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SUMMARY

How robustness and plasticity—mechanisms that restrain or promote variation— interact to generate faithful
developmental outcomes remains unclear. Caenorhabditis elegans development, where different environ-
mental and genetic stimuli each can induce larvae to switch from continuous growth to a seemingly identical
dauer (dormancy) state, provides a tractable model to explore this question. To identify dauer features that
differ or are invariant, we compared gene expression of seven dauers generated by different dauer-inducing
conditions, globally and within >100 sets of curated covarying genes or “modules” enriched for functional
features such as “protein expression,” “mitochondria,” “germline,” etc., through gene co-expression
network analyses. We found that most modules varied between dauers. Yet, a subset of modules associated
with dormancy—DNA repair, cell cycle, and cell division— were invariant. We propose that the robust expres-
sion of genes that regulate a few core traits governing dormancy accommodates variation in others, support-

ing dauers’ adaptability and resilience.

INTRODUCTION

Robustness (canalization) and phenotypic plasticity are perva-
sive features of developmental programs. Canalization—the
remarkable tendency for a specific genotype to generate an
invariant phenotype, even when environmental conditions or ge-
netic backgrounds vary—preserves developmental integrity.'™
Phenotypic plasticity—the process by which a single genotype
can yield multiple phenotypes—allows organisms to adapt their
physiology, metabolism, and morphology to a changing and
unpredictable environment.®” How plasticity mechanisms that
promote flexible responses to stimuli and canalization mecha-
nisms that limit variability interact to shape phenotypic outcomes
remains poorly understood.”*”~'" Indeed, depending on the
timing, regulatory nodes, and transcriptome dynamics, canaliza-
tion mechanisms can buffer variations to limit plastic responses
to stimuli,™”"°""" or act cooperatively with mechanisms that
induce phenotypic plasticity to generate and stabilize the
discrete phenotypic outcomes that arise in response to a contin-
uously varying stimulus.®'"18-23

Here, we utilized the dauer stage in Caenorhabditis elegans, an
alternative to the larval stage 3 (L3), as an excellent system to
explore how canalization and plasticity mechanisms shape the
gene expression landscape to produce the discrete and stable
dauer outcome. The dauer arrest is an example of extreme
phenotypic plasticity.>*°® The decision to enter dauer state,
instead of developing continuously into the adult stage, is trig-
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gered during larval stage 1 (L1) by several independent, unfavor-
able environmental conditions such as starvation, crowding,
or extreme temperatures. Seminal studies have shown that the
decision to enter dauer state is triggered by the loss of growth-
promoting signals required to license continued develop-
ment.?* % Thus, when food is abundant, insulins act through
the sole insulin-like receptor DAF-2 in the insulin signaling
pathway (ILS) to antagonize the Forkhead transcription factor
DAF-16/FOXO and permit continuous growth; food scarcity
inhibits DAF-2 signaling, activates DAF-16, and triggers dauer
entry.>+2632:34 | jkewise, DAF-7 antagonizes the DAF-3/SMAD-
DAF-5/Ski transcription factor complex by acting through TGF-
B receptors, DAF-1/DAF-4, to permit continuous growth under
favorable conditions. Inhibition of DAF-7 signaling, which oc-
curs, for example, under high population densities, activates
DAF-3/SMAD-DAF-5/Ski and leads to dauer stage ar-
rest.?#26:30:32.35 |0 addition, the recently discovered cytokine
interleukin IL-17 ortholog, ILC-17.1, is another growth-promot-
ing signal, whose loss triggers dauer arrest by activating the C.
elegans p53 ortholog p53/CEP-1 but also requires DAF-16/
FOXO, DAF-3/SMAD-DAF-5/Ski transcription factors and can
be mimicked by overexpressing p53/CEP-1 (p53/CEP-1 OFE).*¢

The dauer signaling pathways act as redundant switches to
initiate dauer (for example, the ILS/DAF-2 and TGF-p/DAF-7
pathways are genetically independent). Yet, all pathways funnel
through a common node—the steroid hormone signaling
pathway —where the nuclear hormone receptor DAF-12, which
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responds to the steroid hormone ligand DAF-9 produced by
cytochrome P450 (CYP450), under favorable environments,
promotes continuous growth, and when absent, triggers
dormancy.?**>%7%° As a result, dauer larvae induced by
different environmental means or genetic mutations share
similar physiological, metabolic, behavioral, and growth-
arresting mechanisms that postpone growth under unfavorable
conditions. However, several recent studies have shown that
dauers induced by different stimuli also vary in many re-
spects.’®™** For instance, the stereotypic hitchhiking behavior
differs across different dauer types,*? there is natural variation
in nictation behavior,”>*° and like other developmental pro-
cesses, dauer development is also variable.** Furthermore,
while the dauer stage itself has been defined based on the
acquisition of specific characteristics like detergent tolerance,
cessation of pharyngeal pumping, development of specialized
cuticular structures called alae, and unique behaviors such as
nictation, the dauers continue to respond to stimuli and alter
gene expression and physiology, even when dormant.*®*’ In
addition, although the dauer stage has retained its critical role
in the life history across nematode species, it has evolved
important differences.®'***“° For instance, the mechanisms of
activation or inhibition of the Pristionchus pacificus steroid hor-
mone pathway appear to differ,”® copy number variation and
gene duplications in the orphan nuclear hormone receptors
suggest that DAF-12 function may be fast-evolving,®’ and the
role of the TGF-p pathway in dauer formation is not
conserved.“?°? These similarities and differences between da-
uers, both within C. elegans and across related species, raise
open questions®***5* as to which (if any) traits are conserved
in all dauers, whether dauer phenotypes or traits vary depend-
ing on the dauer-inducing mechanism, and how the signaling
pathways that promote dauer formation and generate stereo-
typic dauer characteristics, also, in some cases, yield incom-
plete dauers that vary in their expression of specific dauer
features.®>*":°58 |n addition, because dauer-inducing stimuli
and pathways have pleiotropic effects on aspects of organ-
ismal physiology unrelated to dauer entry, it is unclear whether
the gene expression changes induced by these pathways en
route to dauer arrest are retained during the dauer stage, or
whether dauer arrest resets these gene expression differences
to a more “similar,” conserved, or vestigial state.

Here, we aimed to address these key questions. First, we
asked how the route into dauer influences dauer gene expres-
sion. To answer this, we sequenced mRNA from seven different
dauers induced either by environmental (temperature, starva-
tion, and pheromone) or genetic (ILS, TGF-p, cytokine/ILC-
17.1, and CEP-1/p53) stimuli and compared their gene expres-
sion patterns. Next, we asked which biological or functional
features of dauers were more or less variable. For this, we lever-
aged published data from gene co-expression analyses (e.g.,
gene expression “mountains” identified by Kim et al. (2001)°° ,
and “metabolic pathways” from iCEL1314 compiled by Nanda
etal. (2023),°° and identified over 100 gene sets or modules,>*°"
each containing genes that were spatially and temporally co-
regulated and enriched for pathways such as “protein expres-
sion,” “mitochondria,” “germline,” “fatty acid degradation,”
etc., and examined which modules were most conserved and
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which were most variable across the different dauer types
(e.g., environmental or genetic). To compare modules across
dauer types, we introduced two metrics: dispersion index, which
is a measure of the similarity (canalization) of a module between
sets of dauers, and plasticity index, which captures gene expres-
sion changes that occurred in that module during dauer entry
(see results and STAR Methods). Finally, to examine how the
mechanisms of robustness and plasticity interacted to shape
gene expression during dauer development, we evaluated
whether gene co-expression modules that underwent the most
or least plastic gene expression changes during dauer transition
were more or less variable (dispersed) among dauers.

Our studies show that the dauers generated by different
mechanisms differ in their genome-wide gene expression pat-
terns and in the expression of genes within the various modules.
Nevertheless, a small subset of modules that control cell cycle
progression (DNA repair, cell cycle, and cell division) were
conserved across all dauers. We also found that the constraints
over the expression of genes within the different modules ap-
peared to differ based on the dauer-inducing stimulus. In dauers
triggered to arrest through genetic means, modules that were the
most plastic (i.e., had changed the most during dauer entry) were
also the most conserved. In contrast, among the environmentally
induced wild-type dauers, canalization and plasticity of modules
were either uncoupled or inversely correlated, and gene expres-
sion was generally less canalized and less plastic than in the
genetically induced dauers. This suggests that dauer entry
through genetic triggers may minimize gene expression vari-
ability, whereas environmental triggers may result in larger vari-
ability and a more graded change in gene expression related
to the different dauer features (albeit there are caveats; see
results). Intriguingly, key modules involving genes integral to
the dauer pathway—CYP450 family of genes, DAF-12, DAF-
16, and “insulins” —were among the most variable modules in
environmentally induced wild-type dauers, whereas they were
more conserved in genetically induced dauers. Together, these
findings led us to propose that the transcriptomic architecture
of dauer larvae, in which gene expressions within a limited set
of core cellular modules central for dormancy progression are
held invariant and sufficient to support the dauer phenotype,
might allow dauers to accommodate and retain larger variability
in gene expression caused by different routes into dauer, which
enable their remarkable diversity and adaptability.

