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A B S T R A C T   

Cnidarians (jellyfish, hydroids, sea anemones, and corals) possess a unique method for venom production, 
maintenance, and deployment through a decentralized system composed of different types of venom-filled 
stinging structures called nematocysts. In many species, nematocyst types are distributed heterogeneously 
across functionally distinct tissues. This has led to a prediction that different nematocyst types contain specific 
venom components. The colonial hydrozoan, Hydractinia symbiolongicarpus, is an ideal system to study the 
functional distribution of nematocyst types and their venoms, given that they display a division of labor through 
functionally distinct polyps within the colony. Here, we characterized the composition and distribution of 
nematocysts (cnidome) in the different polyp types and show that the feeding polyp (gastrozooid) has a distinct 
cnidome compared to the reproductive (gonozooid) and predatory polyp (dactylozooid). We generated a 
nematocyst-specific reporter line to track nematocyst development (nematogenesis) in H. symbiolongicarpus, and 
were able to confirm that nematogenesis primarily occurs in the mid-region of the gastrozooid and throughout 
stolons (tubes of epithelia that connect the polyps in the colony). This reporter line enabled us to isolate a 
nematocyst-specific lineage of cells for de novo transcriptome assembly, annotate venom-like genes (VLGs) and 
determine differential expression (DE) across polyp types. We show that a majority of VLGs are upregulated in 
gastrozooids, consistent with it being the primary site of active nematogenesis. However, despite gastrozooids 
producing more nematocysts, we found a number of VLGs significantly upregulated in dactylozooids, suggesting 
that these VLGs may be important for prey-capture. Our transgenic Hydractinia reporter line provides an op-
portunity to explore the complex interplay between venom composition, nematocyst diversity, and ecological 
partitioning in a colonial hydrozoan that displays a division of labor.   

1. Introduction 

A fundamental question in the evolution of venomous animals is how 
species manage the high metabolic cost of venom production and the 
utility of venom in multiple ecological interactions (i.e. venom meter-
ing; Morgenstern and King, 2013). Several phylogenetically-distant 
species have managed this tradeoff in such a way to simultaneously 
produce, maintain, and in some cases independently inject venom 
cocktails specific to the ecological context, including predatory and 
defensive venoms in cone snails (Dutertre et al., 2014; Abalde et al., 
2021) and the assassin bug Pristhesancus plagipennis (Walker et al., 
2018). Various strategies for modulating venom output appear to have 
emerged across the tree of life (Schendel et al., 2019). 

Unlike other venomous animals, the Phylum Cnidaria (jellyfish, 
hydroids, sea anemones, and corals) has a decentralized venom delivery 
system composed of nematocysts, which are complex secretory organ-
elles contained within cells that are distributed throughout the organism 
(Weill, 1934; Fautin et al., 2009). This decentralized system means the 
ecological utility of specific venom components and variation in venom 
expression can be analyzed using functionally specialized tissues and life 
stages (Ashwood et al., 2020). For example, the model sea anemone 
Nematostella vectensis Stephenson, 1935 has been a recent focus for 
studying venom modulation, including across the life history of this 
species (Columbus-Shenkar et al., 2018) and after exposure to abiotic 
stressors (Sachkova et al., 2020). Several studies in other sea anemones 
using RNA-seq show venom expression varies across distinct tissue types 
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(Macrander et al., 2015, 2016; Surm et al., 2019; Ashwood et al., 2021a, 
2021b). Although a robust pattern of toxin variation has been demon-
strated in sea anemones (anthozoans), comparatively little has been 
explored in other cnidarians, including jellyfish and their relatives 
(medusozoans), despite their high developmental and ecological di-
versity (Boero et al., 2005). The few venom ecology studies outside of 
sea anemones have primarily focused on the freshwater model Hydra 
(reviewed in Sher et al., 2009; Rachamim et al., 2012) and 
medically-relevant species, such as box jellyfish (e.g. Underwood and 
Seymour 2007; McClounan et al., 2012). Additionally, a recent study in 
siphonophores shows that differential expression of putative toxins oc-
curs across functionally specific tissues (Munro et al., 2021). 

Cnidarians ability to regulate specific venom repertoires has been 
attributed to the distribution of different nematocyst types present in 
functionally different tissues. Nematocysts are ubiquitous across 
cnidarian species with ~30 morphologically distinct types (Weill, 1934; 
Östman 2000; Fautin, 2009). The type and distribution across a species 
is a taxonomically-relevant characteristic called the cnidome (Weill, 
1934), and many species typically contain 2-4 types across their 
ontogeny that are parsed out between different tissues or life stages 
(Fautin, 2009). Nematogenesis (development of nematocysts) has a 
characteristic set of stages, including capsule production followed by 
thread production, inversion of the thread into the capsule, and hard-
ening and closing of the capsule (Holstein, 1981). The process is local-
ized to a designated region and only mature or nearly mature 
nematocysts migrate to the specific tissue where they will be deployed 
(Kass-Simon and Scappaticci, 2002). It has been a long-standing ques-
tion in cnidarian biology whether different nematocyst types contain 
different venom profiles, with evidence both for (e.g. McClounan et al., 
2012; Columbus-Shenkar et al., 2018) and against (e.g. Brinkman et al., 
2015; Doonan et al., 2019). This is further complicated by the lack of 
knowledge on when and where venoms are produced (see Lewis Ames 
and Macrander, 2016) and when during nematogenesis these toxins are 
packaged, although toxin expression appears to be expressed early and 
stops after maturation (Sunagar et al., 2018). Thus, the relationship 
between regulation of nematocyst type, venom expression, and the 
differential utilization of venoms is interconnected with nematogenesis. 

