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SUMMARY

More than 20 years ago, the sequencing of the genome of the nematode Caenorhabditis elegans uncovered a
still unparalleled abundance of C4-zinc finger orphan nuclear hormone receptors, encoded by 267 different
nhr genes."? Only less than 20 of them are conserved throughout the animal kingdom; all the remaining genes
are the results of an expansion of the HNF4-subtype of nuclear receptors.®>* Strikingly, even though most of
the receptors contain predicted ligand binding domains, no ligand has since been identified for any of the
non-conserved, C. elegans-expanded nhr genes. Based on an analysis of more than 100 nematode genome
sequences, as well as the mining of recently established nervous system-wide gene expression patterns, we
propose here that nhr family expansion is a manifestation of adaptation of free-living nematodes to complex
sensory environments and that NHR proteins may function as sensory receptors for external or internal sen-
sory cues to modulate the animal’s sensory responses to environmental cues as well as its internal metabolic

state.

RESULTS AND DISCUSSION

The availability of more than 100 nematode genome se-
quences’® prompted us to undertake a comparative analysis of
nhr-encoding genes. According to the latest genome sequence
release, the C. elegans genome encodes 267 C4-zinc finger nu-
clear hormone receptors (Figure 1A; Data S1A). We find that the
expansion of nhr genes greatly varies in different nematodes spe-
cies; while some species encode more than 300 nhr genes,
others encode as little as 20 nhr genes (Figure 1A; Data S1A).
Another gene family that varies greatly in size in nematodes
are olfactory-type G protein-coupled serpentine receptors
(GPCRs).”® A systematic survey of GPCR-encoding genes
shows a wide variability of gene number across nematodes, up
to more than 2,000 genes in some nematodes down to as little
as 60 gpcrgenesinothers (Figure 1A; Data S1A).° Chemosensory
GPCRs display high sequence divergence and are under strong
positive selection in wild C. elegans isolates, and we observe
these patterns also for nhr genes (Figure S1A; Table S1).'°
Strikingly, we find a tight correlation between the expansion of
nhr genes and GPCR-encoding genes (Figure 1A), a correlation
that cannot be explained by the evolutionary relationship of
these nematode species or their genome sequence assembly
quality (Figures S1B and S1C). While other large nematode tran-
scription factor families (e.g., homeobox genes or C2H2 zinc fin-
gers) also vary in size (Data S1A), the size variation for these tran-
scription factor families does not correlate with the expansion of
nhr or gpcr genes (Figure S1D). Intriguingly, the co-expansion of
nhr and GPCR-encoding genes correlates with nematode life-
style, such that free-living species display more such expansions
than parasitic nematodes (Figures 1A and 1B). Free-living
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nematodes experience a much richer external sensory environ-
ment compared to parasitic nematodes, a notion also reflected
in a more simplified sensory anatomy of parasitic nema-
todes.'"'? Parasitic lifestyle has evolved independently in the
different Nematoda clades, suggesting that the common
ancestor of all nematode species was free living.'® To determine
whether such free-living ancestral species had an already
expanded family of nhr genes, we compared the similarity be-
tween the C4-zinc finger DNA binding domains of all nhr genes
in two distantly related free-living nematode species, Caeno-
rhabditis elegans (clade V) and Acrobeloides nanus (clade IV).
While both these free-living species have undergone some inde-
pendent expansions of the nhr gene family, many orthologous
relationships between expanded family members are apparent,
indicating that nhr genes were independently lost after adapting
a parasitic lifestyle (Figures 2 and S2; Data S1A).

The correlation of nhr and gpcr diversification both across and
within species and their association with the complexity of their
sensory environment suggest that nhr genes may play a role in
some aspect of sensory biology. This notion is further strength-
ened by a recently established scRNA-based gene-expression
atlas of the entire C. elegans nervous system, which shows a
striking enrichment of nhr gene expression in sensory neurons.'*
Many sensory neurons co-express several dozens, some almost
100 nhr genes (Figures 1C and 1D). Some nhr genes are uniquely
expressed in single sensory neuron classes, but 46 nhrs are
expressed in more than 20 sensory neuron classes. Other large
transcription factor families do not show such sensory neuron
enrichment (Figures 1D and S1F)."

Previous reporter analysis,®'® as well as the new transcrip-
tome atlas of the entire C. elegans nervous system,'® show
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Figure 1. Strongly correlated gene expansions and expression patterns of NHR, GPCR, and insulin-like peptide genes
(A) Scatterplots for proportion of NHR, GPCR, and insulin-like peptide-coding genes in the genomes of 109 nematode species. Colors indicate lifestyle of the

species.