RESULTS

Dauer larvae generated through different triggers

C. elegans larvae were induced to arrest as dauers through
different means and harvested for RNA sequencing (Figure 1A).
We used seven different dauer triggers: three environmental
stimuli (starvation, pheromone, and high temperatures),”® and
four genetic stimuli (loss of function mutations in daf-2 (€1370)
I [ILS pathway], daf-7 (€1372) Ill [TGF-B pathwayl], ilc-17.1
(syb5296) X [cytokine IL-17 pathway], and overexpression of
cep-1 [cep-1 OE]).>4?930:3¢ Gtarvation-induced dauers (SIDs)
were generated by allowing wild-type animals to exhaust their
bacterial food at 20°C for over 12 days. Pheromone-induced
dauers (PIDs) were generated by allowing defined numbers of
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Figure 1. Dauers induced through different
genetic or environmental means are tran-
scriptionally distinct

(A) Schematic of the experimental design: Em-
bryos from day-one adults (WT-adults) grown at
20°C were bleach-synchronized and induced to
arrest as dauers or harvested at L2/early L3 stage,
or as WT-adults for RNA-sequencing. Dauers: (1)
High temperature-induced dauers (HIDs): wild-
type (N2) HIDs or wild-type HIDs generated by
growth at 27°C for 48 h. (2) Pheromone-induced
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post-hatching at 25°C, and WT-adults were grown
for 48-52 h post-hatching. Samples were
collected as described in the text.

(B) Micrographs of dauer larvae and WT (N2) L2/
L3. Scale bars, 1 mm.

(C) Principal component analysis (PCA; VST-scaled
data) of the RNA-sequencing data from three re-
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peats of WT-adults, WT L2/L3, WT HID, daf-2
(e1370) lll, daf-7(e1372) Ill, ilc-17.1 (syb5296) X, and
cep-1 (cep-1 OE) and two replicates of WT PID and
WT SID. Many of the replicates occupy overlapping
positions and are not visible in this PCA plot. Genes
included in the PCA: n = 19,040.

(D) Top: Schematic of likelihood ratio test (LRT).

Gene expression in each of the seven dauers was
subjected to an LRT test under the null hypothesis
that dauer gene expression was similar. Bottom:
Histogram with adjusted p value (Holm) results of
LRT.

0.25 0.75 1.00

050
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(E) Heatmap depicting relative gene expression in all seven dauers (Z scores of rlog values). The ten clusters were obtained by hierarchical clustering (method,
complete; distance, Euclidean) between the genes and applying the elbow method to select the optimal number of clusters. Columns are ordered based on the hi-
erarchical clustering. Dendrogram on top of the heatmap. Color bar: Z score-scaled expression. Top: cluster number; x axis: dauers; y axis: genes.

Note: Dauer order on x axis differs in each cluster, based on clustering.

wild-type embryos to hatch and develop in the presence of
ascarosides (a mixture of ascarosides C6 and C3) for 10-
12 days.°® Heat-induced dauers (HIDs) were generated by
allowing wild-type embryos to hatch and develop for 48 h at
27°C. Genetically induced dauers, daf-2 (e1370) lll, daf-7
(e1372) I, ilc-17.1 (syb5296) X, and cep-1 OE backgrounds,
were generated by allowing embryos to develop at 25°C for
48 h following hatching. Dauer arrest in all strains was confirmed
phenotypically and through resistance to 1% SDS.?® We chose
to harvest dauers at the earliest time when >99% of the gene-
tically induced population and approximately 75% of the envi-
ronmentally induced population had entered the dauer stage.
The larvae that escaped dauer arrest in all populations were
either visible as larval stage 4 (L4) and manually removed prior
to harvesting for mRNA extraction, or, as in the case of SIDs
and PIDs, separated by fractionation following detergent solubi-
lization (1% SDS) of non-dauers. Wild-type larvae grown at 25°C
for 30-32 h to larval stage 2/very early larval stage 3 (L2/L3) were
used for a comparison, considering that they represented a

developmentally equivalent stage to dauers. Wild-type day-
one animals were harvested as the endpoint of wild-type
development.

Gene expression differs between dauers

A sample distance matrix produced by comparing expression
levels across all genes between the different dauers, the contin-
uously growing wild-type L2/L3 (WT L2/L3), and adult samples
demonstrated excellent agreement among biological replicates
(Figure S1A). Dauers induced by these different methods
showed strong phenotypic similarities and differed from L2/L3
(Figure 1B), as could be expected.?®?"*° A pairwise Pearson’s
distance matrix (1-Pearson’s correlation coefficient, PCC;
Figure S1B) and Spearman’s correlation tests (Figure S1C) indi-
cated that all the samples shared a strong linear and monotonic
relationship (rho = 0.80 to >0.9). Perhaps, because of the clonal
nature of C. elegans, determinate development of this species,
and tendency of many genes to not be regulated dramatically
at the expression level, this was also true for WT L2/L3 and adults
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(Figure S1C). Nevertheless, despite these strong co-linear
expression patterns,®® dauers generated through the different
genetic and environmental triggers were transcriptionally
different and differed from WT L2/L3 and day-one adults (WT-
adults). This was evident in a principal component analysis
(PCA) using all genes (19,040 genes filtered to exclude low
expression of <10 counts; see STAR Methods; Figure 1C). The
different dauer larvae occupied distinct regions in transcriptional
space and separated from each other, with WT-L2/L3 and WT-
adults segregating along the first principal component (PC1),
which captured most (53%) of the variance. Dauers separated
among themselves along the second principal component
(PC2), which captured 15% of the variance between the samples
(Figure 1C). Notably, the wild-type dauers were more dispersed
from one another, with the PIDs and SIDs exhibiting more simi-
larity and marked differences from the HIDs. The genetically
induced dauers were closer in gene expression space and sepa-
rated into two groups: daf-2 and ilc-17.1, and daf-7 and cep-1
OE. A PCA of only the dauers also confirmed these relationships
(Figure S1D). A likelihood ratio test (LRT) for hypothesis testing
further indicated that the expression of the majority of genes
was dissimilar among the dauers: the null hypothesis, namely
that all dauers were similar (p,q; < 0.05) in gene expression pat-
terns, was rejected for most genes and found to be valid only for
705 of the 19,040 genes (Figure 1D and Table S1).

To identify shared pathways between dauers, we conducted
unsupervised hierarchical clustering of gene expression (rlog)
in all dauers (Figures 1E and S2A; Table S2) and also separately
in environmentally induced, wild-type dauers (SIDs, PIDs, and
HIDs), and genetic dauers (daf-7, daf-2, ilc-17.1, and cep-1
OE) (Figures S2B-S2E; Tables S3 and S4). This analysis, when
conducted for all dauers, further supported the existence of
different dauer types but did not provide a clear understanding
of pathway similarities or differences. Genes expressed in all da-
uer types separated optimally into ten clusters (Figure S2A), and
different dauers shared expression patterns within different,
overlapping clusters enriched for different gene ontology (GO)
pathways (Figure S3 and Table S5). Surprisingly, we did not
observe clustering of daf-2 with SIDs or daf-7 with PIDs, as we
had expected, given the roles of ILS in food sensing and TGF-
B in the pheromone response during dauer induction. Likewise,
the cep-1 OE dauers and ilc-17.1 dauers did not cluster together,
which is also surprising because cep-1 functions in an epistatic
relationship to ilc-17.1°¢ (Figure 1E and Table S5).

