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The epithelial and interstitial stem cells of the freshwater polyp Hydra are the best-characterized stem cell systems in any
cnidarian, providing valuable insight into cell type evolution and the origin of stemness in animals. However, little is known
about the transcriptional regulatory mechanisms that determine how these stem cells are maintained and how they give rise
to their diverse differentiated progeny. To address such questions, a thorough understanding of transcriptional regulation
in Hydra is needed. To this end, we generated extensive new resources for characterizing transcriptional regulation in Hydra,
including new genome assemblies for Hydra oligactis and the AEP strain of Hydra vulgaris, an updated whole-animal single-cell
RNA-seq atlas, and genome-wide maps of chromatin interactions, chromatin accessibility, sequence conservation, and his-
tone modifications. These data revealed the existence of large kilobase-scale chromatin interaction domains in the Hydra ge-
nome that contain transcriptionally coregulated genes. We also uncovered the transcriptomic profiles of two previously
molecularly uncharacterized cell types: isorhiza-type nematocytes and somatic gonad ectoderm. Finally, we identified novel
candidate regulators of cell type—specific transcription, several of which have likely been conserved at least since the diver-

gence of Hydra and the jellyfish Clytia hemisphaerica more than 400 million years ago.

[Supplemental material is available for this article.]

The advent of highly specialized cell type-specific transcriptional
programs played a critical role in the emergence and subsequent
diversification of animal life. Decades of research have greatly ad-
vanced our understanding of the mechanisms of transcriptional
regulation that underlie cell identity in metazoans. However,
much of that understanding is based on findings from bilaterian
species. Consequently, relatively little is known about transcrip-
tional regulation in nonbilaterian metazoans.

Cnidaria is the sister phylum to Bilateria (Dunn et al. 2014),
and despite having diverged more than 500 million years ago,
the two clades show extensive homology at the molecular level.
These similarities include important aspects of transcriptional reg-
ulation: Both cnidarians and bilaterians use combinatorial histone
modifications and distal enhancer-like cis-regulatory elements
(CREs) (Schwaiger et al. 2014; Reddy et al. 2020; Murad et al.
2021); many transcription factors (TFs) in bilaterians are also
present in cnidarians (Technau et al. 2005; Putnam et al. 2007;
Babonis and Martindale 2017b); and the target genes of develop-
mentally significant TFs are at least partially conserved across the
two clades (Miinder et al. 2010; Gufler et al. 2018; Hartl et al.
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2019). However, beyond these general similarities, little is known
about cnidarian gene regulatory networks and the mechanisms
they use to specify and maintain cellular identity. Given Cnidaria’s
phylogenetic position within Metazoa, research in cnidarians is
uniquely positioned to shed light on the evolutionary origins of
Bilateria. In addition, many cnidarians possess remarkable abilities
of self-repair and self-renewal not found in most bilaterian model
systems, with species capable of whole-body regeneration (Tremb-
ley 1744; Darling et al. 2005; Bradshaw et al. 2015) and potentially
biological immortality (Piraino et al. 1996; Martinez 1998; Schai-
bleetal. 2015). Thus, a thorough characterization of transcription-
al regulation in cnidarians can contribute to our understanding of
both the origins and fundamental principles of transcriptional reg-
ulation of cell type in metazoans and the molecular basis for cni-
darian resilience.

Species belonging to the genus Hydra are among the longest-
studied and best-characterized cnidarian models, with the first ex-
periments in Hydra dating back to 1744 (Trembley 1744). Hydra
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has since been used to study patterning (Browne 1909; Gierer and
Meinhardt 1972), stem cell biology (David and Murphy 1977;
Bode et al. 1987; Bosch and David 1987; David 2012), aging
(Martinez 1998; Schaible et al. 2015), regeneration (Trembley
1744), and symbiosis (Fraune and Bosch 2007; Hamada et al.
2018).

One of the strengths of Hydra as a research organism is its sim-
plicity. In contrast to the three life cycle stages—planula, polyp,
and medusa—found in their close cnidarian relatives, Hydra spe-
cies possess only a polyp stage. This polyp is organized along a sin-
gle oral-aboral axis, with a head made up of a mouth surrounded
by a ring of tentacles at the oral pole and an adhesive foot at the
aboral pole. Between the head and foot lies the body column,
which serves as both the gut and stem cell compartment. The
body is made up of two epithelial layers—endoderm and ecto-
derm—separated by an extracellular matrix. Interspersed through-
out both epithelial layers are interstitial cells, which include gland
cells, neurons, germ cells, and nematocytes—the specialized sting-
ing cells unique to cnidarians. In adult polyps, ectodermal, endo-
dermal, and interstitial cells constitute three different cell lineages,
each supported by their own stem cell population. The simplicity
of this system has allowed researchers to identify every cell type in
Hpydra as well as the developmental trajectories that give rise to
them (David 2012; Siebert et al. 2019). However, the gene regula-
tory networks that coordinate these differentiation events remain
pootly understood.

Over the past 15 years, the advent of powerful tools and re-
sources—including a reference genome (Chapman et al. 2010), a
single-cell gene expression atlas (Siebert et al. 2019), knockdown
techniques (Khalturin et al. 2008; Boehm et al. 2012), and trans-
genesis (Wittlieb et al. 2006)—has allowed researchers to address
topics such as regeneration and patterning at the molecular level.
However, complicating the effective use of these tools is the fact
that these resources were developed using different genetic back-
grounds. Specifically, the currently available and recently im-
proved reference genome (Simakov et al. 2022) was generated
using strain 105 of Hydra vulgaris (formerly H. magnipapillata),
whereas all transgenic Hydra lines and the single-cell expression at-
las were generated using the AEP strain. The AEP and 105 strains
belong to two distinct lineages that split ~16 million years ago,
leading to significant sequence divergence that markedly reduces
cross-strain mapping efficiencies (Martinez et al. 2010; Schwent-
ner and Bosch 2015; Siebert et al. 2019; Wong et al. 2019; Schen-
kelaars et al. 2020). This highlights the need for an AEP strain
reference genome that would allow researchers to more effectively
leverage transgenesis and the single-cell expression atlas.

Another appealing, although currently underused, strength
of Hydra is that it is relatively closely related to several other estab-
lished and emerging laboratory models belonging to the class
Hydrozoa, creating opportunities for comparative studies. Recent-
ly published genomic and transcriptomic resources, including ref-
erence genomes for the green Hydra viridissima (Hamada et al.
2020) and the jellyfish Clytia hemisphaerica (Leclere et al. 2019)
as well as a single-cell gene expression atlas of the C. hemisphaerica
medusa (Chari et al. 2021), provide valuable reference points for
systematic comparative analyses. The Hydra genus is associated
with several noteworthy evolutionary gains and losses, including
the loss of a medusa stage, the acquisition of stably associated en-
dosymbionts in H. viridissima (Schwentner and Bosch 2015), and
the loss of certain types of aboral regeneration in Hydra oligactis
(Supplemental Fig. S1; Weimer 1928; Hoffmeister 1991; Grens
et al. 1996). Thus, effectively establishing a framework for system-

atic comparative approaches would greatly enhance our ability to
interrogate both the conserved and unique aspects of Hydra
biology.

