glia. We expected one or two hermaphrodite specific glial clusters to account for hermaphrodite specific glia.
Sexually dimorphic PHsh glia analysis

We compared the vap-1~ (hermaphrodite enriched) cells from Cluster 10-AMsh/PHsh with the cells of the male Cluster 27-PHsh. Dif-
ferential expression between the hermaphrodite and male PHsh glial cells was performed with scanpy.tl.rank_gene_groups func-
tion (method = “wilcoxon”). Genes that met the following criteria were considered significant and highlighted on the volcano plot:
adjusted p-value < 1e-4, absolute logFC > 1.5, and expression in greater than 10% of cells in either group.

Sheath and Socket glia annotations

Sheath and socket glia annotations were determined using hierarchical clustering. Mean of batch corrected principal components for
each cluster were used to compute the pairwise cosine similarities between each pair of clusters within the glia only dataset. The
pairwise similarity matrix was hierarchically clustered using the scipy.cluster.hierarchy function (linkage=‘average’ and metri-
c=*‘euclidean’). This resulted in two distinct clades which were annotated as sheath and socket based on annotation of glial cell types
(Figure 5A).

Determination of pan-glial markers

A supervised classification approach was used to identify a core set of markers that could accurately distinguish between glia and
non-glial cells based on gene expression. Specifically, we trained a logistic regression model to distinguish between glial cells and
non-glial cells (Neurons/Non-Neural/Coelomocyte cells) using gene expression as features and devised a feature ranking scheme to
identify a small set of markers that span all glial cells.
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Gene selection
The following criteria were used for selection of genes as features: (i) Genes that are highly variable in either hermaphrodite or male
glial and non-glial cells and (i) Genes detected in at least of 40% of cells in at least one cluster. MAGIC imputed gene expression'*®
following batch correction was used as features for training the classifier.
Cell selection
Hermaphrodite cells were used for training to test for generalization. Cells that were part of the in vivo validated glia types were used
as the glial class for training. Cells from neuronal, non-neuronal and coelomocyte clusters were used as the negative class. Glial-like
cells that were identified in our dataset were excluded (Clusters 13, 14, 17, 18, 20, 29). The classification model was trained using
hermaphrodite cells and the male cells were used for inference and validation of the selected genes (Figure S4A).
Logistic regression
Formally, the gene expression matrix can be represented as X € R/*Meere where ncgyis the total number of cells (both glia and non-
glia) and mgene is the number of genes. Each cell i was associated with a label such thaty; = 1iscelliisaglial celland thaty; = — 1is
cell i is a non-glial cell. Cells were randomly split into training (70%), validation (20%) and test (10%). The sampling was performed
separately for each cluster to ensure representation of each cluster across all the splits.

A logistic regression model was trained using sklearn.linear_model.LogisticRegression'*® with L1-lasso regularization penalty.
L1 regularization effectively eliminates genes that are not informative in predicting class labels and retains genes that are most infor-
mative for distinguishing glial and non-glial cells. The model is defined as follows:

1

Paiia(Xi;,w) = Tre— g

@~ (xiw+wo)

Pron—-aiia(Xi, W) = 1= Pga(X;) = 1o Gawiwg)

Where:

- X; is the gene expression vector of length mMgenes for cell i

- w e RMes<1 represents the parameters of the logistic regression model and represents the importance of each gene in dis-
tinguishing glial and non-glial cells. Genes with positive weights are more informative for glial cells whereas genes with negative
weights are more informative for non-glial cells.

- wy is the intercept term.

- Pgiia(Xi, w) is the probability of cell i belonging to the glial class.

- Pnon—aiia(Xi, W) is the probability of cell i belonging to the non-glial class.