Hierarchical clustering of wild-type (Figures S2B and S2D) or
genetically induced dauers (Figures S2C and S2E) separately
was more informative. The best-studied wild-type dauers,
PIDs, and SIDs shared similar expression of genes in clusters
4, 5, 6, and 10, differing from HIDs, and these genes were
enriched in GO pathways related to stress responses, larval
development, post-embryonic development, nervous system
development, ion channel activity, ATP-dependent enzymes,
ATP-hydrolysis, etc. (Figures S2D and S4; Table S5). The HIDs
and SIDs were similar for clusters 1, 3, and 9, dissimilar from
PIDs, and were mainly enriched for genes regulating protein
biogenesis, unfolded protein response, and protein phospha-
tases (translation, peptide biosynthesis process, mRNA meta-
bolic process, IRE1-mediated unfolded protein response, ribo-
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some, eukaryotic translation initiation factor 3 complex,
phosphatase  activity, metallopeptidase activity, etc.;
Figures S2D and S4; Table S5). Genes with similar expression
patterns in HIDs and PIDs—clusters 2, 7, and 8 —were enriched
for sensory perception, nervous system processes, ion channel
activity, cilium assembly and organization, as well as translation
(Figures S2D and S4; Table S5). Importantly, none of the three
wild-type dauers clustered more frequently together. Genetically
induced dauers clustered into two distinct groups: daf-2 sepa-
rated more often with ilc-17.1, and cep-1 OE with daf-7 dauers
(Figure S2E and Table S5). The two groups also showed clear
differences in the expression patterns of genes enriched for
developmental processes altered during dauer stage, such as
“regulation of multicellular organismal development,” “animal
organ morphogenesis,” “mitotic cell cycle process,” and stress
responses (“response to endoplasmic reticulum stress,” “regu-
lation of cellular response to stress,” etc.; clusters 2 and 7;
Figures S2E and S5; Table S5). Cluster 1, which was clearly
distinct in ilc-17.1 dauers compared to the other three dauers,
was predominantly enriched for genes involved in the innate
immune response, consistent with the role of ILC-17.1 as a
conserved cytokine (e.g., “innate immune response,” “immune
response,” “immune system process,” “defense response to
other organism,” “response to biotic stimulus,” “response to
external biotic stimulus,” “response to other organism,” “de-
fense response,” etc.; Figures S2E and S5; Table S5). Surpris-
ingly, cluster 3 genes, which differed in cep-1 OE dauers, were
related to nervous system function (“nervous system process,”
“sensory perception of chemical stimulus,” “sensory percep-
tion,” ‘“detection of chemical stimulus involved in sensory
perception,” “detection of chemical stimulus,” “neuropeptide
signaling pathway,” “G protein-coupled receptor activity,” “ol-
factory receptor activity,” etc.). Cluster 9 genes (“rRNA process-
ing,” “rBNA metabolic process,” “ribosome biogenesis,” and
“ncRNA processing”) also distinctly expressed in cep-1 OE da-
uers, consistent with the known roles of p53 (CEP-1) in nucleolar
function and rRNA biogenesis.®® Cluster 6 gene expression was
different in daf-2 and enriched for chromosomal and nucleotide
metabolism (“meiotic cell cycle,” “chromosome localization,”
“meiotic cell cycle process,” “mitotic metaphase plate congres-
sion,” etc.) and several processes related to rRNA and ribosome
biogenesis (“nucleolus,” “preribosome,” “90S preribosome,”
“ribosome biogenesis,” “rRNA processing,” etc.). Gene expres-
sion in cluster 4, distinct in daf-7 from the other dauers, was
enriched for aspects of phosphorylation and reproductive pro-
cesses (“cell cycle process,” “multicellular organismal repro-
ductive process,” ‘“gamete generation,” “nuclear division,”
“eggshell formation,” etc.; Figures S2E and S5).

Together, these data showed that different dauer triggers led
to dauers with distinct transcriptomes, with the transcriptomic
differences aligning, in part, with what is already known about
the different pathways and dauer types. These differences could
arise because each trigger activated a different hypothetical
“core set of genes” essential for dauer stage entry, and/or
because they affected additional genes not directly related to
dauer, and/or because dauer gene expression is so labile that
even unavoidable differences in harvesting methods, post-dauer
arrest, caused large changes in the transcriptome, even while
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Figure 2. Transcriptomic differences between dauers emerged during their transition from L1/L2d to the dauer state

(A) Schematic of C. elegans development. Top: continuous growth (wild type). Bottom: dauer arrest. Developmental timepoints at which the time-series RNA-seq
samples were collected are highlighted in blue. Estimated dauer decision and commitment point is shown with black bar.

(B) Principal component analysis (PCA; VST-scaled data; n = 19,052 genes) and trajectory of the developmental time series RNA-sequencing data. Colors:
strains. Symbols: time point. Arrows show the developmental trajectory. Note: L1 and L2/L2d stages of ilc-17.1 and cep-1 OE occupy overlapping positions in the

PCA.

(C) Euclidean distance between samples during different development time points (intervals of time). Boxplots show pairwise distance between replicates of each
sample in each comparison. Significance: t test: 15-32 h vs. 32-48 h (p value = 1.19e-28).

(D) Euclidean distance between ilc-17.1 and cep-1 OE larvae between L1 (15 h) and L2d (32 h). Boxplots show pairwise distance between biological replicates in
each sample (replicates per sample = 3, comparisons, n = 9). Significance: t test; *** p value < 0.0001; *** p value < 0.001; ** p value < 0.01, * p value < 0.05.

the larvae remained as dauers. Nevertheless, these studies
suggested that dauer entry did not reset global gene expression
to a common shared expression pattern, or if all dauers did share
a common set of “dauer signature genes,” they could not be
identified using this clustering analysis. Instead, different pairs
of dauers appeared to share similar expression patterns in
different subsets of genes.

Gene expression differences between the dauers arise
during their formation

Previous work has shown that the decision to enter dauer stage
is made during L1 (~14-15 h post-embryogenesis, at 25°C) but
is reversible; commitment to dauer occurs at ~32-40 h at 25°C if
growth challenges persist.?#°0:52:56.6465 | { |aryae then alter
metabolism and growth to enter L2d, instead of L2 (L2d is a
specialized larval stage 2 or L2, committed to dauer;

Figure 2A). Therefore, to understand when dauers acquire their
gene expression differences, we compared the transcriptomes
of L1, L2/L2d, and dauer larvae from wild-type, ilc-17.1, and
cep-1 OE strains. If dauer-associated gene expression changes
develop gradually over the decision and commitment phases,
we would expect L1, L2/L2d, and dauer samples to be posi-
tioned roughly equidistant from each other in PCA space.
Conversely, major gene expression differences arising primarily
during dauer entry from the L2/L.2d stage would be reflected by a
greater separation between L1/L2/L.2d larvae and dauers in the
PCA. We chose to evaluate ilc-17.1 and cep-1 OE strains for
this study, in part, because they were the most different of the
genetically induced dauers (Figure S1C), making them ideally
suited to determine when gene expression differences arose.

A PCA of the gene expression of (1) embryos, (2) 15-h (L1)
larvae of all strains near the L1 time point when the reversible
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dauer decision can be made, (3) 32-h (L2) wild-type larvae fated
to develop into adults, (4) 32-h (L2/L2d) ilc-17.1 and cep-1 OE
larvae fated to arrest as dauers, and (5) dauers (wild type,
PIDs, HIDs, SIDs, ilc-17.1, and cep-1 OE), showed that, in all
strains, the L1, L2, and L2d larvae were more similar in gene
expression space than they were to the corresponding dauers
(Figure 2B). In fact, among wild-type larvae, even though they
were undergoing continuous development, L1 and L2 stages
were more similar than the wild-type HIDs and wild-type SIDs
or PIDs. Likewise, for the ilc-17.1 and cep-1 OE larvae that pro-
ceeded to arrest as dauers, gene expression in the L1 and L2d
stages was barely resolvable in the PCA, whereas the dauer
stages were distinctly separated (Figure 2B). These relationships
were also apparent upon computing the transcriptome-wide
Euclidean distance between the different stages. Within each
strain, gene expression differences between the L1 and L2/L.2d
were markedly smaller than those between L2/L.2d and dauers
or adults (Figures 2C and 2D), suggesting that the main gene
expression patterns of dauers developed after the L2/L2d stage.
This suggests that the differences in “final” gene expression pro-
files of the dauer types were likely acquired during their transition
into the dauer state from L2d and that during the L1-to-L2/L.2d
transition, even in larvae not committed to dauer, gene expres-
sion underwent relatively few changes.