To facilitate comparative genomic research in Hydra, we re-
port two new high-quality genomes, a chromosome-level assem-
bly for the AEP strain of H. vulgaris and a draft assembly for the
H. oligactis Innsbruck female12 strain. To leverage these new refer-
ences to better understand transcriptional regulation in Hydra, we
used multiple independent approaches, such as assay for transpo-
sase accessible chromatin using sequencing (ATAC-seq), cleavage
under targets and tagmentation (CUT&Tag) targeting histone
modifications, and phylogenetic footprinting, to annotate CREs
in the AEP genome. We also generated Hi-C data that revealed do-
mains of elevated chromatin contact frequency that likely contain
transcriptionally coregulated genes. To accompany these new re-
sources, we generated an updated and improved version of the Hy-
dra single-cell atlas using the AEP-strain genome as a reference and
subsequently uncovered two previously molecularly uncharacter-
ized cell types: somatic gonad ectoderm and mature isorhiza nem-
atocytes. We then combined our CRE annotations with the AEP
single-cell atlas to identify novel candidate regulators of cell
type-specific gene coexpression. Finally, we aligned the Hydra sin-
gle-cell atlas with a Clytia medusa single-cell atlas and identified
gene regulatory modules in the interstitial lineage that have likely
been conserved over at least 400 million years of evolution
(Schwentner and Bosch 2015; Dohrmann and Worheide 2017).
The resources generated in this study, which include a genome
browser for the H. oligactis and strain AEP H. vulgaris assemblies,
a BLAST server, and an interactive portal for the AEP-mapped Hy-
dra single-cell atlas, are available at the Hydra AEP Genome Project
Portal (https://research.nhgri.nih.gov/HydraAEP/).

Results

Generation and annotation of two high-quality Hydra genome
assemblies

We sequenced, assembled, and annotated a chromosome-level
genome assembly for the AEP laboratory strain of H. vulgaris (for
details, see Supplemental Material; Supplemental Figs. S1, S2; Sup-
plemental Table S1; Supplemental Data S1). In addition, we gener-
ated a high-quality draft genome for the Innsbruck female12 strain
of H. oligactis. We were motivated to generate a genome reference
for H. oligactis because its phylogenetic position as a sister species
to H. vulgaris—along with unique traits such as reduced regenera-
tive capacity (Weimer 1928; Hoffmeister 1991; Grens et al. 1996), a
deficient heat shock response (Bosch et al. 1988), and inducible
senescence (Yoshida et al. 2006)—makes it valuable for compara-
tive genomic studies of the Hydra genus. The resulting assemblies
for H. vulgaris and H. oligactis were of equivalent or greater com-
pleteness and contiguity compared with other available hydrozo-
an genomes (Fig. 1A; Supplemental Table S2).

We found that synteny in the strain 105 and AEP genome as-
semblies was highly conserved, with the notable exception of an
~5-Mb inversion on Chromosome 8 (Supplemental Fig. S3A,B;
Supplemental Table S3). Similarly, the centromeric repeats in the
two strains were highly similar, although not identical (Supple-
mental Fig. S3C; Melters et al. 2013). In addition, this analysis al-
lowed us to place nearly all (36/39) of the unincorporated
scaffolds from the strain 105 assembly onto one of the 15 pseudo-
chromosome scaffolds in the AEP assembly (Supplemental Data
S2). Similarly, we were able to generate preliminary chromosome
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Species Hydra vulgaris Hydra vulgaris (v3) Hydra vulgaris (v2) Hydra oligactis Hydra oligactis2 Hydra viridissima
Strain AEP 105 105 Innsbruck female12 Cold Resistant (CR) A99
Citation This study Simakov etal., 2022 Chapman et al., 2010 This Study Vogg et al., 2019 Hamada etal., 2020
Total Size 901 Mb 819.4 Mb 854 Mb 1274 Mb 1262 Mb 284 Mb
Scaffolds 15 54 5525 16314 447335 2677
Longest Scaffold 85.9 Mb 78.0 Mb 4.4 Mb 6.4 Mb 380 kb 5.1 Mb
Scaffold N50 58.6 Mb 55.0 Mb 1.0 Mb 274.9 kb 5395 bp 1.1 Mb
Scaffold L50 7 7 246 1197 64225 73
Scaffold N90 43.9 Mb 42.2 Mb 161.8 kb 33.9 kb 1145 bp 111.4 kb
Scaffold L90 15 14 984 5740 264614 391
Repeat Composition 72.2% N/A 64.1% 73.9% N/A 37.5%
Gaps 561 2207 121961 7 23151 27305
Ambiquous Bases 56.1 kb 2.2 Mb 6.8 Mb 700 bp 771 kb 47.7 Mb
Genes 28917 N/A 33820 60,590 N/A 21467
BUSCO (genome) 90.7% 90.3% 86.1% 88.2% 46.5% 88.0%
BUSCO (protein) 94.7% N/A 82.8% 86.2% N/A 88.2%
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Figure 1. New genome assemblies provide improved resources for Hydra molecular biology research. (A) The Hydra vulgaris strain AEP and Hydra oligactis
genome assemblies presented in this study are marked improvements on the previously available reference genomes for their respective species. (B)
Representative plot of CUT&Tag, ATAC-seq, and genomic conservation tracks centered on the hybral gene (Technau and Bode 1999). For the sequencing
data, each track represents the signal from pooled biological replicates for the specified library type. A plot of the same locus that includes separate tracks for
each CUT&Tag and ATAC-seq biological replicate is presented in Supplemental Figure S4. (C-H) Read distribution for sequencing data centered on AEP as-
sembly gene models. (C) Whole-animal RNA-seq data are strongly enriched in predicted coding sequences. (D) Control IgG CUT&Tag reads show minimal
enrichmentin or around genes. (E) H3K4me is enriched in promoter-proximal regions, but only weakly enriched at transcription start site (TSS). (F) ATAC-seq
is enriched at TSS, but also shows some enrichment in more distal regions, likely because ATAC-seq targets both promoters and enhancers. (G) H3K4me3 is
strongly enriched at the TSS. (H) H3K27me3 shows minimal or no enrichment near transcribed genes. (TTS) Transcription termination site.
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assignments for contigs covering 91.3% of the sequence (1.16 out
of 1.27 Gb) in the H. oligactis assembly and 32.3% (91.8 out of
284.3 Mb) of a previously published assembly for H. viridissima
(Supplemental Fig. S3D,E; Supplemental Data S2; Hamada et al.
2020).

To augment the strain AEP H. vulgaris genome assembly, we
also generated genome-wide CRE annotations. To do this, we
used the ATAC-seq (Buenrostro et al. 2013; Corces et al. 2017) to
map accessible regions of chromatin. We also established a proto-
col for performing CUT&Tag (Kaya-OKkur et al. 2019) in Hydra to
globally map multiple histone modifications, including the repres-
sive histone modification H3K27me3 as well as the activating his-
tone modifications H3K4mel and H3K4me3 (Supplemental Data
S3; for details, see Supplemental Material). We validated our results
by confirming that they matched the expected distribution pat-
terns of their associated genomic features (Fig. 1B,C; Supplemental
Figs. S4-56).