- By definition, Pgjia (Xi,W) + Pnon — Giia (Xisw) = 1

Given label y for each cell, the parameters were estimated using L1-lasso regularization penalty:

minJ(Y, Pepass (X), C),¥e € C

Where J(y, Peiass (X), €) is the log-loss cost function with L1 penalty defined as follows

Mgen

o=

n es
mMinJ(y, Peiass (x),€) = > [V 109(Paia (%)) — (1 — ¥1)10g(Pron - cia (X:))] + [Iwill,
i=1 i=1

cis the inverse of regularization parameter that controls the degree of regularization. We trained the model using a set of inverse
regularization parameter ¢={0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0} and chose the parameter with highest classification accuracy
in the validation dataset. We then retrained the model with this parameter using all hermaphrodite cells for downstream analysis.
Gene ranking and selection
We developed an iterative feature ranking procedure to identify the most informative features that can confidently predict all glial cells
and thus represent a core set of pan-glial markers. The ranking procedure ensures that the selected markers are informative across
the heterogenous glial types.

We first ranked individual genes by their ability to distinguish glial from non-glial cells based on their inferred logistic regression
weights. Briefly, if w is the set of inferred weights, the ability of a gene g to predict glial class is given by Pgs(x;, w9) where
w9 :w 3w; = 0,V i.e., we zero-ed out all the weights of all genes except for gene g and thus estimated the probability of predicting
the glial class using only gene g for cell i.

The probabilities for a gene were summarized across all glial cells to derive a score for the gene as follows:

NGlia

GlialScore(g) = ! > Paia (xi,w'®)
Glia 47

Where x; is a glial cell.
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This process was repeated for all genes used in the model and the gene with the highest score was the selected as the first glial
marker.

NGlia
argrygg[GlialScore(g)} = argmax ZPG”a (x,-,w@)}

geG |Naia

Additional markers were selected in an iterative manner. Let S be the current set of glial markers initialized with the gene with the
highest GlialScore. Using only this set of genes, we computed the average probability for each glial cluster in the data and identified a
glial cluster, k with the lowest probability.

1 Neell

Z Paiia (Xh w'® )

iec

ClusterScore(c,S) =

Neell

k = argmi?[C/usterScore(c,S) ]
ce

where w® : w 3w; = 0, Vigs, i.e., weights of all gene not in the marker set S are set to 0, K is the set of glial clusters, i is a cell in clus-
ter c.
The next gene chosen as a glial marker thus should be informative for cluster k and was chosen as follows:

Gada = argmaé([ClusterScore(k,S’)] |S" = Su{g}
ge

The marker set was then updated as S’ = S U {gaqq}
Pan-glial signature
We defined the pan-glial signature as the minimal set of genes that could distinguish all glial clusters from non-glial clusters with
>95% accuracy. Starting with the top 10 genes (Figure S4E), we determined the predictive power of all possible subsets of these
genes (individual genes, two-gene combinations, three-gene combinations through the full set of 10 genes) and identified the small-
est subset that could serve as the pan-glial signature.

To test the predictive power of a given subset in distinguishing glial cells from non-glial cells, we modified the gene ranking pro-
cedure to derive a score for groups of genes rather than ranking of individual genes. Specifically, we determined the glial probability
estimates using only the subset of genes under consideration. If w is the set of inferred weights from logistic regression, the ability of a
set of genes Zgenes to predict glial class is given by Pgja (X;, w'%enes)) where wsenes) : w 3w; = 0,Vig; .. i.€., we zero out all the weights
of all genes except for genes in the set zgenes and thus estimate the probability of predicting the glial class using only the set Zgepes for
cell i. We then compute a CombinationClusterScore for cluster cas follows:

1 NCells in Cluster ¢

CombinationClusterScore (C,Zgenes) = Paia ( i, W(denes))

Ncelis in Cluster ¢ icl

The subset Zgenes With the fewest genes with CombinationClusterScore > 0.95 for all clusters was chosen as the pan-glial signature
shown in Figure 4A.

Robustness checks

We applied the model trained on hermaphrodite cells to the male cells and achieved near perfect classification accuracy (Figure S4B,
right). This demonstrates the generalization of our pan-glial signature the male cells are comprised of a number of male-specific glial
clusters that were not part of the training procedure.