Plasticity in the dauer transcriptome

In all dauers, entry into the dauer stage involved an almost com-
plete alteration of the transcriptome: compared with the continu-
ously growing L2/L3, between 79.6% and 87.7% of the 19,040
genes showed differential expression (PIDs [n = 15,162], SIDs
[n = 15,647], HIDs [n = 15,789], daf-2 [n = 16,700], daf-7 [n =
16,070, ilc-17.1 [n = 16,273], and cep-1 OE [n = 15,979]; paq;
<0.05; mean-difference [MA] plots; Figure S6; Tables S6 and
S7)]. Nevertheless, consistent with the results of the LRT
(Figure 1D), only 50% of these differentially expressed genes
(DEGs) were shared by all dauers (n = 9,332; Figure 3A;
Tables S6 and S7). Despite this, GO enrichment analysis showed
that all dauers exhibited downregulated processes required for
dormancy, such as DNA metabolism (DNA repair, DNA replication,
chromatin organization, etc.), cell cycle (mitosis, mitotic cell cycle,
and meiosis), protein synthesis (ribosome biogenesis, regulation of
translation, tRNA processing, etc.), developmental progression
(oogenesis, spermatogenesis, embryonic morphogenesis, nema-
tode larval development, etc.), and transcription (MRNA process-
ing, mRNA splicing, rRNA processing, mRNA transport, etc.),
albeit to different extents (for GO of DEGs in each dauer, see
Figure 3B; for GOs of shared DEGs, see Figure S7 and
Table S8). These processes are known to be arrested reversibly
upon dauer entry.?*?52":%5 Upregulated DEGs were enriched for
neuropeptide signaling and several pathways involved in neuronal
and sensory functions, also consistent with previous reports
regarding the dauers’ high responsiveness to their environ-
ments*!6-° (Figure 3C and Table S8). A more detailed examina-
tion of genes within each pathway revealed that in many cases, the
DEGs in the different dauer types were distinct but perhaps func-
tionally equivalent, being enriched in similar biological, cellular, or
molecular pathways. For instance, while upregulated genes
across all dauer types were enriched for components of the neuro-
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peptide signaling pathway, even across the three WT dauer types
(HIDs, PIDs, and SIDs), many of the specific neuropeptide-encod-
ing genes differed (Figure S8 and Table S10). Likewise, some of the
specific genes altered in the downregulated GO categories, like
“regulation of translation,” differed between the dauers
(Figure S8B and Table S10). A subset of DEGs were unique to
each of the dauers, with HIDs and SIDs showing the largest
numbers of DEGs, and daf-7 and daf-2 the smallest (Figure 3A).
These genes were enriched for very few annotated GO pathways,
particularly for HIDs, ilc-17.1, and cep-1 OE (Figure 3D and
Table S9). Interestingly, dauers differed in the GO category related
to cuticle components (Figure 3B), which is responsible for
increased stress resistance and mechanosensation.** """

These studies indicated that plasticity (gene expression
changes) among dauers also differed, but dauers shared
approximately half of their DEGs and showed similar enrichment
for a large number of pathways related to the anabolic and cata-
bolic changes that accompany dauer entry. Even among the
shared pathways, dauers differed in the specific genes that
contributed to the enriched pathways, and in each dauer, a
unique set of genes were differentially expressed.

Using gene co-expression networks to infer similarities
and differences between the different dauer larvae

The goals of this study were to understand how the route into da-
uer influenced dauer traits and identify which traits (if any) were
invariant and conserved among all dauers. Therefore, to infer
biological features (or traits) of dauers from their gene expression
patterns,””~"* we utilized published C. elegans gene co-expres-
sion networks, i.e., networks of genes that were spatially or
temporally co-regulated (modules) and enriched for specific
organismal, cellular, or molecular pathways (Table S11). Two
main gene co-expression networks have been described in C. el-
egans: (1) Gene expression “mountains”: A set of 34 co-expres-
sion modules described by Kim et al. (2001),%° derived from the
analysis of 5,361 C. elegans genes across numerous experi-
ments involving wild-type and mutant animals at various devel-
opmental stages. The modules in this network are called “moun-
tains,” and represent functionally or spatially related gene
groups, enriched in pathways such as “protein expression,”
“histone,” “mitochondria,” “germline,” “G-protein receptors,”
“heat shock,” and others. (2) Metabolic pathways from
iCEL1314: A set of 85 modules identified through co-expression
analyses and curated in the iCEL1314 metabolic network model
by Nanda et al. (2023),°° which comprise 1,799 metabolism-
related genes. In addition to these, we curated the following
modules from the published literature: (3) Dauer-inducing path-
ways: Key genes from the primary dauer-signaling pathways,
namely the ILS pathway (insulins and DAF-16 targets), the
TGF-p pathway, and the DAF-12/steroid hormone signaling
pathway®®28%7577. (4)  Growth arrest pathways: Genes
involved in executing the dauer-specific developmental arrest.
These included genes that function together to regulate the cell
cycle (e.g., cyclins, anaphase-promoting complex, cyclin-
dependent kinases, and inhibitors) and energy metabolism
(e.g., glycolysis and the electron transport chain).”®* Omitting
co-expression network modules containing fewer than 8 genes
yielded a list of 106 “modules,” each encoded by 8-1,416 genes.
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Figure 3. Differentially expressed genes in dauers formed by different triggers

(A) Top: Schematic of Wald test used to estimate differential expression between dauers and WT L2/L3. Bottom: UpSet plot showing the shared and unique
differentially expressed genes (DEGs; dauers compared to WT L2/L3 larvae; p,q; < 0.05) in WT HID, WT PID, WT SID, daf-2, daf-7, ilc-17.1, and cep-1 OE dauers.
Number of genes in each comparison is shown. Matrix: dauer or combination of dauers is compared.

(B) Dot plot showing comparison of enrichment between downregulated DEGs in WT HID, WT PID, WT SID, daf-2, daf-7, ilc-17.1, and cep-1 OE dauers. Three
types of ontologies are shown. Top: biological process (BP); middle: cellular component (CC); bottom: molecular function (MF). y axis: names of GO categories.
X axis: dauers. Color bar: —logio(adjusted p values) (Benjamini-Hochberg corrected, p < 0.05). Circle size: Fold enrichment (gene ratio/background ratio). Only
some GO categories per ontology are shown in the graph due to space constraints. See Table S9 for complete GO categories.

(C) Dot plot showing comparison of enrichment between upregulated DEGs in WT HID, WT PID, WT SID, daf-2, daf-7, ilc-17.1, and cep-1oe dauers, as in (B).
(D) Dot plot showing comparison of enrichment between unique DEGs for each dauer. Three types of ontologies are shown. Top: biological process (BP); middle:
cellular component (CC); bottom: molecular function (MF). y axis shows the names of GO categories, and x axis represents the types of dauers. Color bar,
adjusted p values (Benjamini-Hochberg corrected, p < 0.05); circle size, number of genes.

See Table S8 for complete GO categories.
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Figure 4. The relationship between plasticity and canalization within gene co-expression networks in all dauers

(A) Schematic: Covarying gene sets were defined as “modules.” Dispersion index and plasticity index for each of the “modules” were computed. Equations used
are shown. Scaled gene expression used as an input was either Z-scored expression values (dispersion index) or rlog values (plasticity index).

(B) Scatterplot showing dispersion vs. plasticity of all modules for all dauers. Each data point represents a gene set or “module”; data are represented as the

mean + standard deviation of dispersion.

(C-E) Scatterplots showing dispersion vs. plasticity of subgroups for (C) core cellular processes, (D) energy metabolism, and (E) morphological features. R values
for subgroups are shown in the indicated color. Color represents the grouping of modules based on related biological processes. Numbers in brackets indicate
the number of genes that contribute to each module. Confidence interval (99%) of linear regression of all the pathways is shown in gray. Vertical dotted line
indicates the median plasticity index value. R? values for all the modules are shown.

Next, to compare these modules across different dauer types,
we computed two metrics: plasticity index and dispersion index.
To calculate the plasticity index, a measure of gene expression
changes within a module, we first computed a mean expression
value for each gene (from individual rlog values) within a “mod-
ule,” across dauer types, calculated its Euclidean distance
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from the WT L2/L3, integrated (square root of the sum of
distances) these distance values across all genes within the mod-
ule, and normalized the result by the number of genes within that
module  (Plasticity = Jz4/>77_4 (v; — z)%  Figure 4A;
Table S12). Dispersion index, a measure of how dauers differed
in their expression of a given module, was computed by first
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calculating a mean value for each gene within a module (meanDa-
uer) and deriving the Euclidean distance for the expression of that
gene between each dauer and the “meanDauer.” This was done
for all genes within a module, integrated as described for the plas-
ticity index, to yield one value/dauer/module. These values were
averaged between the dauers and normalized by the number of
genes within the network (Figure 4A; Dispersion =
,,1—@ Sy ( 7o (@i - z_,-)z);TabIe $12). To minimize the in-
fluence exerted by the magnitude of gene expression on disper-
sion calculations, for the dispersion index, we converted the
expression values of each gene across the dauers into Z scores
prior to calculating the Euclidean distances, allowing Euclidean
distance to be interpreted as a measure of similarity (i.e., because
Z score normalized, squared Euclidean Distance is equal to Pear-
son’s correlation coefficient).