To supplement our CRE annotations, we performed phyloge-
netic footprinting (Tagle et al. 1988; Gumucio et al. 1992) by using
previously published genomes for the hydrozoans C. hemisphaerica
(Leclere et al. 2019), H. viridissima (Hamada et al. 2020), and the 105
strain of H. vulgaris (Chapman et al. 2010)

—along with our newly assembled ge-
A m

our analysis, we found that 384 (45.7%), including those that are
bound by numerous conserved and developmentally significant
TFs (Fig. 2A), had significantly higher genome-wide conservation
rates compared with the shuffled controls (Supplemental Data
S4). This suggests that there is extensive conservation of TF binding
preferences from cnidarians to bilaterians.

Another confounding issue for ab initio TF binding site pre-
dictions is that TF binding motifs are typically short and degener-
ate, leading to high false-positive rates. However, by filtering
putative TF binding sites using both our ATAC-seq and phyloge-
netic footprinting data, we reduced the total number of predicted
binding sites genome-wide by >99%, from more than 45 million to
210,122 (Supplemental Data S5). Thus, we simplified the land-
scape of putative TF binding sites by eliminating loci with a rela-
tively low probability of being bona fide binding sites.

Many Hydra genes are likely regulated by distal regulatory
elements

In bilaterians, transcriptional regulation frequently involves long-
range interactions between distal CREs and their target promoter,

nomes—to generate a cross-species _
whole-genome alignment that spanned 4-til; NEUROD1
~400 million years of hydrozoan evolu- PAXI
tion (Fig. 1B). Our alignment yielded re- SulH)
sults that recapitulated the findings from
previous manual cross-species alignments
of individual Hydra promoter regions
(Supplemental Fig. S7; Vogg et al. 2019),
supporting the accuracy of our genome-
wide approach. We then used our whole-
genome alignment to classify genomic
features as either conserved or noncon-
served (for details, see Supplemental Ma-
terial). We provide lists of conserved
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The lack of binding data can even hinder
computational approaches for predicting
binding sites, as the binding preferences
of cnidarian TFs typically must be inferred
from data collected from distantly related
bilaterians. We therefore sought to evalu-
ate the functional relevance of bilaterian
TF binding motifs in Hydra by leveraging
phylogenetic footprinting to determine
which motifs showed evidence of conser-
vation. Of the 840 motifs considered in
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Phylogenetic footprinting reveals conserved regulatory elements and transcription factor
(TF) binding sites across the Hydra genome. (A) Quantification of TF binding motif conservation across
four Hydra genomes. A positive log odds value indicates the nonshuffled motif had a higher conservation
rate than its shuffled control. Statistical significance was evaluated using a chi-square test with an FDR
cutoff of 0.01. (B) The distribution of sequence conservation levels around genes suggests that a sizable
minority of promoter-proximal CREs extends farther than 2 kb from the nearest TSS. The conservation
score represents the average number of non-AEP hydrozoan genomes that had the same base as the
AEP assembly at a given locus. (AUC) Area under the curve; (TSS) transcription start site; (TTS) transcrip-
tion termination site. Gene bodies were excluded from the AUC calculation. (C,D) Distribution plots sum-
marizing the distance from the furthest upstream CRE for each gene to the predicted target TSS based on
either ATAC-seq (C) or H3K4me1 CUT&Tag (D). Dotted vertical lines demarcate 2 kb from the TSS.
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often spanning dozens of kilobases. However, numerous success-
ful reporter lines have been generated in Hydra using only 500-
2000 bp of flanking sequence upstream of a gene of interest, moti-
vating some to hypothesize that transcriptional regulation in
Hydra is simpler than in bilaterians and primarily regulated by pro-
moter-proximal elements that typically fall within 2 kb of the TSS
(Klimovich et al. 2019). However, this hypothesis has not been sys-
tematically investigated.

To better understand the distribution of CREs in the Hydra ge-
nome, we used our cross-species whole-genome alignment to char-
acterize sequence conservation rates around genes in the AEP
assembly (Fig. 2B). We found that flanking noncoding sequences
around genes had elevated conservation rates that extended ~4.4
kb upstream and ~2.8 kb downstream before falling back to base-
line levels. Although we found that most of the elevated sequence
conservation fell within 2 kb upstream of the TSS, nearly half of
the conservation signal fell outside of that boundary (Fig. 2B). In
addition, we found that ~44% of genes in our analysis had at least
one conserved ATAC-seq or H3K4me1 peak further than 2 kb up-
stream of the TSS (Fig. 2C,D). These results indicate that there
are likely many instances in which functionally important CREs
lie further than 2 kb from their target gene and highlight the
need for functional genomic data to accurately identify promoter
regions.

Hydra chromatin is organized into localized contact domains

The three-dimensional organization of DNA molecules in the nu-
cleus is tightly linked to genome regulation (Szabo et al. 2019).
Although several cnidarian Hi-C data sets have been published
(Supplemental Table S4; Li et al. 2020; Nong et al. 2020;
Zimmermann et al. 2020; Simakov et al. 2022), the 3D organiza-
tion of cnidarian genomes remains largely uncharacterized. We
therefore interrogated our Hydra Hi-C data to better understand
the 3D architecture of the Hydra genome.

We first examined chromatin interactions at the whole-chro-
mosome scale. We observed signatures of a Rabl-like conformation
(Hoencamp et al. 2021), with interactions occurring between cen-
tromeres of different chromosomes as well as between centromeres
and telomeres within individual chromosomes (Fig. 3A). Com-
pared with previously characterized cnidarian genomes, these in-
teraction patterns appeared unique to Hydra, as we had not
observed similar phenomena in other publicly available cnidarian
Hi-C data sets. We therefore performed a systematic analysis of in-
ter-chromosomal interactions in cnidarians (for details, see Sup-
plemental Materials) and found that the Hydra genome had
significantly elevated levels of inter-centromeric interactions, but
not inter-telomeric interactions, relative to other cnidarians (Sup-
plemental Fig. S8). Notably, this change in 3D genome organiza-
tion appeared to be correlated with the loss of multiple
condensin II subunits in hydrozoans (Supplemental Fig. S9; Sup-
plemental Data S6). These lost subunits were shown to inhibit in-
ter-chromosomal interactions in other species (Hoencamp et al.
2021), suggesting that their loss has resulted in the elevated levels
of inter-centromeric interactions in Hydra and possibly other hy-
drozoans. However, the extent to which these interaction patterns
are present in other hydrozoan genomes is unknown owing to a
lack of Hi-C data from other hydrozoan species.

We next explored intra-chromosomal interactions in our
Hi-C data to look for evidence of chromatin domains or loops,
which are structures generated by transcriptional regulatory mech-
anisms in diverse eukaryotic genomes (Szabo et al. 2019; Zheng

and Xie 2019). We found that Hydra chromatin is hierarchically or-
ganized into megabase-scale domains that contain much smaller
kilobase-scale subdomains (Fig. 3B-D). The larger megabase-scale
domains showed a checkerboard-like interaction pattern consis-
tent with the A/B compartments observed in other Hi-C data sets
(Fig. 3B; Zheng and Xie 2019). Within these A/B compartments
were more localized structures that in places resembled the trian-
gle-shaped patterns associated with topologically associating do-
mains (TADs) in other species (Fig. 3C,D). We also occasionally
observed contact patterns suggestive of chromatin loops
(Supplemental Fig. S10), but such structures were rare.