We further tested the robustness of our pan glia signature by utilizing the Roux dataset.”” We combined our data with Roux data by
performing batch correction using Harmony using genes that were highly variable in either dataset (5246 genes). Leiden clustering led
to identification of 111 clusters. Clusters were annotated as Glia if 80% of the cells from the Purice data found in the cluster were of
one of the previously annotated glial types and were annotated as non-Glial otherwise. The model was trained to distinguish glia from
our dataset (Purice et al.) from non-glia from the Roux et al. dataset.®®

t86

Identification of sheath and socket markers

Markers for sheath and socket glia were determined using the same classification and gene ranking procedure defined in pan-glial
marker analyses section. Without loss of generalization, socket cells were used as a positive class and sheath cells were used as the
negative class. Like the pan-glial marker analysis, we used genes that were highly variable in either hermaphrodite or male cells. Only
the subset of these genes that were detected in at least 45% of cells in at least one cluster were used as features for classification.
In vivo validated glia types were used, and glial-like cells were excluded (Figure S5A). Male cells were used for training since there are
higher number of male-specific glial types.
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In contrast to identification of pan-glial markers, gene ranking analysis was performed separately for sheath and socket glia. We
selected 7 genes for socket and sheath respectively with the final gene set containing 14 genes (Figure 5C). The selected genes
consistently showed robust performance in distinguishing and classifying the sheath and socket clusters and generalizes across
both male and hermaphrodite sheath and socket glia.

To identify sheath and socket glial signatures, we employed the same framework applied for identification of the pan-glial signature
to identify minimal sets of genes that distinguish sheath and socket clusters from each other. This identified a 2 gene signature for
sheath and a 3 gene signature for socket glia (Figure S5D).

Cell counting

Heads, midbody (posterior deirid/PDE sense organ) and tails of hermaphrodites expressing P,,;-.228:NLS:RFP pan-glial reporter were
imaged using settings that allowed for capturing dim nuclei. For nuclei counting, the head was segmented into three zones, using the
mid-point of the first and second pharyngeal bulbs as borders between zones. If a nuclei was on the border, it was counted in the zone
with higher overlap. Sheath glia were counted using Py,.43:mScarlet and P,,;-205:GFP as reporter transgenes. Socket glia were
counted using P2 2:GFP and Pr.225:NLS:RFP as reporter transgenes. Cell counting of Py, 45:mScarlet*and Ppr-205:GFP* cells
in hermaphrodite images consistently yielded 22-23 sheath cells, instead of the expected 24 (Figure S5E), with one or a combination
of the AMsh, ADEsh, and PDEsh glia missing. We verified that this was simply a limitation of imaging/animal orientation. 4-5 animals
were counted for each reporter using the multi point tool in FIJI. Graphs were created in GraphPad PRISM.

Gene Ontology (GO) analysis
Genes were filtered by log fold change of 1.5 and p value cut off 1e-3. GO term analysis was performed by using the “Enrichment
Analysis” Tool on wormbase.org."®® Default q value threshold: 0.1 was selected. Graph colors were edited in Adobe lllustrator.

Comparison to human glia

To compare molecular profiles of C. elegans and human glia, we first defined a C. elegans glia-enriched gene set using differential
gene expression analysis for glial vs non-glial clusters, single cell type (AMsh, CEPsh, ADEsh) versus remaining clusters and sheath
glia versus socket glia, and vice versa (Table S3). Genes were filtered by mlogfc of 1.5 and p value cut off 1e-3. We then used
OrthoList2''® to translate this glia-enriched list to its conserved human orthologs with the default “Fields searched” options clicked
(WormBase ID, Common Name, Locus ID, Ensembl ID, HGNC Symbol), minimum one number of programs, and no partial matches
allowed (Table S3). This was then used to uncover the cell type signature using WebCSEA (Web-based Cell type Specific Enrichment
Analysis of Genes)''® which aggregates single-cell transcriptomic data including some adult brain tissues. A p-value of 0.05 was
selected under the interactive p-value heat map and the following datasets were used for enrichment analysis: AdultCerebellum,
Lake_2017_FrontalCortex, Lake_2017_VisualCortex, Voigt_2019_retina_1."%"""®® Only the values for oligodendrocytes, astrocytes,
microglia, OPCs, pericytes, macrophages, RPE, and Schwann cells were selected and recreated in Adobe lllustrator. Mammalian
orthologues of C. elegans genes that were enriched under each glial cell type and tissue are in Table S3.