The dispersion index allowed us to infer, with a given level of
confidence, the degree to which a particular module varied be-
tween dauer types. The plasticity index measured how much
that particular module changed during dauer entry relative to
continuously developing conspecifics (L2/L3). A higher plasticity
index value indicated that gene expression within a particular
module was more different from that in L2/L3, and thus, more
likely to reflect dauer-specific expression; modules that had rela-
tively low plasticity indices were considered more similar to L2/
L3, and their expression was deemed more typical of the devel-
opmental stage. To account for the fact that gene expression in
all modules is unlikely to be equally flexible or plastic, we chose
the median plasticity index as an approximate threshold to eval-
uate the plasticity index values. Modules, and by inference the
associated GO pathways, with low dispersion (less variable be-
tween dauers) and high plasticity (dauer specific) indices were
considered the most conserved (canalized) among a set of da-
uers. Conversely, modules and their associated pathways with
high dispersion and high plasticity indices were considered to
be the more variable features of dauers.

The modules were plotted on scatterplots, with the plasticity
index as the x coordinate, and dispersion index as the y coordi-
nate; all modules in all dauers were plotted, with environmentally
induced dauers and genetically induced dauers plotted sepa-
rately (Figures 4B-4E and 5A-5D; see also Table S12). Modules
outside the confidence interval (Cl) generated for the dispersion
indices were considered significantly different from the general
gene expression trend. Modules to the right of the median plas-
ticity index were considered specific to dauers. Besides identi-
fying modules that were the most conserved or varying (and
more and less dauer-specific), these scatterplots also provided
insights into the relationship between the plasticity and disper-
sion of all modules within dauers induced by different types of
triggers.

Identifying the overall distribution of gene co-
expression modules based on dauer-inducing stimuli
When plotted for all seven dauer types, the dispersion of the 106
modules and their plasticity were negatively correlated (R% = 0.2,
p = 0.0054) (Figure 4B). This implied that modules where gene
expression had changed the most during the transition into da-
uer (i.e., more plastic and “dauer specific”) were also the least
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variable among dauers. However, separating the dauers by their
trigger—environmental or genetic—revealed that this negative
correlation was driven by the genetically induced dauers (R? =
0.21, p = 0.004; Figure 5B) and was not evident among the envi-
ronmentally induced wild-type dauers (R? = 0.0043, p = 0.69;
Figure 5A). Thus, for the dauers induced through genetic means,
large gene expression changes driven by any of the genetic da-
uer-inducing pathways (i.e., loss of daf-2, daf-7, ilc-17.1, or
cep-1 overexpression), resulted in a very similar outcome. This
is consistent with our understanding that these dauer-inducing
pathways, although redundant, converge on the common ste-
roid hormone pathway to induce dauer arrest. Surprisingly, this
was not the rule among environmentally induced wild-type da-
uers, which are also expected to activate the same genetic signal
transduction pathways (i.e., ILS, TGF-B, etc.) during dauer entry
and converge on the DAF-9/DAF-12 steroid hormone pathway.
Instead, for the environmentally induced dauers, canalization
and plasticity mechanisms appeared largely uncoupled (R? =
0.0043, p = 0.69; Figure 5A). Moreover, among these environ-
mentally induced dauers, gene expression within modules
directly related to dauer signaling pathways themselves —DAF-
12, DAF-16, “dauer,” “insulin,” and “cytochrome P450” —was
more variable. In addition, dauer-specific modules like “germ-
line” and “protein phosphatase,” which had large, similar plas-
ticity indices as genetically induced dauers, and thus were
equally “dauer specific,” were also more variable.

The difference between genetically and environmentally
induced dauers was more apparent among modules that regu-
late metabolism (Figure S9). These metabolic modules showed
a higher overall variability across all dauers and remained nega-
tively correlated with plasticity among genetically induced da-
uers (R? =0.12, p = 0.0046; Figure S9B) but positively correlated
among wild-type dauers (R? = 0.12, p = 0.0031; Figure S9A).
Thus, for environmentally induced dauers, the more the “da-
uer-like” was a metabolic module, the higher was the variability.
For instance, mitochondrial and peroxisomal fatty acid degrada-
tion, which modulate the duration of the dauer diapause,®*®°
and ascaroside biosynthesis, which controls almost all features
of dauer biology,®”®° were more dispersed among wild-type da-
uers but more conserved across genetically induced dauers.
Some pathways like ubiquinone biosynthesis and vacuolar
ATPase showed the opposite trend®*°" (Figures S9A and S9B;
see also Table S12), but these were more L2/L3-like and ac-
counted for a minority of the modules.

Together, these analyses show that the dauer trigger influ-
ences how consistently a dauer phenotypic trait is expressed,
at least as inferred from gene co-expression networks. Any
one of the genetic triggers for dauers (daf-2, daf-7, ilc-17.1, or
overexpression of cep-1) resulted in a similar gene expression
pattern within all gene co-expression modules—metabolic and
other—based on the extent to which that module differed from
L2/L3: the larger its gene expression change, the more the mod-
ule was conserved. Among the wild-type dauers, the environ-
mental triggers for dauers resulted in either greater variability in
gene expression, and for metabolic modules, the greater the
change in gene expression from L2/L3 (j.e., the more dauer spe-
cific it seemed), the more it varied between the dauers. Arguably,
this greater variability could be due to additional (non-dauer)
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Figure 5. The relationship between plasticity and canalization within modules in environmentally induced wild-type dauers and genetically

induced dauers

(A) Scatterplot showing dispersion vs. plasticity (environmentally induced wild-type dauers) of all modules. Each point represents a module; data are represented
as the mean + standard deviation of dispersion. Color represents the grouping of pathways into subgroups. Confidence interval (99%) of linear regression of all
the traits. Vertical dotted line indicates the median plasticity index value. R? values for all modules are shown.
(B) Similar scatterplot, for the same modules as in (A), but for genetically induced dauers.

(C) Scatterplots showing dispersion vs. plasticity (environmentally induced wild-type dauers) of subgroups of modules: (1) core cellular processes, (2) energy
metabolism, and (3) morphological features. R? values for subgroup of modules are shown.
(D) Similar scatterplots, for the same modules as in (C), but for genetically induced dauers.

effects of environmental exposure on gene expression within a
module. However, if so, it is unclear why a similar variability
was not evident among genetically induced dauers, where muta-
tions in dauer-related pathways also influence organismal func-

tions beyond dauer. Thus, while

the behavior of the genetically

induced dauers is consistent with all dauer pathways funneling
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through one common mechanism, we hypothesize that gene
expression changes of the environmentally induced dauers,
considered together with the variability in key dauer-inducing
modules themselves (e.g., DAF-16, insulins, etc.), are suggestive
of simultaneous influence of several signal transduction path-
ways that could generate the observed variability.
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Conserved and variable dauer modules
To identify modules and associated biological pathways that
were conserved, or varied the most, across the dauer types,
we identified modules that fell outside the 99% ClI of the regres-
sion line and had plasticity indices higher than (or equal to) the
median value. Among these, we considered the modules with
low dispersion index values as the most conserved among da-
uers and those with high dispersion index values as the most
varying (Figures 4 and 5). When compared across all dauers or
between only wild-type or genetically induced dauers, modules
related to core cellular processes that regulate cell cycle pro-
gression—DNA repair, cell cycle, and cell division—were found
to be the most conserved. Thus, these processes, essential for
dormancy, appeared to be conserved irrespective of the da-
uer-inducing mechanism. Gene expression contributing to “me-
chanosensation,” was also conserved across all dauers, but this
appeared to be a consequence of the developmental stage of all
dauers and L2/L3, and not necessarily because gene expression
related to mechanosensation was conserved during dauer ar-
rest. The “glycolysis” module was also conserved among da-
uers, but, again, appeared to be expressed similar to L2/L3
larvae, and was, therefore, not considered a dauer-specific
module. However, when evaluated only among the wild-type da-
uers, “mechansosensation” and “intestine,” were found to be
conserved and displayed relatively high plasticity values, sug-
gesting that here, gene expression in these modules was dauer
specific. Among genetically induced dauers, besides “DNA
repair,” “cell cycle,” and “cell division,” the only other dauer-
specific module that was conserved was “cytochrome P450,”
which, intriguingly, was among the most variable of the dauer-
specific modules among the environmentally induced dauers.
We noticed that modules could be readily grouped based on
their roles in related biological processes (Figures 4C-4E and
Table S12), such as (1) core cellular processes (DNA repair,
DNA synthesis, histone, transcription, protein expression, cell di-
vision, and cell cycle), (2) mitochondrial processes (ATP genera-
tion and energy metabolism— “energy generation,” “mitochon-
drial,” “glycolysis,” “ETC complex |,” “ETC complex Ill,” “ETC
complex IV,” “ETC complex V,” and “ETC”), and (3) organ-

and tissue-level structure/function (“mechanosensation,”
“neuronal,” “intestine,” “chemosensation,” “dauer,” “germ-
line,” “cell structural, muscle,” “male,” and “hermaphrodite”).