To determine if the contact domains we observed were associ-
ated with transcriptional regulation, we first used a previously es-
tablished computational pipeline (Ramirez et al. 2018) to predict
chromatin domain boundaries (Fig. 3D). Although the resolution
of our Hi-C data made it difficult to fully resolve the kilobase scale
domains apparent in the Hydra genome, we were nonetheless able
to identify 4028 putative contact domains across the AEP assembly
with a median size of ~176 kb using this approach (Supplemental
Data S7). We then used the Hydra single-cell atlas (described below)
to characterize the expression patterns of genes around the pre-
dicted domain boundaries. We found that the cell type—specific ex-
pression patterns of adjacent gene pairs that fell within the same
contact domain were significantly more correlated than adjacent
gene pairs that spanned a domain boundary (Fig. 3E), suggesting
that Hydra chromatin contact domains are indeed associated
with transcriptional regulation. We also found that chromatin
boundaries were depleted of several euchromatin markers—in-
cluding chromatin accessibility, sequence conservation, and
H3K4mel—and enriched in heterochromatin markers such as in-
creased repetitive element density and higher levels of H3K27me3
(Fig. 3F-J). Altogether, these results suggest that, similar to inverte-
brate bilaterians, Hydra chromatin is organized into large epigenet-
ically regulated domains that contain coregulated genes. In
addition, the clear correlation between the predicted location of
domain boundaries and other orthogonal data sets such as
ATAC-seq and CUT&Tag shows that our domain prediction analy-
sis indeed captured meaningful aspects of chromatin architecture
across the Hydra genome.

An updated single-cell RNA-seq atlas for H. vulgaris uncovers the
transcriptional profiles of additional cell types

We next used the genomic resources we had generated to interro-
gate the transcriptional regulation of cell type specification in
Hydra, which required access not only to CRE annotations but
also to the transcriptomic profiles associated with different Hydra
cell types. We previously published a whole-animal single-cell
RNA-seq (scRNA-seq) data set for the AEP strain of H. vulgaris
that provides an atlas of molecular cell states in adult polyps
(Siebert et al. 2019). However, the currently available versions of
this data set use either the strain 105 genome or an AEP strain tran-
scriptome as a reference. Both are suboptimal as the transcriptome
does not provide information about genomic context, thus hin-
dering any research into transcriptional regulation, and the 105
genome gene models are less complete and have reduced mapping
rates when using AEP RNA-seq data (Supplemental Fig. S11;
Supplemental Table S2). In addition, there have been substantial
improvements in normalization (Hafemeister and Satija 2019),
batch-correction (Stuart et al. 2019), and visualization techniques
(MclInnes et al. 2018) for scRNA-seq data since the Hydra single-cell
atlas was initially published. Therefore, we addressed these
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Figure 3. Hi-C data reveal hierarchical chromatin architecture in the Hydra genome. (A) Hi-C contact map for the H. vulgaris strain AEP assembly reveals
15 pseudochromosomes with high levels of both inter-chromosomal interactions between presumptive centromeric regions and intra-chromosomal in-
teractions between centromeric and telomeric regions. (B) The chromatin interaction map for Chromosome 13 reveals megabase-scale chromatin com-
partments. The black dotted lines indicate the region visualized in the subsequent figure panel. (C) Kilobase-scale interaction domains can be found within
a single megabase-scale compartment. (D) Representative depiction of predicted kilobase-scale chromatin interaction domains in Hydra (black lines). (E)
Boxplot/scatterplot depicting the correlation in expression for adjacent gene pairs show that gene pairs within the same domain (intra-domain pairs) were
significantly more similar than pairs that spanned a domain boundary (inter-domain pairs; Welch two-sample t-test P-value =6.93 x 107°). (F/) Predicted
domain boundaries fall within regions of heterochromatin. Domain boundaries are associated with reduced chromatin accessibility (F), H3K4me1 (G), and
sequence conservation (H) and with elevated repeat element density (/) and H3K27me3 (J).
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limitations by reanalyzing the data using the AEP assembly as a transcriptomes presented in the originally published atlas
reference. (Siebert et al. 2019). We then used Seurat to perform a Louvain
Following mapping and doublet removal (for details, see clustering analysis and visualized the results using a uniform man-
Supplemental Materials; Supplemental Figs. S12, S13), we recov- ifold approximation and projection (UMAP) dimensional reduc-
ered 29,339 single-cell transcriptomes that passed our quality con- tion (Fig. 4A; Waltman and Van Eck 2013; McInnes et al. 2018;
trol cutoffs, an increase of ~17.4% compared with the 24,985 Hao et al. 2021). We then annotated the resulting clusters using
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Figure 4. An updated Hydra single-cell RNA-seq atlas reveals novel regulators of gene coexpression in Hydra. (A) Uniform manifold approximation and
projection (UMAP) dimensional reduction of the Hydra single-cell RNA-seq atlas mapped to the AEP reference genome captures virtually all known cell
states in adult polyps. Inset shows UMAP colored by the three stem cell lineages in adult Hydra. (NCs) Nematocytes; (NBs) nematoblasts; (SCs) stem cells;
(Ecto) ectodermal epithelial cells; (Endo) endodermal epithelial cells; (GCs) gland cells; (Ec) neuron subtypes found in the ectoderm; (En) neuron subtypes
found in the endoderm. (B) The gene G008733 is a specific marker for isorhiza nematocytes. (C—E) In situ hybridization targeting G008733 labels isorhiza
nematocytes (black arrowheads) in upper body column tissue. (F) scleraxis is a specific marker for ectodermal somatic gonad cells. (G) In situ hybridization
targeting scleraxis in male polyps labels ectodermal testes cells. (H) In situ hybridization reveals scleraxis is expressed in egg patches in female polyps. (-M)
Motif enrichment and gene expression patterns reveal candidate regulators of cell state. (/) TCF motif enrichment and wnt3 expression data corroborate the
role of TCF/Wnt signaling in epithelial head tissue. (/) GATA motif enrichment and expression data corroborate the role of gatal-3 in aboral epithelial tissue
and suggest an additional function in Ec3 neurons. (K) Pou4 motif enrichment and expression data suggest pou4 regulates transcription in differentiating
and mature neurons and nematocytes. (L) Ebf motif enrichment and expression data suggest ebf regulates transcription during oogenesis. (M) NR2F motif
enrichment and expression data suggest nr2f-like regulates transcription during nematogenesis. Corresponding JASPAR motif IDs are provided in the par-
enthetical text under the motif names (Fornes et al. 2020). (ES) Enrichment score; (NC) normalized counts.
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established cell type markers (Supplemental Fig. S14; Siebert et al.
2019). While generating these annotations, we identified two cell
types that were not found in previous iterations of the single-cell
atlas: isorhiza-type nematocytes and ectodermal male and female
somatic gonad cells. We subsequently identified markers of these
two populations, which we validated using in situ hybridization
(Fig. 4B-H). The isorhiza marker, GO08733, has no known func-
tional domains and appears to be specific to brown Hydra. The
somatic gonad marker, parascleraxis (G017021), is the ancestral
ortholog of two paralogous vertebrate basic helix-loop-helix TFs,
paraxis/tcf15 and scleraxis, that regulate muscle differentiation
(Freitas et al. 2006; Della Gaspera et al. 2022).

In summary, we generated an updated scRNA-seq atlas for
whole adult Hydra that can now be used in conjunction with the
AEP genome assembly. This comprehensively annotated atlas,
which incorporates two additional cell types, contains virtually
all known cell types in an adult Hydra. We also provide exhaustive
lists of marker genes for all clusters (Supplemental Data S8) as well
as 56 modules of coexpressed genes (Supplemental Fig. S15;
Supplemental Data S9, S10).