Comparison between him-5 and N2 hermaphrodite glial cells

Data for him-5 and N2 hermaphrodites were combined and batch effect corrected using Harmony as described above. Variable
genes were selected using the N2 hermaphrodite data (2500 genes). Leiden clustering led to identification of 29 clusters. Clusters
were annotated using the cell type labels generated for this publication from the N2 hermaphrodite data. Only two clusters were
not found to overlap with any of the wildtype data, one appeared to be of a neuronal signature, while the other overlapped with
male ILsh glia when integrated with the him-5 negative male data. This could be due to the presence of some males in the him-5 her-
maphrodite samples. These clusters and all other clusters associated with non-glial populations were excluded, the data was re-
clustered, and UMAP was rerun.

Hierarchical Clustering

Whole Data

Hierarchical clustering of the whole data was performed using scanpy.tl.dendrogram function using default parameters.

Glial Clusters

To identify the transcriptomic similarities amongst our glial clusters, we constructed a matrix containing the mean expression of the
highly variable genes for each of our 32 clusters and used sklearn.pairwise (metric=‘cosine’) cosine similarity to create a pairwise
distance matrix which was subsequently clustered using the same clustering function scipy.cluster.hierarchy (linkage=‘average’
and metric=‘euclidean’).

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantification and all statistical analyses details are included in the relevant Figure Legends and sections of method details.
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Figure S3 (related to Figure 3 and STAR Methods): Computational and experimental annotation of
=, glial cell types. (A) UMAP colored by MAGIC imputed expression of spig-14/Y67D8C.7 and ttr-59. (B)
Expression of spig-14/Y67D8C.7 in N2 males. (C) Transcriptional reporter for ttr-59 depicting no expression
a4 in hermaphrodite tails. Expression in the male SPso (arrows). (D) Same as (A), for spig-8/Y57E12AL.4. Arrow
| > S .. shows high expression in Cluster 27/PHsh. (E) Heatmap showing the cosine similarity between each pair of
* "‘f' ¥ 5 Glusters. Average batch-corrected principal components were used for computing similarities. (F) Distributions
qj’ - ;“»ﬁ “ of cosine similarities of all clusters and the predicted ILsh/OLsh clusters show that the IL/OLsh clusters have
a higher degree of similarity (p-value < 1e-4, Mann-Whitney U test). (G) Same as (A) for spi-2/B0238.12. (H)
Same as (A) for srd-54. (l) Transcriptional reporter for srd-54 depicting varied GFP* expression that overlaps
"* N with RFP. Scale bar = 10 mM (J). mScarlet transcriptional reporter for srd-54 and GFP transcriptional reporter
¢ for OLL neurons. Zoom in (j’) shows single GFP* OLL dendritic tip in close contact with mScarlet* OLsh glia
(arrowhead, arrow). Scale bar = 10 mM and 2 mM in (j’) zoom in. (K) Same as (A) for col-69. (L) Transcriptional reporter for col-69.
Scale bar = 10 mM (M). mScarlet transcriptional reporter for col-69 and GFP transcriptional reporter for IL2 neurons. Zoom in (m’)
shows single GFP* IL2 dendritic tip in close contact with mScarlet* ILsh glia. Scale bar = 10 mM and 1 mM in (m’) zoom in. (N) Same
s (A) for ZK84.1 (O) Transcriptional reporter for ZK84.1. Scale bar = 10 mM. (P). mScarlet transcriptional reporter for ZK84.1 and GFP
transcriptional reporter for OLL neurons. Zoom in (p’) shows single GFP* OLL dendritic tips that do not overlap with mScarlet* glia —
suggesting they are ILsh glia. Scale bar = 10 mM and 5 mM in (p’) zoom-in. (Q) CEPsh GFP transcriptional reporter ntfc-1/Y71H10B. 1
depicting expression in a second subset of cell near the first pharyngeal bulb (arrows). (R) SPso GFP transcriptional reporter ttr-59
depicting expression in head and tail epithelia. (S) Same as (A) for spi-3/C25E10.7. Right: Transcriptional reporter spi-3/C25E10.7