The distribution of these modules showed differences between
wild-type and genetically induced dauers but also revealed sim-
ilarities among them (Figures 5C and 5D). Notably, as described
above, among all dauer types, independent of the dauer trigger,
modules that were the most plastic within the subgroup “core
cellular processes” were the most canalized and conserved
(Figures 4C, 5C, and 5D). Modules related to mitochondrial pro-
cesses or morphological features were not significantly corre-
lated in either environmentally induced wild-type dauers or
genetically induced dauers, although the genetically induced da-
uer subgroup continued to show a modest (but not significant;
p =0.076) negative correlation between plasticity and dispersion
(Figures 5C and 5D). Because these modules were somewhat
subjectively grouped based on their readily apparent roles in
related biological processes, such relationships could be
extended in future studies to examine other modules whose re-
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lationships are not yet immediately evident. The differences
between the genetically and environmentally induced dauers
were also apparent when both groups were plotted on a com-
mon scatterplot. Here, except for the modules related to
morphological traits, gene expression in the wild-type dauers
showed a lower plasticity (i.e., higher similarity to L2/L3) and
greater dispersion than those in the genetically induced dauers
(Figure 6).

Together, these analyses identified conserved and varying
modules enriched for specific biological pathways in the
different dauer types. Among these, only the modules governing
dormancy appeared to be invariant; the remaining modules
showed dauer trigger-dependent differences. In addition, gene
expression related to “cytochrome P450” showed marked dif-
ferences between genetically and environmentally induced da-
uers. Given the central role played by daf-9, one of the
CP450s,%%*° in the biosynthesis of the steroid hormone ligand,
atantalizing possibility is that wild-type dauers might utilize alter-
native, environment- or trait-specific CP450s, besides daf-9, for
entry in dauer phase. Moreover, lower plasticity in several of the
modules in environmentally induced dauers suggests that the
features encoded by these modules may undergo a more graded
change in these dauers during the transition to dauer phase.

DISCUSSION

Given the deep knowledge regarding the epistasis relationships
between the dauer-inducing pathways, where the major up-
stream signaling pathways—ILS and TGF-f, and even the less
well-studied ILC-17.1 and CEP-1/p53 pathways—funnel
through a common node (the steroid hormone receptor, DAF-
12), we naively expected all the genetically induced dauers to
be highly canalized, and, if this translated into gene expression,
to possess very similar gene expression profiles. Moreover,
since the same genetic pathways also underlie dauer formation
in wild-type animals, we expected the similarities to extend to
wild-type environmentally induced dauers. In sum, we expected
all dauers to possess similar gene expression patterns, even with
the variability introduced by unavoidable differences in the har-
vesting methods (since we expected this stochastic variability
to fall out of our analyses). This was not the case: an LRT test
showed that the expression of all but 705 of the 19,040 genes
differed across dauers, and, instead, there appeared to be as
many transcriptomes as there were dauers in our study. Never-
theless, some of the gene expression patterns could be ex-
plained by known epistasis relationships. For instance, gene
expression in the daf-2, daf-7, ilc-17.1, and cep-1 OE dauers
was more similar, and these dauers clustered together in a
PCA, even though wild-type environmentally induced dauers
were more distant in the gene expression space. The ilc-17.1
and daf-2 dauers, both triggered by pathways that respond to
nutrient (glucose)*® availability, were also more similar to one
another. Most telling, perhaps, our analyses of dispersion be-
tween covarying gene sets or modules, which we used as a
working definition of dauer traits or features, showed that a large
magnitude of gene expression change induced by any of the ge-
netic pathways—loss of daf-2, daf-7, ilc-17.1, or cep-1 OE— re-
sulted in a broadly similar expression of that module in all
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genetically induced dauers, as could be expected, with these
pathways converging on a common node.

Other observations did not conform to expectations from epis-
tasis studies. For one, the genetically induced dauers varied
among themselves and further separated into two groups:
daf-2 and ilc-17.1, and cep-1 OE and daf-7. This particular
grouping was also surprising because published studies have
suggested that ilc-77.1 and cep-1 OE should be more similar,
given that both pathways triggered dauer entry by acting up-
stream of both DAF-16/FOXO and DAF-3/SMAD-DAF-5/Ski,
and ilc-17.1 was epistatic to cep-1, whereas daf-2 was not.*°
Also inconsistent with epistasis studies, gene expressions in
ilc-17.1 and cep-1 OE were the least similar among the geneti-
cally induced dauers. Despite this, at the L1/L2d stage of both
these dauers (though we hypothesize that this may extend to
all dauers), gene expression converged and became remarkably
similar, before diverging again to generate the final distinct dauer
transcriptomes. This disconnect in the timing of developmental
canalization and the development of the dauer phenotype might
explain some of the discrepancies between genetic epistasis re-
lationships and the final transcriptomic outcomes that we
observed. Hierarchical clustering and PCA also revealed several
distinct and shared characteristics of the dauers, suggesting that
an individual dauer trigger shaped the final gene expression
outcome. In these analyses too, some specific gene expression
patterns could be predicted by the dauer-inducing stimulus, but
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lesser plasticity in environmentally

induced dauers than in the genetically
induced dauers, suggesting that the dauer state among wild-
type larvae may be a more graded process, with dauers under-
going varying magnitudes of gene expression changes
compared with L2/L3 larvae. Environmental changes —tempera-
ture, pheromone, and starvation——induced greater gene
expression variability than genetic manipulations among dauers.
While some of this variability could undoubtedly arise from the
pleiotropic effects of the environment on dauer-related and da-
uer-unrelated gene expression, our analyses suggest that this
alone may not fully explain the different degrees of gene expres-
sion variability among dauers. Indeed, among environmentally
induced wild-type dauers, there appeared to be greater vari-
ability among several of the dauer-inducing signaling pathways
themselves. Most notable was the difference in canalization of
the CP450 family, of which daf-9, a CP450 of the CYP2 class,
that produces steroid hormone for DAF-12 steroid hormone re-
ceptor’; this family was highly dispersed among wild-type da-
uers but canalized among genetically induced dauers. This led
us to hypothesize that perhaps among the wild-type dauers,
different members of the CP450 family may modulate dauer
development, as well as contribute to dauer traits.®' This lack
of conservation in CP450 gene expression among the wild-
type environmentally induced dauers is reminiscent of the fast-
evolving nature of “dauerless,” the orphan receptor that contrib-
utes to natural variation in Pristionchus.®" In further support, in C.
elegans, another CP450 family member, dach-1, regulates
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neurotransmission during daf-2 dauer entry,”® suggesting that
the ligands generated by these powerful enzymes could lead
to the graded variation in dauer traits, and ultimately, the different
types of dauers.

During normal development, gene expression is thought
to follow a trajectory that gradually converges on the final differ-
entiated expression state.”** " Developmental plasticity en-
ables organisms to persist in and exploit changing environments.
However, whether developmental or phenotypic plasticity poten-
tiates or limits evolutionary change remains unresolved.”%4~°
Previous studies have described different canalization mecha-
nisms that ensure developmental integrity.>”'"""*'> Some
mechanisms, such as the actions of the molecular chaperone
Hsp90, microRNAs, or DNA methylation, buffer stochastic varia-
tion in molecular processes like protein folding or transcription,
dampening the variance associated with these molecular pro-
cesses but likely inhibiting plasticity if and when active during
the same developmental window. Other mechanisms, such as
the activation of “developmental switch genes” to implement a
developmentally plastic response to a stimulus, could allow
canalization and plasticity to co-exist and reinforce each other
to generate discrete traits.”'" Entry into dauer phase involves
such a binary switch triggered by the upstream signal transduc-
tion pathways. Our data suggest that because canalization and
plasticity mechanisms appear to function during different devel-
opmental windows—canalization during the decision and
commitment phase, and plasticity during L2d-to-dauer forma-
tion—dauer transcriptomes might differ. Yet, this still leaves
open the question how the L2d-to-dauer transition results in tran-
scriptome-wide changes.