Characterizing the evolutionary history of Hydra cell type—specific
transcriptomes

The Hydra single-cell atlas captures the transcriptional signatures
of virtually all cell states in an adult polyp, which presents a valu-
able opportunity to gain new insight into the evolutionary history
of the transcriptional programs that define cnidarian cell types.
The acquisition of novel cellular traits is often accompanied by a
concurrent period of genetic innovation (Arendt 2008; Khalturin
et al. 2009). This can leave a phylogenetic signature in a cell’s tran-
scriptome in the form of an overrepresentation of novel genes that
arose during periods of evolutionary change in a cell type’s tran-
scriptional program (Domazet-LoSo et al. 2007). Thus, characteriz-
ing the age distribution of genes expressed in different cell types
can shed light on when those genetic programs arose.

To analyze the relationship between gene age and transcrip-
tional specificity, we first assigned phylostratigraphic ages to Hydra
gene families using orthology predictions generated from an
OrthoFinder analysis of 44 metazoan proteomes (Supplemental
Fig. S16; Supplemental Table S5; Supplemental Data S11; Emms
and Kelly 2015, 2019). We then characterized the relative enrich-
ment of genes of a given age across different cell types in our
scRNA-seq atlas, revealing clear cell type-specific enrichment pat-
terns (Supplemental Fig. S17A). We also calculated a holistic score,
the transcriptome age index (TAI) (Domazet-LoSo and Tautz 2010),
for each cell cluster (Supplemental Fig. S17B,C). Consistent with
previous reports (Hemmrich et al. 2012), we found that ancient
gene families predating Metazoa were most strongly associated
with interstitial cells that have a high degree of potency, namely,
interstitial stem cells, early neuron and nematocyte progenitors,
and germ cells—with interstitial stem cells having the least derived
transcriptomic profile overall (Supplemental Fig. S17).

Among differentiated interstitial cell types, both gland cells
and neurons were enriched for genes that originated at the base of
Metazoa, likely reflecting the ancient origins of their respective tran-
scriptional programs (Supplemental Fig. S17; Smith and Mayorova
2019; Musser et al. 2021). However, neurons also showed enrich-
ment for younger genes, suggesting the existence of cnidarian-spe-
cific modifications to neuronal transcription. In contrast,
nematocyte transcriptional profiles were generally younger, with
nematoblasts (i.e., developing nematocytes) showing stark enrich-

ment for gene families that originated either at the base of
Cnidaria or Medusozoa (Supplemental Fig. S17), consistent with
the more recent evolutionary origin of nematocytes (Jung et al.
2007; David et al. 2008). The two epithelial lineages were both asso-
ciated with genes predating Cnidaria, although endodermal cell
transcriptomes appeared somewhat older than those in ectodermal
cells (Supplemental Fig. S17). Like neurons, both epithelial lineages
were also enriched for younger hydrozoan-specific gene families.
Overall, our analysis suggests that the transcriptional programs
used by interstitial stem cells, germ cells, nematoblasts, and gland
cells show relatively little genetic innovation since their initial emer-
gence, whereas epithelial and neuronal transcriptional programs
have been more dynamic over the course of cnidarian evolution.

Prediction of Hydra cell fate regulators

We next sought to leverage both the scRNA-seq atlas and the AEP
assembly CRE annotations to identify TFs involved in coordinating
Hydra cell type-specific transcriptional programs. We had previous-
ly explored this question as part of the initial publication of the Hy-
dra atlas using an analysis that combined ATAC-seq from strain 105
polyps with the strain AEP scRNA-seq data (Siebert et al. 2019).
Broadly, our approach was first to identify TF binding motifs that
were enriched in promoter-proximal CREs associated with a set of
coexpressed genes, collectively referred to as a metagene. Then,
we predicted candidate regulators by identifying TFs that both
had similar expression to the metagene of interest and could plausi-
bly bind one of the enriched motifs. We were motivated to revisit
this analysis for two reasons: First, we could use our improved
AEP-mapped atlas, and second, our phylogenetic footprinting
data would improve our enrichment analysis by eliminating poten-
tial TF binding sites that were likely not functionally relevant.

Our motif enrichment analysis identified 336 motifs that
were enriched in at least one metagene in the AEP-mapped Hydra
single-cell atlas (Supplemental Figs. S15, S18; Supplemental Data
$12), and our subsequent coexpression analysis identified 115
TFs as candidate regulators (Fig. 4J-N; Supplemental Fig. S17; Sup-
plemental Data S13). These candidates spanned diverse cell states
and included multiple regulators whose function had been previ-
ously validated in Hydra, such as TCF/Wnt signaling as a regulator
of oral tissue (Fig. 41; Hobmayer et al. 2000; Broun et al. 2005; Leng-
feld et al. 2009; Gee et al. 2010), gatal-3 as a regulator of aboral tis-
sue (Fig. 4]; Ferenc et al. 2021), and zic4 as a regulator of epithelial
tentacle tissue (Supplemental Fig. S19J; Vogg et al. 2022). These re-
sults validate our analysis as a method for detecting functionally
meaningful regulatory relationships underlying cell fate decisions
in Hydra. In addition, our analysis identified novel candidate reg-
ulators. These included pou4 as a regulator of late stage nematogen-
esis and neurogenesis (Fig. 4K), ebf as a regulator of oogenesis (Fig.
4L), and nr2f-like as a regulator of early nematogenesis (Fig. 4M).

Systematic comparison of cell type-specific transcription
in H. vulgaris and C. hemisphaerica

We next extended our analysis of cell type-specific transcription to
another hydrozoan, the jellyfish C. hemisphaerica. Hydra and
Clytia, although both hydrozoans, nonetheless show extensive
differences at both the genomic and phenotypic level. The most re-
cent common ancestor of Hydra and Clytia lived more than 400
million years ago (Schwentner and Bosch 2015; Dohrmann and
Worheide 2017), and the protein sequence divergence between
the two species is roughly equivalent to that of humans and lam-
preys (Supplemental Fig. S16). Hydra and Clytia also have markedly
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different life cycles: Hydra have a derived and simplified life cycle
that consists only of a polyp stage, whereas Clytia have planula, co-
lonial polyp, and medusa stages, each with distinct morphologies.
Because of the extensive divergence between these lineages, iden-
tifying molecular commonalities between these two systems pro-
vides strong evidence of conservation and, by extension,
functional significance.

To identify conserved cell type-specific transcriptional pat-
terns in Hydra and Clytia, we used reciprocal principal component
analysis to align our Hydra scRNA-seq atlas to a recently published
scRNA-seq atlas of the Clytia medusa (Chari et al. 2021). The result-
ing UMAP representation accurately grouped homologous cell
types from the two species (Fig. SA-C). To assess transcriptional
similarities between cell types more quantitatively, we calculated
an alignment score (Tarashansky et al. 2021) for all pairwise
cross-species cell type comparisons. This revealed extensive simi-
larities between the two species, providing strong evidence of tran-
scriptional conservation across homologous cell types (Fig. 5D).
We also calculated a distance metric that quantified the overall de-
gree of transcriptional equivalence between a given cell and simi-
lar cells in the other species (Supplemental Fig. S20).