(B) Proportions of NHR, GPCR, insulin-like peptide, and homeobox gene families in the genomes of 109 nematode species divided according to lifestyle.
*p < 0.05, *p < 0.01, and ***p < 0.0001, Dunn’s multiple comparisons test performed after Kruskal-Wallis one-way ANOVA.

(C) Scatterplots for number of NHR, GPCR, and insulin-like peptide genes expressed in 128 distinct C. elegans neuron classes as identified from the CeNGEN
scRNA-based gene-expression atlas. Colors indicate functional type of each neuron class. Spearman correlation values (rs) are shown.

(D) Number of NHR, GPCR, insulin-like peptide, and homeobox genes expressed in 128 distinct C. elegans neuron classes as identified from the CeNGEN
scRNA-based gene-expression atlas. Neurons are divided according to their functional type. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001, Dunn’s multiple

comparisons test performed after Kruskal-Wallis one-way ANOVA.
See also Figure S1, Table S1, and Data S1.

that many individual sensory neurons coexpress >100 GPCR-
encoding genes (Figures 1C and 1D). Intriguingly, there is again
a correlation of the number of nhr genes expressed by a sensory
neuron with the number of GPCR-encoding genes (Figure 1C).
This is most evident in the amphid and phasmid sensory neu-
rons. For example, the ASH, ADL, and ASJ neurons express
more than 300 GPCR-encoding genes and more than 120 nhr
genes (Figure 1C).

It has previously been noted that many Caenorhabditis
species also show a very large complement of other specific
gene families, including C-type lectins, F-box proteins, and
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kinases.'®"'® We find that the expansion of two of these families,
C-type lectins and F-box proteins, again correlates with free-
living lifestyle (Figure S1E; Data S1A). However, these gene fam-
ilies do not show a similar enrichment in terms of sensory neuron
expression (Figure S1F), underscoring the notion that the co-
expansion of gpcr and nhr genes and their correlated co-expres-
sion in sensory neurons speaks to a specific functional associa-
tion of these two gene families in nematodes.

Based on these findings, we propose the following four hy-
potheses. (1) The NHR family expanded in free-living nematodes
as a reflection of a complex sensory environment and, hence,
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Figure 2. Phylogenetic tree for NHR genes in two distantly related
free-living nematode species

The phylogenetic tree shows similarity between C4-zinc finger DNA binding
domain sequences of all NHR genes in the two nematode species Caeno-
rhabditis elegans (clade V) and Acrobeloides nanus (clade V). C. elegans (blue)
and A. nanus (red) NHR genes are shown with different colors. C. elegans NHR
genes that show broad conservation across evolutionary taxa are also labeled
in green.® Gene names are shown in Figure S2.

See also Figure S2.

complex food sources. Decreases in the complexity and vari-
ability of sensory environments and food sources that came
with the acquisition of parasitic lifestyles may have led to a
contraction of the nhr and gpcr gene families. (2) NHR proteins
are sensors for either external environmental food signals that
diffuse through the cuticle or are sensors of metabolites from in-
gested bacterial food sources. (3) The striking enrichment of nhr
gene expression in sensory neurons suggests that nhrs have a
role in altering sensory responses of the worm. (4) We propose
that NHR transcription factors may modulate the expression of
GCPR-encoding genes in sensory neurons. In support of this
notion, there are many correlations in the cellular specificity of
expression patterns of NHR- and GPCR-encoding genes (Fig-
ure 3; Table S2), which are observed between many NHRs and
their predicted gpcr targets (Figure S1G; Data S2). This similarity
in cellular expression is higher than what would be expected by
chance and is not observed between other large gene families
(Figures S1H and S1l). The nhr and gpcr genes with the most
strongly correlated cellular expression patterns are not located
in adjoining genomic regions, hence excluding the possibility
that these genes might be co-regulated via the same cis-regula-
tory elements (Table S3). In addition, the correlated expression of
nhrs and gpcrs is not restricted only to genes in the hyperdiver-
gent regions of the C. elegans genome (Figures S3A-S3G)."®
However, we find that the sensory neuron-enriched expression
of gpcr genes more strongly resembles the expression pattern
of C. elegans-expanded nhrs compared to that of evolutionarily
conserved nhrs (Figures S3H-S3M).*

Though correlated expression of genes does not necessarily
imply an underlying functional relationship, it is consistent with
our hypothesis that individual nuclear receptors potentially
modulate the expression of GPCR-encoding genes to dictate
an animal’s sensory experience in a particular environment.
The expression of GPCR-encoding genes is known to be
responsive to food signals,'*?° and we propose that, by binding
to food signals or food-derived signals and ensuing activation,
NHRs are the conveyors of such nutrient signals (Figure 4).
Such regulatory relationship may ensure sensory feedbacks
(Figure 4). For example, ingestion of a metabolite considered
to be of good nutritional value may modulate the expression of
sensory receptors to augment the attraction of animals to a spe-
cific bacterial food source. Such a feedback system, either pos-
itive or negative in nature, may have a fundamental impact on an-
imal navigation and feeding behavior. Indeed, previous studies
have demonstrated that, when C. elegans first encounters path-
ogenic bacteria, its olfactory preference changes from attraction
to aversion within a few hours of exposure to the new food
source, and this is associated with transcriptional changes for
alarge number of GPCR-encoding genes.?'*? Experimental vali-
dation of potential regulatory relationships between nhrs and