expression in two bilateral cells in the postcloaca region, suggesting they are the hypodermal PCh cells. (T) Same as (A) for spig-15/
C49F5.7. Right: Transcriptional reporter spig-15/C49F5.7 expression in the head of hermaphrodites and tails of both sexes, suggesting
this gene has strong expression in the posterior epithelia. (U) Same as (A) for grd-10, suggesting this is the seam cells cluster, which
the P_. .., Promoter also expresses in. Panels Q-T scale bars = 10mM.
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Figure S4 (related to Figure 4 and STAR Methods): Molecular characteristics of C. elegans glia. (A) Glial vs non-glial clusters after
batch-correction. (a) UMAP showing all in vivo validated clusters and identified neuron, non-neural, and coelomocyte clusters. a’)
UMAP showing the subset of hermaphrodite cells labeled by sex (left) and tissue type (right). (a”) Same as (a’), for male cells. (B) Left:
UMAPSs colored by glial probability estimates from the logistic regression model trained using hermaphrodite cells: Using the full set of
genes (top) and the identified subset of 10 genes (bottom) using the feature ranking procedure. Right: Same for male cells. C) MAGIC
imputed expression of the selected top 10 genes on the batch-corrected UMAP. (D) Strip plot showing the predictive confidence of gene
combinations compared to the full set of genes in distinguishing glia from non-glia. Each dot is the mean glial probability estimate for a
glial cluster colored by colors in panel (A). (E) Dot plot showing the expression of the top 10 ranked genes. Display as per Figure 4A-C.
(F) Pan-glial gene expression pattern in Day 1 Roux et al., 2023. Expression for genes col-34, gst-28, spig-16/F35C5.12, C0585.8, cnc-
10, and glb-1 shown. (G) Same as (D) in distinguishing Purice et al., glia (this study) from Roux et al., 2023 non-glia. (H) Same as (E)
to distinguish between Purice et al., glia and Roux et al., 2023 non-glia with >99% confidence. Boxes = overlapping genes. 1) mab-9
expression in a subset of mir-228* glia in male tail. Scale bar = 10 mM, inset = 5 mM (J) MAGIC imputed gene expression of ceh-27
and /im-7 across the ILso/OLso clusters. (K) MAGIC imputed gene expression of ceh-27 and lim-7 across the ILso/OLso clusters in
Purice et al and Roux et al., 2023 datasets. (L) UMAP colored by MAGIC imputed expression of irk-3. (M) Enrichment of C. elegans
differentially expressed AMsh genes in different human glia and glia-like cells using WebCSEA. (N) Same as (M) for CEPsh. (O) Same
as (M) for ADEsh. M-O: Uncorrected p value < 0.05. Heatmap color is proportional to the tissue-cell type specificity of inquiry gene list
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Figure S5 (related to Figure 5 and STAR
Methods): Identification of glial class
signatures. (A) Sheath vs socket clusters
(a) UMAP of sheath and socket clusters
(same as in Fig 2A). (a’) UMAP of
hermaphrodite cells labeled by sex (left)

and tissue type (right). (a”) Same as (a’),

for male cells. (B) Top: Sheath and socket
probabilities using logistic regression model
- trained using male cells. Bottom: Same

as top for hermaphrodite cells. (C) UMAP
colored by MAGIC imputed expression of
the top 7 sheath and socket genes. (D) Strip
plot demonstrating the predictive confidence
of gene combinations compared to all genes,
and minimal set of genes. Each dot is the
mean sheath or socket probability estimate

Tail

| Had Tail J Head Tail Head Tail

zipt-2.2 pan-glia ‘ spig-1 pan-glia ‘ ‘ ttr-43 pan-glla ‘ ‘ kcc-3 pan-glia ‘ for the corresponding sheath or socket
K ] cluster and colored by colors in panel (A).
(E) Cell counts of socket (P, . .. NLS:RFP*
. + +
‘ Oligodendrocyte Oligodendrocyte and Pzipt22 GFP ) and Sheath (Pm//' 228" GFP
‘ ﬂ ?W F W acye o o HE g and P,..,mScarlet) nuclei across the head,
Ihm ! - e Ml £ midbody, and tail. (F) Dot plot of mean gene
E £ Maciophage Macrophage § . .
o™ o B i . expression for sheath-vs-socket binary