Among the three lineages, epithelial cells showed fewer cell
type similarities than did interstitial cells (Fig. SD), consistent with
the marked differences in epithelial morphology between polyp
and medusa body plans. Nonetheless, we did identify some tran-
scriptional similarities among epithelial cells, suggesting that hydro-
zoan medusa and polyp body plans are created at least in part
through the redeployment of shared transcriptional programs. In
addition, Hydra epithelial stem cells had low transcriptional distance
scores (Supplemental Fig. S20), potentially indicating the conserva-
tion of general epithelial transcriptional signatures despite the lack
of direct homologies with individual Clytia epithelial cell types.
Interstitial cell types showed more robust conservation, with nearly
all Hydra interstitial cell populations showing similarity to at least
one Clytia cell type (Fig. SD). In some cases, there was clear one-
to-one homology, such as female germline cells and some gland
cell subtypes. In contrast, neuron and nematocyte cell types had ei-
ther one-to-many or many-to-many patterns of homology.

The Hydra genus has undergone extensive gene loss, likely as
a consequence of its simplified life cycle (Chapman et al. 2010;
Leclere et al. 2019; Hamada et al. 2020), but the ancestral function
of these lost genes has gone largely unexplored. We sought to le-
verage the Clytia cell atlas to systematically characterize the poten-
tial function of genes lost in Hydra. To do this, we calculated a
holistic score for each Clytia cell cluster that represented the degree
to which that cell type expressed these lost genes (Supplemental
Fig. S21). The Clytia cell type with the highest score was the tenta-
cle GFP cell, a bioluminescent cell type located in the medusa ten-
tacle bulb (Fourrage et al. 2014). Among other cell types, gland cell
scores were clear outliers, with exceptionally high values across all
subtypes. Notably, our cross-species cell type comparison found
that the tentacle GFP cell, along with three of the five Clytia gland
cell subtypes, did not show strong homology with any Hydra cell
types (Fig. SD). These observations suggest that gene loss in the
Hpydra genus has been driven, at least in part, by the loss or simpli-
fication of cell type-specific transcriptional programs.

Interstitial cell-specific gene regulatory modules are conserved
between Hydra and Clytia

Transcriptional similarities between Hydra and Clytia cell types
imply the existence of conserved gene regulatory networks.

Therefore, we sought to identify the regulators underlying con-
served cell type-specific transcription in these two species. To
that end, we reapplied the approach we used to identify candidate
gene module regulators in Hydra to the Clytia single-cell atlas, albe-
it with some modifications because of the lack of epigenetic data in
Clytia (Supplemental Fig. S22; Supplemental Data S14, S15). We
then compared the results from each species to identify common-
alities. We found 13 motifs that had similar enrichment patterns
in the two species (enrichment correlation score>0.5)
(Supplemental Data S16). Thus, despite the high level of diver-
gence in noncoding sequence between the Clytia and Hydra ge-
nomes, we see significant overlap in the motifs associated with
conserved gene coexpression modules.

To find candidate regulators of conserved gene coexpression
modules, we first sought to identify TFs with similar cell type specif-
icity in Hydra and Clytia. To do this, we identified one-to-one ortho-
log pairs with correlated expression in the aligned cross-species
principal component space (for details, see Supplemental Material).
This approach recovered 409 orthologs with highly conserved ex-
pression patterns (correlation score>0.65), including markers for
most cell types in the cross-species atlas (Supplemental Figs. S23,
S24; Supplemental Data S17). From these 409 orthologs, we identi-
fied 30 predicted TFs with conserved cell type—specific expression
(Supplemental Fig. S25). Although our analysis did not recover
any conserved TFs in epithelial cells (likely because of the relatively
poor alignability of the epithelial cell clusters), we did find putative
conserved regulators for all interstitial cell types.

To further test if the function of these 30 TFs was conserved
from Clytia to Hydra, we manually cross-referenced their expres-
sion patterns with our cross-species motif enrichment analysis to
identify cases in which both the TF expression pattern and its
binding motif enrichment profile were conserved. We identified
five TFs that met these stringent conservation criteria (Fig. SE-H;
Supplemental Fig. $26), including regulators of neurogenesis
(pou4 and atoh8) (Fig. SE; Supplemental Fig. S26), nematogenesis
(poud, paxA, and foxnl/4) (Fig. SE-G), and oogenesis (ebf) (Fig.
5H). Thus, by systematically comparing genomic and transcrip-
tomic data from distantly related hydrozoan species, we were
able to identify transcriptional regulators of multiple interstitial
cell types that have likely retained their function over at least
400 million years of evolution.

Discussion

Characterizing transcriptional regulation in nonbilaterian metazo-
ans presents significant challenges. In this study, we generated
new genomes for H. oligactis and strain AEP H. vulgaris—with the lat-
ter being among the most contiguous and best-annotated cnidarian
genomes currently available—to facilitate the investigation of hy-
drozoan transcriptional regulation. By combining our AEP strain as-
sembly with data covering single-cell expression, chromatin
accessibility, histone modifications, sequence conservation, and
chromatin contact frequency, we were able to perform the most
in-depth characterization of transcriptional regulation in a cnidari-
an to date. These new resources, available at https://research.nhgri
.nih.gov/HydraAEP/, provide powerful new tools for future research
aimed at unraveling hydrozoan transcriptional regulation.

Evidence of long-range chromatin interactions in Hydra

Consistent with previous characterizations of CREs in cnidarians
(Schwaiger et al. 2014; Reddy et al. 2020; Murad et al. 2021), our
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Figure 5. Aligned Hydra and Clytia single-cell atlases reveal conserved cell type-specific transcriptional regulation. (A-C) UMAP dimensional reduction of
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similarities between Hydra (right column) and Clytia (left column) cell types highlights extensive similarities among interstitial cell types. The alignment score
quantifies the proportion of mutual nearest neighbors for one cell type that are made up of members of another cell type. An alignment score threshold of
0.05 was used to exclude poorly aligned cell types. (NCs) Nematocytes; (NBs) nematoblasts; (SCs) stem cells; (Ecto) ectodermal epithelial cells; (Endo)
endodermal epithelial cells; (GCs) gland cells; (Ec) neuron subtypes found in the ectoderm; (En) neuron subtypes found in the endoderm; (Tent.) tentacles;
(GD) gastroderm. (E-H) Conserved motif enrichment and gene expression patterns reflect gene regulatory network conservation in hydrozoans. (E) pou4 is
a conserved regulator of late stage and mature neurons and nematocytes. (F) paxA is a conserved regulator of nematoblasts. (G) foxn1/4 is a conserved

regulator of nematocyte maturation. (H) ebf is a conserved regulator of oogenesis. (ES) Enrichment score; (NC) normalized counts.

292 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on March 3, 2023 - Published by Cold Spring Harbor Laboratory Press

Transcriptional regulation in hydrozoans

global maps of histone modifications and chromatin accessibility
clearly support the existence of distal enhancer-like regulatory ele-
ments in Hydra. This is further supported by our phylogenetic foot-
printing analysis, which found that many of these putative distal
elements were conserved across multiple Hydra species.
Nonetheless, we found that Hydra CREs show a strong promoter-
proximal bias, with most conserved upstream elements falling
within 2 kb of the TSS. This likely explains the relatively high suc-
cess rate of transgenic Hydra reporter lines generated using just 1-2
kb of upstream sequence (Klimovich et al. 2019). However, there
have been some instances, such as with hym-176e and B-catenin,
in which short stretches of upstream promoter proximal sequence
were not sufficient to fully recapitulate known expression patterns
(Hobmayer et al. 2000; Iachetta et al. 2018; Noro et al. 2019).
Therefore, the genomic resources generated by this study should
facilitate the generation of transgenic reporter lines in the future
by allowing researchers to identify likely promoter regions using
data collected from the same strain used for transgenesis.