The ability to remain dormant under environmental stress and
postpone development and reproduction until conditions
become favorable confers significant fithess advantages for an
individual and is likely to contribute to strong positive selection.
Thus, if indeed very few gene co-expression networks regulating
core cellular traits are sufficient to support the dauer phenotype,
this pattern of simultaneous conservation of core dormancy
traits while harboring differences in other traits, particularly in
key mediators of the dauer program, could facilitate fixation of
the dauer signature traits by natural selection while also promot-
ing co-selection and stabilization of the associated pathways.

Limitations of the study

(1) The choice of the “age” at which to harvest dauers was some-
what arbitrary. Both the genetically and environmentally induced
dauers were harvested soon after the majority of larvae entered
dauer state (approximately >99% for the former, and >75% for
the latter). Yet, if gene expression within dauers can change
while they persist in the dauer state, as has been shown in
some cases, the transcriptomic analyses here are but one snap-
shot of the differences between dauers. (2) The choice of gene
co-expression network modules to infer phenotypic features,
or traits, is incomplete, and given the difficulties inherent in map-
ping genotype to phenotype, may be misleading; arguably, other
ways of defining traits to complement these studies would
strengthen the analyses and may yield additional insights. (3)
The grouping of dauers into environmentally induced wild-type
dauers and genetic dauers was not optimal and did not allow
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us to distinguish whether the differences arose from the
response to the environment or because of the wild-type
genome. More experiments and data from mutant dauers sub-
jected to stressful environments could unravel this more pre-
cisely. (4) We could have conceived other groupings of dauers,
such as dauers induced by food limitations (SID, daf-2, and ilc-
17.1) and only mutants (daf-2, daf-7, and ilc-17.1), which might
have yielded additional insights into how the route into dauer in-
fluences dauer phenotypes. (5) Finally, unavoidable technical dif-
ferences in the way the environmental and genetic dauers were
produced (liquid versus plate; with liquid culture being stressful),
could contribute to some of the observed variability in gene
expression. (6) The results are applicable to hermaphrodite pop-
ulations given the small numbers of males that spontaneously
arise, and the influence of sex on the results of the study was
not examined.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans strains

C. elegans strains used in this study are listed in the key resources table. Strains were obtained from the Caenorhabditis Genetics
Center (CGC, Twin Cities, MN), generated in-house, or by Suny Biotech (Suzhou, Jiangsu, China). All strains were grown and main-
tained at 20°C unless otherwise mentioned. Animals were grown in 20°C incubators (humidity controlled) on 60mm nematode growth
media (NGM) plates by passaging 8-15 L4s (depending on the strain) onto a fresh plate. Extra care was taken to ensure equal worm
densities across all strains. Animals were fed Escherichia coli OP50 obtained from Caenorhabditis Genetics Center (CGC) that were
seeded (ODggo=1.5, strictly maintained in all experiments) onto culture plates 2 days before use. The NGM plate thickness was
controlled by pouring 8.9ml of autoclaved liquid NGM per 60mm plate. Laboratory temperature was maintained at 20°C and moni-
tored throughout. For all experiments, age-matched day-one hermaphrodites, or larvae timed to reach specific developmental
stages as mentioned in the text or figure legend, were used.

METHOD DETAILS

Synchronization and staging of C. elegans

Populations of 250-300 gravid adults were generated by passaging L4s on NGM plates. These plates were used for obtaining syn-
chronized embryos by bleach-induced solubilization of the adults to then obtain larvae for harvesting mRNA. Specifically, animals
were washed off the plates with 1X PBS and pelleted by centrifuging at 2665Xg for 30s. The PBS was removed carefully, and worms
were gently vortexed in the presence of bleaching solution [250u] 1N NaOH, 200ul standard (regular) bleach and 550yl sterile water]
until all the worm bodies had dissolved (approximately 5-6 minutes), and only eggs were viable. The eggs were pelleted by centri-
fugation (2665Xg for 45s), bleaching solution was carefully removed and then embryos were washed with sterile water 4-5 times
and counted under the microscope. The desired number of embryos were seeded on fresh OP50 plates and allowed to grow at
25°C or 27°C for specific time periods depending on the experimental need. If >5% of eggs remained unhatched, these plates
were discarded.

Obtaining embryos, larvae and dauers

Mixed stage embryos

Embryos obtained through bleach synchronization were pelleted by centrifugation (2665Xg for 45s), bleaching solution was carefully
removed, embryos were washed with sterile water 4-5 times and pipetted onto unseeded NGM plates for 30 minutes at 25°C. This
latter step enabled the complete removal of any traces of bleach that may have remained. Embryos were washed off the NGM plates
and processed for RNA extraction.

15 hrs L1 larvae/ 32 hrs L2/L3 larvae

Day-one adult worms grown at 20°C (I-36LLVL Incubator) were bleach-hatched and ~3200 eggs/genotype (~800 eggs/plate and 4
plates/genotype) were seeded on fresh OP50 plates and allowed to grow for either 15 hours (L1 stage) or 32 hours (L2/L3 or L2d
stage) at 25°C in Echotherm incubator IN30-2. Worms were washed with sterile water, and total RNA was extracted.

Day-one adult C. elegans:

~3200 embryos (~800 eggs/plate and 4 plates) of wild type day-one adults obtained through bleach synchronization were grown at
20°C (I-36LLVL Incubator) on fresh OP50 plates and allowed to grow to day-one adults in Echotherm incubator IN30-2. Worms were
washed with sterile water, and total RNA was extracted from biological triplicates using the Direct-zol RNA Miniprep (catalog no.
R2050, Zymo Research).

Genetically-induced dauers

Day-one adult worms of the different genetic backgrounds that lead to constitutive dauer formation were grown at 20°C (I-36LLVL
Incubator), bleached to obtain ~3200 eggs/genotype (~800 eggs/plate and 4 plates/genotype), allowed to hatch on fresh OP50
plates and grow for 48 hours at 25°C Echotherm incubator IN30-2. The population developed into dauers ( >99.5% dauers). The
population was harvested at 48hrs after seeding the embryos onto plates. Any non-dauer worms were picked off the plate before
collection. Worms were washed with sterile water, and total RNA was extracted from biological triplicates using the Trizol extraction
method.

Heat induced dauer larvae (HID)

Heat-induced dauers (Wild-type HID) were obtained from N2 (wildtype control) eggs incubated for 48 hours at 27°C in New Brunswick
Galaxy 170S Incubator. These plates consisted of >96% dauers and all non-dauer worms were picked off to avoid variable staged
worms in the RNA prep. Worms were washed with sterile water, and total RNA was extracted.

Pheromone induced dauer larvae (PID)

We followed the protocol described by Neal et al.’'° Briefly, ~1000 embryos were bleach hatched from Gravid Adults and grown in
six-well plates with a mixture 3ml of M9 buffer, 10ul of OP50 bacteria, and 100yl of 20pM ascarosides (#2, #3, #5) mixture at 25°C for
10 days.''® 1% SDS was used to select dauers; the dauers were washed and processed for RNA extraction.
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Starvation induced dauer larvae (SID)

Two day-1 adults that were moved onto seeded OP50 plated, and the population was allowed to exhaust food over 10-12 days.
Plates were washed off with sterile water, 1% SDS was used to select dauers; the dauers were washed and processed for RNA
extraction.

RNA extraction, library preparation, and sequencing

Total RNA was extracted from biological triplicates (duplicates in the case of Pheromone and Starvation dauers) using either the
Direct-zol RNA Miniprep kit (Zymo Research, R2050) following the manufacturer’s protocol, including an on-column DNase | diges-
tion step, or a standard Trizol extraction method for dauer larvae. mRNA libraries were prepared using the lllumina TruSeq Stranded
mRNA kit. All samples were sequenced on a single lane of an lllumina NovaSeq 6000, generating 2x100bp paired-end reads.

Pre-processing and alignment of RNA-seq

® RNA-seq analysis (dauers): RNA seq data was analyzed and processed using nf-core/rnaseq (v3.12.0),°” and the pipeline was
executed with Nextflow (v22.10.6).°% In short, the quality of the sequences was assessed with Fastgc (v.0.11.9),°° and
Trimgalore (v.0.67)"'°° was used to filter low quality sequence reads and remove adapters. The processed reads were to aligned
to C. elegans genome (WBcel235 Ensembl release 111),""" using STAR (v.2.7.9a)'"" with default settings. Alignments were
quantified with Salmon using the WBCel235 annotation. Quality control of the alignment was performed with Qualimap
(v.2.2.2)""? and RseQC (v.3.0.1).""®

® RNA-seq analysis (embryos, larvae and adults): RNA seq was processes using nf-core/rnaseq, v3.12.0 with parameters pre-
viously described.*%°"

® RNA-seq analysis (combining dauer and larvae): For the analysis that required data from combining all developmental stages,
i.e. the dauers, embryos, larvae, and adults, the counts matrix of each study was concatenated and merged, then the data was
normalized with DESeq2 (v.1.42.1)."%?