«== Caenorhabditis elegans NHR e=== Conserved C. elegans NHR

=== Acrobeloides nanus NHR
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Figure 3. Heatmap for Jaccard similarity between expression of NHR and GPCR genes
Heatmap showing Jaccard similarity indices for nervous system-wide binary expression patterns of nhr and gpcr gene pairs as identified from the CeNGEN

scRNA-based gene-expression atlas. Clustering of rows and columns in the heatmap is based on Euclidean distance.
See also Figures S1 and S3, Tables S2 and S3, and Data S2.
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Figure 4. Hypothesis based on our genome
sequence and expression pattern analysis
External cues or intestinally derived metabolites

from ingested food that are indicative of specific
food sources (green circles) activate a cognate,
specific member of the NHR family, which in turn
modulates (up- or downregulates) the expression of
specific GPCRs and insulin-encoding genes. Up- or
downregulation of GPCRs in sensory neurons may
resultinan altered (attractive or repulsive) behavioral
response of the animals in relation to a specific

external
(food?) cue
‘ N~
(@)
internal, food-derived
metabolite
/‘
@ Intestine

Sensory neuron

gpcrs will require the identification of ligands for NHRs, followed
by an assessment whether ligand addition/removal indeed
results in changes in gpcr gene expression. Regulatory relation-
ships may not necessarily involve on/off switches, but quantita-
tive modulation of expression levels in order to fine-tune sensory
responses.

The potential regulation of GPCR-type sensory receptors may
not be the only function of NHR proteins in sensory neurons.
Another gene family that has undergone an expansion in the
C. elegans genome compared to that of other invertebrate and
vertebrate genomes is the insulin gene family, of which there
are 40 members in C. elegans.?® Strikingly, we find that this
gene family expansion also correlates with free living versus
parasitic lifestyle, and it correlates with the expansion of both
the nhr and gpcr gene family (Figure 1A). Moreover, mining of
the scRNA expression atlas'” reveals that insulin gene expres-
sion is also highly biased toward sensory neurons (Figures 1C
and 1D). We propose that NHR transcription factors may also
control the expression of insulin genes in sensory neurons in
response to metabolite signals (Figure 4). Consistent with this
notion, the expression of most insulin genes is controlled by
nutrient availability.?**> Through the regulation of insulin genes,
NHRs may couple food signals to changes in internal metabolic
states and thus control development arrest in nematodes via
modulating insulin-dependent dauer formation.

Testing the above hypotheses will require a systematic
analysis of GPCR and insulin gene expression in a number of
different physiological food environments and will require
biochemical and metabolomic efforts to identify ligands for
NHR proteins. The enormous structural diversity of potential
NHR ligands, and their connection to nutrient signals, is already
greatly appreciated.”®” These approaches have the potential to
yield novel strategies for the control of parasitic nematodes,
which continue to represent a major impediment to human and
livestock health as well as crop production.
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cue, thereby generating a reinforcing feedback
loop. In parallel, insulin-like peptides (purple circles)
secreted from sensory neurons may act to modulate
the internal metabolic state of the animal and/or
could regulate developmental arrest (e.g., dauer
formation) in response to specific sensory cues.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Code for analysis of genomic and scRNA data This paper; Zenodo https://doi.org/10.5281/zenodo.5087531
Software and algorithms

GraphPad Prism 9 GraphPad Software https://www.graphpad.com

R version 4.0.4 R Project https://www.r-project.org

28

ComplexHeatmap Package https://github.com/jokergoo/ComplexHeatmap

29

Clustal Omega https://www.ebi.ac.uk/Tools/msa/clustalo

Jalview version 2.11.1.4 30
TargetOrtho2 91 https://github.com/loriglenwinkel/TargetOrtho2.0
Other

Wormbase Parasite

https://www.jalview.org

http://parasite.wormbase.org/index.html

C. elegans Neuronal Gene Expression
Map & Network (CeNGEN) scRNA atlas

http://www.cengen.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources used in this study should be directed to and will be fulfilled by the lead contact, Oliver
Hobert (or38@columbia.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® This paper analyzes existing, publicly available data. The source identifiers for these datasets are listed in the key resources
table.

e All original code will be deposited at Zenodo and will be made publicly available as of the date of publication. DOIs will be listed
in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Gene numbers for different gene families

Number of genes for each gene family described in this study was obtained from WormBase Parasite (https://parasite.wormbase.
org) for 109 available nematode genomes and are included in Data S1A.° Pfam or InterPro protein domain terms that were used
to obtain the gene lists for different gene families are listed in Data S1B. Gene numbers in a family are reported as proportions of
the total number of genes in a species to account for genome duplication events during Nematoda evolution. Spearman correlations
between gene proportions of different gene families across nematode species were calculated using GraphPad Prism 9.