Our characterization of the 3D chromatin architecture of the
strain AEP genome provided further evidence that distal chroma-
tin interactions are likely prevalent in Hydra, as we identified thou-
sands of localized chromatin interaction domains that spanned
dozens to hundreds of kilobases. The borders of these domains
were marked by changes in histone modifications and gene expres-
sion patterns, indicating that they were likely related to transcrip-
tional regulation. Thus, Hydra chromatin domains resemble those
found in other organisms that lack CTCF-mediated chromatin
loops, such as Drosophila and Arabidopsis, where TADs arise pas-
sively via the partitioning of heterochromatin and euchromatin
into distinct interaction compartments (Rowley et al. 2017;
Szabo et al. 2019). However, many of the proteins that localize
to TAD boundaries in Drosophila, the system in which non-
CTCF-mediated chromatin organization has been best character-
ized (e.g., BEAF-32, CP190, Chromator, GAF, and M1BP) (Szabo
et al. 2019), appear to be absent from the Hydra genome. It there-
fore remains unclear how domain boundaries are regulated in
cnidarians.

A highly conserved feature of chromatin domains in many or-
ganisms is that their boundaries often overlap with regions of ac-
tive chromatin (Szabo et al. 2019). In stark contrast, we found
that Hydra domain boundaries generally fell within stretches of
heterochromatin. In Drosophila, it was proposed that active regions
found at putative domain boundaries are not boundaries at all but
rather are small active domains interspersed between larger re-
pressed domains (Rowley et al. 2017). Thus, it may be the case
that the heterochromatic signature found at Hydra domain bound-
aries corresponds to small, repressed regions that we are unable to
resolve with our current whole-animal Hi-C data. In the future, the
generation of higher resolution Hi-C data from a more homoge-
nous cell population would help clarify the nature and regulation
of Hydra domain boundaries.

We also used our Hi-C data to characterize the 3D organiza-
tion of the Hydra genome at the chromosomal level, which re-
vealed high levels of inter-centromeric interactions. Indeed, we
performed a systematic cross-species analysis of available cnidari-
an Hi-C data sets and found that Hydra had significantly elevated
levels of inter-centromeric chromatin interactions relative to other
cnidarians, which may have resulted from the loss of a subset of
condensin II subunits in the hydrozoan lineage. Alternatively,
the increased inter-chromosomal interactions may simply be a
byproduct of the increased size of brown Hydra genomes (Wong
et al. 2019). Characterizing inter-chromosomal contacts in other

hydrozoans, particularly in the green H. viridissima, which has a
much smaller genome than H. vulgaris, as well as H. oligactis, which
has alarger genome, would help address this question. In addition,
the Hi-C data generated from these experiments could be used to
generate chromosome-level scaffolds from the available draft ge-
nomes for these two species (Hamada et al. 2020), which would
greatly facilitate future comparative genomics research within
the Hydra lineage.

Deep conservation of hydrozoan cell type-specific transcriptional
programs

The stem cell differentiation trajectories in Hydra are the best char-
acterized of any cnidarian, making it well suited for exploring the
gene regulatory networks underlying cell fate specification. To that
end, we combined the CRE annotations we generated for the AEP
assembly with an updated version of the Hydra scRNA-seq atlas to
better understand the transcriptional programs directing cell type—
specific transcription. In the process of updating the atlas, we re-
covered ~17% more single-cell transcriptomes and two additional
cell types compared with previous atlas iterations. With the addi-
tion of these two previously absent cell types, isorhiza nemato-
cytes and somatic gonad ectoderm, the Hydra single-cell atlas
now contains virtually all known cell types in the adult polyp.
However, there is likely additional complexity within these two
additional cell populations that we are currently unable to resolve.
Specifically, we currently cannot differentiate between the two
types of mature isorhiza nematocytes, holotrichous and atrichous,
nor can we distinguish between male and female somatic gonad.
The inability to resolve these subtypes likely results from their rel-
atively low abundance in our data set. The generation of transgenic
reporter lines using the markers we provide in this study would
greatly facilitate efforts to selectively isolate and transcriptionally
profile these cell subtypes.

Our subsequent analysis of the updated atlas provided several
insights into the evolution of cell type-specific transcriptional pro-
grams in hydrozoans. Consistent with previously published find-
ings (Hemmrich et al. 2012), our phylostratigraphic analysis of
the three adult stem cell populations found that the genes tran-
scribed in the epithelial stem cells are substantially younger than
those transcribed in interstitial stem cells. Indeed, the transcrip-
tional profiles of the two epithelial stem cell populations and their
differentiated progeny were enriched in genes originating at the
base of hydrozoa or later. Little is known about the evolution of ep-
ithelial cells within hydrozoans, but the topic may merit further
study as our analysis suggests these cell types may be a major driver
of recent genetic novelty. In contrast, interstitial stem cells had the
oldest transcriptional profile of any cell in the Hydra atlas. This
finding is consistent with the proposed existence of a deeply con-
served genetic program underlying pluripotency in metazoans
(Juliano et al. 2010; Sogabe et al. 2019). Thus, although interstitial
stem cells are thought to be a derived cell type (Gold and Jacobs
2013), they make use of an evolutionarily ancient transcriptional
program.

To better understand the regulation of these cell type-specific
transcriptional programs, we integrated our CRE annotations and
scRNA-seq data to identify candidate TFs involved in cell fate spec-
ification. This analysis recovered previously characterized as well
as novel candidate regulators, thus providing an extensive list of
candidates for future functional studies across a diverse array of
cell types. Notably, in addition to capturing the known functions
of previously characterized TFs, our analysis also predicted
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additional functions that may have been missed by previous stud-
ies. Specifically, our work suggests that gatal-3 and zic4 regulate
transcription in neurons (Fig. 4J; Supplemental Fig. S19]) in addi-
tion to their previously documented roles in epithelial cells
(Ferenc et al. 2021; Vogg et al. 2022).

To determine if the composition and regulation of cell type—
specific transcription in Hydra are conserved in other hydrozoans,
we performed a systematic comparative analysis of the Hydra and
Clytia single-cell atlases. This analysis revealed extensive conserva-
tion in cell type-specific transcriptional signatures despite the ex-
tensive divergence between these two species, which allowed us to
identify hundreds of conserved marker genes across all major cell
types. However, apart from germ cells and a subset of gland cells,
we did not observe clear one-to-one homology among differentiat-
ed cell subtypes. This may indicate that although broad cell types
(e.g., neuron, nematocyte, gland cell) are well conserved at the
transcriptional level, the identities of specific subtypes are not.
Indeed, some Clytia cell types, including the tentacle GFP cell
and several gland cell subtypes, appear to have been lost in
Hpydra. One possible hypothesis is that this loss was driven by the
simplification of the Hydra life cycle. However, it is currently un-
clear if such a hypothesis is plausible, as it is not known if the
cell types in question are medusa-specific in Clytia. The generation
of single-cell atlases for the Clytia planula and polyp stages would
help address this question.