Data normalization and analysis

Transcript-level estimates were summarized to gene-level counts with tximport. Genes with low counts (n < 10 in two or more rep-
licates per sample) were filtered, leaving 19040 genes for downstream analysis, unless otherwise indicated. For the Time Series anal-
ysis this number of genes was calculated again leaving 19052 genes. Regularized log transformation (rlog)'°? and variance stabili-
zation transformation (VST)'%? were used to normalize and compare gene-level expression. For each sample, rlog expression of
its replicates (n =3 or n=2) was averaged to generate the rlog mean-expression. Z-score of the rlog mean-expression was calculated
by scaling and centering the data, row-wise (scaling the expression values of genes).

Principal Component Analysis (PCA)
PCA was performed on VST-transformed gene counts using the prcomp function in R to assess variance between conditions.
Combining the different samples resulted in a slight variation in the number of genes used for each PCA.

(i) Figure 1C: Genes filtered for low counts (19040) were used to compare dauers, WT L2/L3 larvae, and WT adults.

(i) Figure S1D (Dauers Only): The same genes used above were used but the VST matrix was filtered to include only data from the
seven dauer strains.

(ili) Figure 2B (Time Series): Genes filtered for low counts (19052) genes were used to compare WT (including induced Dauers),
ilc-17.1, and cep-1 OE at 0, 15, 32, and 48 hours.

Differential Expression

Differential expression between dauers and L2/L3 larvae was computed with DESeq2?® by using the WALD test.'% Changes in
expression were presented as log, fold-change, and genes with an adjusted p-value of < 0.05 (after correction with Benjamini &
Hochberg),"'* were considered significant.

Gene Ontology

Gene Ontology (GO) enrichment analysis was performed using Over Representation Analysis (ORA) with the clusterProfiler' "> R
package using annotations from the package org.Ce.eg.db."'® GO terms with an adjusted p-value < 0.05 (Benjamini & Hochberg)''*
were considered significant. Adjusted p-values were converted to -log+o (adjusted p-value) for plotting, and the Fold-Enrichment was
calculated as the ratio of the frequency of input genes annotated in a GO term to the frequency of all genes annotated to that term."%*
In Figures 3B and 3C, for the comparison between Dauers and WT L2/L3, the significantly upregulated and downregulated genes
were used as input for the enrichment test.

Likelihood Ratio Test (LRT)

To determine whether gene expression was similar between dauers, we performed a Likelihood Ratio test,'”” using the DESeq2
package. Specifically, for the gene expression in the seven dauers, the model in DESeq2, expression = ~ 1 + condition was compared
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to the reduced model expression = ~1, representing the null model where the expression is constant across all the samples. Genes
with an adjusted p-value <0.05 (Benjamini & Hochberg)''* were considered to have differences in expression in at least one of the
seven dauers. Genes with p-value > 0.05, were considered not to be significantly different between the dauers.

Hierarchical clustering
Hierarchical clustering (Euclidean distance, complete linkage) was performed on Z-scores of rlog mean-expression. The optimal
number of clusters was determined by using the elbow method.

Distance metrics and correlation analysis

Distance

In all distance metrics a lower value indicates proximity between the two samples. Unless otherwise indicated the rlog mean-expres-
sion was used as gene expression input. The sample-sample pairwise distances were calculated by determining (i) the Euclidean
distance and (ii) the 1-Pearson Correlation.

Correlation analysis

Spearman’s correlation and Pearson correlations were calculated on VST normalized data using the R packages stats and
G@Gally.%*%° Correlations were considered significant if the p-value <0.05.

Analysis of canalization and plasticity
Selection of gene Co-expression networks and pathways (traits)
A subset of pathways (106) curated from the literature were selected for the Distance analysis. This included: (i) Co-expression clus-
ters (Kim- Mounts, 34 pathways from 5,361 C. elegans genes)®’; (i) Metabolic Pathways (85 pathways, comprising 1,799 meta-
bolism-related genes)®"; (iii) Dauer Inducing Pathways (Insulin, daf-12, daf-16, TGFp)°®>"" =20 and (iv) growth arrest pathways (En-
ergy metabolism, cell cycle).®>'?! Pathways with less than 8 genes were excluded from analysis. For visualization and linear
regression analysis, the pathways were grouped together into four-super sets “Core cellular processes”, “Energy_metabolism_-
mito”, “Morphological_ features”, “Signal_transduction”, and “Metabolic_features”.
Calculating a plasticity index
To calculate the level of Plasticity, for each geneset (pathway or co-expression network, which we defined as a ‘trait’), the rlog mean-
expression was used. The Plasticity Index was meant as a way to compute one value per trait for a group of dauers that would reflect
the gene expression change for genes within that trait, when compared to continuously growing L2/L3. Briefly, the Plasticity Index,
was computed, by calculating a mean expression value (meanDauer) for each gene within a gene co-expression network, or ‘trait’,
across all dauers, or the two groups of dauers (environmentally-induced, and genetically-induced). The Euclidean distance, between
this meanDauer value for each gene and the wild type L2/L3 expression value was computed. These distances were integrated (by
using the square root of the sum of distances) across all genes that contributed to a trait. Finally, the index was normalized by dividing
the result by square root of the number of genes within that trait

The general formula is shown below

1 _
Plasticity = ﬁd/st(VLng,Zdauer) (Equation 1)

() g are the number of genes in the geneset analyzed.

(i) Vo 3 is the expression vector for the genes in the WT L2/L3 sample (rlog values)
(

(

iii) Zgauer is the mean expression vector (centroid) of all dauer samples (rlog values), referred to in the text as the meanDauer.
iv) dist represents the calculation of Euclidean distance between the two vectors and its integrations, which is shown in more
detail in the next formula

Plasticity = (Equation 2)

&l

(i) g are the number of genes in the geneset analyzed.

(i) v;is the expression value of the j-th gene in the V5 5 vector.

(iii) Z; represents the mean rlog of the j-th gene across meanDauer.
Calculating a dispersion index
To calculate the level of dispersion between the dauers, for each geneset (pathway or co-expression network), the z-score expres-
sion was used as input. The Dispersion Index was computed by first calculating a mean value for each gene within a trait (meanDauer)
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and then deriving the Euclidean distance for the expression of that gene between each dauer and the ‘meanDauer’. This procedure
was done for all genes within a trait, these distances were integrated (by using the square root of the sum of distances) to obtain one
value per dauer/trait. The values were averaged by the number of dauers, obtaining one value for a group of dauers for a given trait.
Finally, this value was normalized by dividing the result by square root of the number of genes within the network to obtain a Disper-
sion Index value across a given set of dauers for each of the traits.
The general formula is shown below
n
Dispersion = > dist(Z;, Zgauer) (Equation 3)

i=1

1
nv/g

i. nis the number of dauers samples in the group (For example 7 dauers for all.dauers group)

ii. g are the number of genes in the geneset analyzed.

iii. Zgauer is the mean vector (centroid) of all Z-scored dauer samples, referred on the text as the meanDauer.

iv. Z;is the Z-scored expression vector for the i-th individual dauer sample.

v. dist represents the calculation of Euclidean distance between the two vectors and its integrations, which is shown in more
detail in the next formula

Dispersion = (Equation 4)

i. Zj represents the mean Z-score of the j-th gene across meanDauer.
ii. z;; represent the Z-score of the j-th gene in the i-th dauer sample
ii. The leftterm HL >-7_ ; represents the operation of averaging the results of the by the number of dauers and then normalizing

NG
by the number of genes

Data visualization
Heatmaps were generated using the R packages ComplexHeatmap (v.2.1.8.0) and pheatmap (v.1.0.12)."%'% Violcano Plots were
created with Enhanced Volcano (v.1.13.2)."°” Additional plots were generated using ggplot2 (v.3.5.1)."%°

QUANTIFICATION AND STATISTICAL ANALYSIS

General statistical analysis

Student’s t-test was used for comparing Euclidean distance distributions and the difference between the means was considered
significant if the p-value < 0.05; in the figures the stars represent: *** p < 0.0001; ***p < 0.001; ** p < 0.01; * p < 0.05. Linear regression
was performed using the function Im in R,'%® with a confidence interval level of 99% and a significance threshold of p < 0.05. All the
statistical analyses were conducted in R.'%® Additional statistical details of experiments can be found in the methods and figure
legends.
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