Analysis of CeNGEN scRNA atlas data

Average Transcripts Per Million (TPM) values per neuron class for all C. elegans genes were downloaded from http://www.cengen.
org for the threshold of 2 (medium stringency). Data were converted to binary format to identify whether a gene is expressed in a
particular neuron class. Spearman correlations between number of genes of different gene families expressed across 128 distinct
neuron classes were calculated using GraphPad Prism 9. For generating the heatmap for similarity in gene expression patterns, Jac-
card similarity indices were calculated for each nhr:gpcr pair using the formula: Jaccard index for gene A and gene B = (humber of
neuron classes that express both gene A and gene B) / (number of neuron classes that express either gene A or gene B). A Jaccard
index of one would indicate that the two genes are expressed in an identical set of neuron classes. The heatmap was generated using
the ‘ComplexHeatmap’ function in R with the following modifications: the color gradient was linearly ramped from ‘white’ (= 0) to ‘red’
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(= 1).%® Euclidean distance method was used for the clustering of rows and columns in the heatmap. To calculate Jaccard similarity
indices for simulated nhr:gpcr datasets, the binary expression pattern for each nhr or gpcr gene is randomized among the 128 distinct
neuron classes, while maintaining the total number of neuron classes each gene is expressed in as identical to that in the CeNGEN
scRNA-based gene expression atlas. The percentile values of Jaccard similarity indices for any two gene families were calculated in
R and plotted using GraphPad Prism 9.

Phylogenetic tree for nhr genes

Protein sequences for NHR genes in the two species, Caenorhabditis elegans (Clade V) and Acrobeloides nanus (Clade V), were
obtained from WormBase Parasite (http://parasite.wormbase.org/index.html) using the Pfam protein domain term PF00105.° The
protein sequences (one protein per gene) were used for multiple sequence alignment using Clustal Omega (https://www.ebi.ac.
uk/Tools/msa/clustalo).?® Jalview version 2.11.1.4 was used to generate a phylogenetic tree for only the C4-zinc finger DNA binding
domain sequences with distances calculated from aggregate BLOSUMG62 scores and using the neighbor joining method.*°
C. elegans NHR genes that are conserved across multiple evolutionary phyla are labeled in the tree.®

Identifying NHR and GPCR genes in hyperdivergent genomic regions

The genomic coordinates for all members of the NHR and GPCR gene families were compared to that of the previously identified
hyperdivergent regions of the C. elegans genome.'® A gene was identified to be in a hyperdivergent region if at least 10% of the
gene’s length resides within hyperdivergent regions of the C. elegans genome, which cover ~20% of the C. elegans reference
genome.'? Unlike for NHR (55%) and GPCR (52%) genes, only 17.5% of all insulin genes reside in hyperdivergent regions and hence
they were excluded from this analysis. Expression analyses for NHR and GPCR genes were performed using data from the CeNGEN
scRNA atlas, as described above.

Nucleotide polymorphism and positive selection

Data for nucleotide polymorphism and measures of positive selection for all C. elegans genes were obtained from a recent study.'® As
in the original study, all genes that display high nucleotide polymorphism were identified using a cutoff score of Pi > 0.0025. Similarly,
genes that show signs of strong positive selection were identified based on fulfillment of both of the following criteria: (1) Tajima’s D
score < —2, and (2) Fay and Wu’s H value < —20. The proportion of NHR genes was calculated among the 1,685 genes with high
nucleotide polymorphism and the 432 genes that are under strong positive selection. The fold-enrichment values were determined
relative to the total number of protein-coding genes in the C. elegans genome. The fold-enrichment values for chemosensory GPCR
genes were reported from the previous studyfO The statistical significance for fold-enrichment was determined using hypergeomet-
ric tests performed in R.

Predicting GPCR target genes of NHR transcription factors

TargetOrtho2 was used to predict target genes for NHR transcription factors with a classifier probability cutoff score of 0.5.%' The
Jaccard similarity indices for nervous system-wide expression patters of NHRs and their target GPCR genes were determined using
data from the CeNGEN scRNA atlas, as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses and graphing were performed in GraphPad Prism 9 and R, unless otherwise stated. Details of statistical tests

and the corresponding p values are included in the figure legends. Statistical significance was determined using a p value cutoff
of 0.05.
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