: classifier model using L2 penalty. Top 30

: sheath and socket genes shown. (G) GO
term analysis on sheath clusters compared to socket clusters. (H) GO term analysis on socket clusters compared to sheath clusters.
U PZ, +2,-GFP* transcriptional reporter shown in Figure SE with increased GFP brightness. In the head, faint expression is observed in
head eplthelia (arrowhead) and excretory gland cell (asterisk). In the male tail, expression is observed in the putative PCso (arrows)
and HOso (wide arrow). In the hermaphrodite tail, expression is observed in glia (arrows) and epithelial cells (arrowheads) that co-
localize with pan-glia nuclear RFP. (J) Three putative sheath GFP transcriptional reporters for spig-1, ttr-43, and kcc-3. Expression
consistently absent from AMso and PHso1/2 (arrowheads). (K) Hierarchical clustering of non-batch corrected clusters. (L) Enrichment
of C. elegans differentially expressed sheath and socket genes in different human glia and glia-like cells using WebCSEA. Uncorrected
p value < 0.05. Heatmap color is proportional to the tissue-cell type specificity of inquiry gene list. Scale bars = 10 mM.
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Figure S6 (related to Figure 6 and STAR Methods): C. elegans glia are
variably sex-dimorphic. (A) UMAP colored by MAGIC imputed expression
of mdl-1 and cey-4. Next to each UMAP, differential gene expression of
mdl-1 and cey-4 between sexes. **** P < 1e-4 (t-test). (B) UMAP colored

by MAGIC imputed expression of mab-3. Differential gene expression of
mab-3 between sexes. **** P < 1e-4 (t-test). (C) UMAP colored by MAGIC
imputed expression of her-1, fem-1, fem-2, fem-3, and tra-1. (D) Differential
gene expression of vap-1 between sexes. **** P < 1e-4 (t-test). (E) Dot plot
displaying the expression patterns of Cluster 27 CEGs. Displayed as per
Figure 4A-C. Clusters 10 and 27 outlines depict that Cluster 27 (male PHsh)
contains distinct gene expression from Cluster 10 (AMsh/PHsh). (F) GO
term analysis on putative hermaphrodite specific PHsh glia vap-7-cells in
Cluster 10) compared to PHsh glial genes from Cluster 27. (G) UMAP col-
ored by MAGIC imputed expression of mfsc-1/T27D12.1. (H) UMAP colored
by MAGIC imputed expression of ram-5. (I) Pairwise comparison of Cluster
0 and 30 with these clusters outlined on each heatmap. For Cluster 0, every
12" gene shown. (J) UMAP colored by MAGIC imputed expression of spig-
17/IF40H3.2 and spig-16/F35C5.12.
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Figure S7 (related to Figure 7 and STAR Methods): Glia lack canonical neuropeptide
processing and DCV release mechanisms. (A) Dot plot of mean neuropeptide gene
expression, displayed as per Figure 4A-C. (B) Z-stack projections of adult male head, midbody,
and tail showing nip-16 transcriptional reporter expression. (C-E) UMAPs shown like Figure 7A
for: (C) kpc-1 and cpd-17; (D) amidation enzymes (pamn-1, pghm-1, pgal-1); (E) degradation
enzymes (tpp-2, dpf-1, dpf-2, acn-1). (F-G) Z-stack projections of adult male head, midbody,
and tail showing transcriptional reporter expression in aged D8 animals for (F) unc-37 and (G)
egl-3. (H-l) Z-stack projections of tunicamycin-stressed D1 adult head, midbody, and tail

“l showing transcriptional reporter expression of (H) unc-37 and (I) eg/-3. (J) Related to (H-l). hsp-
4 transcriptional reporter expression animals under DMSO and tunicamycin conditions. Scale
bars = 10 mM except midbody panels scale bars = 5 mM, and J scale bars = 100 mM.
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