Among the cell types that were clearly conserved between
Hpydra and Clytia, our analysis uncovered robust overlap not only
in gene expression but also in predicted transcriptional regulators.
Specifically, we identified putative regulators of nematogenesis,
neurogenesis, and oogenesis whose gene expression patterns and
motif enrichment profiles were conserved from Clytia to Hydra.
Given the extensive transcriptional similarities we observed in
our aligned cross-species atlas, it is very likely that the relatively
small list of conserved regulators we identified in this study is in-
complete. The generation of CRE annotations for the Clytia ge-
nome would likely increase the sensitivity of this analysis and
help reveal additional regulatory conservation.

Among the TFs we identified as having a conserved function
in hydrozoans, three of these regulators—namely, pou4, atoh8, and
paxA—have been functionally characterized in Nematostella, a cni-
darian that diverged from hydrozoans more than 600 million years
ago (Schwentner and Bosch 2015; Dohrmann and Worheide
2017). In all three cases, the reported roles of these TFs in
Nematostella are consistent with their predicted functions in
hydrozoa based on our analysis (Richards and Rentzsch 2015;
Babonis and Martindale 2017a; Tourniére et al. 2020). In addition,
our predictions regarding pou4 and atoh8 function in hydrozoan
neurons are consistent with the well-established roles for these
genes in bilaterian nervous systems (Gan et al. 1996; Inoue et al.
2001). Collectively, these findings support the accuracy of our an-
alytical approach and provide insight into the likely ancestral
function of these TFs in the last common cnidarian ancestor.

Our analysis also identified novel regulators, including foxn1/
4 as a regulator of nematocyte maturation and ebf as a regulator of
oogenesis. Although putative functions for these TFs have not, to
our knowledge, been previously described, we did find publicly
available expression data sets that were consistent with ebf having
a conserved role in oogenesis. Specifically, recently published bulk
RNA-seq data from the hydrozoan Hydractinia symbiolongicarpus
showed that ebf was specifically expressed in polyps undergoing
oogenesis (DuBuc et al. 2020). In addition, an scRNA-seq atlas of
the zebrafish ovary shows an ebf ortholog, ebf3b, as a marker of fe-

male germline stem cells (Liu et al. 2022). Therefore, ebf regulation
of oogenesis may predate the split of Bilateria and Cnidaria.

In summary, by taking a comparative approach and leverag-
ing the genomic and transcriptomic data available in Clytia and
Hydra, we identified both conserved gene coexpression modules
and the TFs that likely regulate them, providing new insight into
the transcriptional programs underlying cell identity in
hydrozoans.

Methods

Hydra strains and culturing conditions

The following H. vulgaris strains were used in this study: AEP
(Martin et al. 1997), 105 (Chapman et al. 2010), inverse watermel-
on (Glauber et al. 2015), watermelon (Glauber et al. 2015),
enGreenl, and operon (Dana et al. 2012). The Innsbruck female12
strain was used for generating the H. oligactis genome assembly. All
animals were maintained using standard procedures (Lenhoff and
Brown 1970). For details, see Supplemental Material.

H. vulgaris strain AEP genome sequencing, assembly, and
annotation

High-molecular-weight (HMW) genomic DNA (gDNA) was ex-
tracted from strain AEP H. vulgaris using a Qiagen Gentra
Puregene kit. The DNA was then used for the generation of 10x
Chromium library using a chromium genome library & gel bead
kit v.2, an Oxford Nanopore library using an Oxford Nanopore li-
gation sequencing kit, and a Pacific Biosciences (PacBio) library us-
ing a SMRTbell express template prep kit 2.0. The 10x libraries were
sequenced on an [llumina HiSeq X10. The Nanopore libraries were
sequenced using an Oxford Nanopore PromethION. The PacBio li-
braries were sequenced using a PacBio sequel II. Hi-C libraries were
prepared using an Arima Hi-C kit and were sequenced on an
Illumina NovaSeq 6000. The initial draft assembly was generated
with the Nanopore data using Canu (Koren et al. 2017); scaffolding
was performed using the 10x and Hi-C data; and error correction
and gap-filling was performed using the 10x, PacBio, and
Nanopore data. Gene models were generated using BRAKER2
(Brtina et al. 2021) and exonerate (Slater and Birney 2005). For de-
tails, see Supplemental Material.

H. oligactis genome sequencing, assembly, and annotation

HMW gDNA was extracted from Innsbruck femalel2 strain H. oli-
gactis polyps using a Circulomics Nanobind tissue big Kkit.
Sequencing libraries were prepared using an Oxford Nanopore li-
gation sequencing kit and sequenced using an Oxford Nanopore
MinION. The assembly was generated using Flye (Kolmogorov
et al. 2019). Gene models were generated using BRAKER2 (Brina
et al. 2021) For details, see Supplemental Material.

ATAC-seq

Whole-animal ATAC-seq was performed on strain AEP H. vulgaris
polyps using a previously described protocol (Siebert et al. 2019).
The data were analyzed using a previously described pipeline
(Siebert et al. 2019). For details, see Supplemental Material.

CUT&Tag

Whole-animal CUT&Tag was performed on strain AEP H. vulgaris
polyps using a modified version of the originally published proto-
col (Kaya-Okur et al. 2019). The data were mapped to the AEP ge-
nome assembly using Bowtie 2 (Langmead and Salzberg 2012),
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and peaks were called using SEACR (Meers et al. 2019). For details,
see Supplemental Material.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed on strain AEP
H. vulgaris polyps using a previously described protocol (Bode
et al. 2009). For details, see Supplemental Material.

Sequence conservation analysis

The whole-genome cross-species alignment was generated using
Progressive Cactus (Armstrong et al. 2020). TF binding sites were
predicted using FIMO (Grant et al. 2011). For details, see
Supplemental Material.

Hydra and Clytia single-cell atlas analysis

Previously published Hydra scRNA-seq data were aligned to the
AEP genome assembly using a previously described pipeline
(Siebert et al. 2019). The Clytia scRNA-seq data were mapped to
gene models for the updated version of the Clytia genome assem-
bly (accessed from the NCBI GenBank database [https://www.ncbi
.nlm.nih.gov/genbank/] under accession number CACVBU01000
0000) using the Cell Ranger pipeline. Normalization, clustering,
cross-species alignment, and visualization were performed using
Seurat (Hao et al. 2021). Gene coexpression analyses were per-
formed using cNMF (Kotliar et al. 2019). For details, see
Supplemental Material.

Data access

We have generated a new Hydra AEP Genome Project Portal (https
://research.nhgri.nih.gov/HydraAEP/) that allows users to interact
with and download the data generated by this study. The raw se-
quencing data and assembled genomic sequences data generated
in this study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRINA816482. Note that the chromosome numbering
for the version of the strain AEP H. vulgaris assembly available
via GenBank (accession JALDPZ000000000) was changed to be
consistent with the numbering used for the strain 105 H. vulgaris
assembly (accession JAGKSS000000000) (Simakov et al. 2022).
Step-by-step descriptions of all computational analyses conducted
as part of this study, including all relevant code, formatted both as
markdown and HTML documents, are available at GitHub (https
://github.com/cejuliano/brown_hydra_genomes). An archived
copy of this repository is also provided as Supplemental Code S1.
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