Hydractinia symbiolongicarpus Buss and Yund (1989) is a genetically 
tractable cnidarian model system with functionally-distinct tissues and 
nematocyst types, which makes it ideal for exploring the complex re-
lationships between nematogenesis, nematocyst composition and dis-
tribution, venom expression, and the ecological context of venom use. 
Species of the genus Hydractinia have been historically studied as a 
model in stem cell and developmental biology (reviewed in Frank et al., 
2001; Frank et al., 2020). The North American species 
H. symbiolongicarpus has become increasingly popular due to its amia-
bility to functional genomic techniques such as transgenesis (DuBuc 
et al., 2020), short-hairpin gene downregulation (Quiroga-Artigas et al., 
2020), and CRISPR-Cas9 knock-downs and knock-ins (DuBuc et al., 
2020; Sanders et al., 2018). H. symbiolongicarpus colonies possess a 
highly specialized organization comprising morphologically- and 
functionally-distinct polyp types: feeding and digestive polyps, which 
are the only type to possess a mouth (gastrozooids), male or female 
reproductive polyps (gonozooids), and predatory polyps (dactylozooids) 
(Fig. 1). These polyps are interconnected by branching gastrovascular 
canals called stolons, which carry nutrients throughout the colony as 
well as i-cells (hydrozoan stem cells) and nematocyst precursors (Frank 
et al., 2001). This division of labor ensures that functional specificity can 
be studied using the same colony of Hydractinia, minimizing the impact 
of genotype on toxin expression. There is also evidence to suggest that 
different polyp types do express distinct genes (Sanders et al., 2014), 
including putative toxins (Sanders et al., 2014; Klompen et al., 2021). 

In order to study the interplay between the cnidome, nematogenesis, 
venom variation, and ecological use, we take advantage of the inherent 
ecological partitioning of H. symbiolongicarpus colonies as well as the 
functional genomic approaches available. Here, we characterize the 

cnidome across the different polyp types, generate a nematocyst-specific 
reporter to isolate nematocyst-enriched tissue for transcriptomic anal-
ysis, and integrate these findings with observations on how venom 
expression and nematogenesis are partitioned within the colony. 

2. Methods 

2.1. Animal care 

Hydractinia symbiolongicarpus colonies were maintained at the Uni-
versity of Kansas on glass microscope slides in artificial seawater (ASW) 
(Instant Ocean Reef Crystals, USA) between 28 and 30 ppt at room 
temperature (22–23 ◦C). Parental colonies (male 291–10; female 295–8) 
and progeny from this study were maintained in separate 5-gallon tanks. 
Animals were fed 2–3 times each week with 2–3 day old brine shrimp 
nauplii (Artemia sp.) or frozen mussel and given 10–20% water changes 
after each feeding. 

Shells of the dwarf hermit crab (Pagurus longicarpus Say, 1817) with 
established H. symbiolongicarpus colonies were purchased from Marine 
Biological Laboratories (Woods Hole, MA, USA). Animals were main-
tained in a 15-gallon tank with ASW in the same conditions as the 
cultured H. symbiolongicarpus colonies. Crabs were provided frozen 
shrimp or mussels 2–3 times a week, followed by 2–3 day old brine 
shrimp for hydroid colonies. Water changes were conducted weekly, 
varying from 10 to 50% depending on water quality. 

2.2. Nematocyst identification and counting 

Nematocyst classification was based on Östman (2000) and previous 
reports on Hydractinia spp. (Mills, 1976; Buss and Yund, 1989; Lange 
et al., 1989; Schuchert, 2008, 2014). Three different hermit crabs con-
taining colonies with >50% coverage were randomly selected and three 
gastrozooids, dactylozooids, and at least two gonozooids (male or fe-
male) from each crab were used for cnidome characterization. Polyps 
were placed on glass slides and covered by coverslips containing small 
amounts of clay at the corners to ensure the integrity of each polyp. 
Images were taken using a Zeiss Axioscope 2 Plus microscope and 
Lumenera Infinity 3 camera with Infinity Analyze v10 software. The 
tentacles of each polyp, hypostome (in gastrozooids only), mid-body 

Fig. 1. Polyp types of the colonial cnidarian Hydractinia symbiolongi-
carpus. A) Photos of morphologically and functionally distinct polyp types of 
Hydractinia. Top panel shows primarily gastrozooids, or feeding polyps, on the 
surface of a hermit crab shell. Bottom panels show close-ups of female gon-
ozooids, or reproductive polyps, to the left (blue arrow) and dactylozooids, or 
prey-capture polyps, to the right (red arrow). Note that dactylozooids only 
appear at the opening of the hermit crab shell (Burnett et al., 1967). Lines 
drawings are provided of each polyp type of focus in this study: B) gastrozooid, 
C) gonozooids, male (left) and female (right), and D) dactylozooid. 
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column, and the lower 25% of the polyp (proximal region) were imaged 
individually, and all nematocyst types that could be confidently 
assigned based on orientation were counted. Calculations and data 
visualization were conducted in R v4.1.2 (R Core Team, 2021) with 
RStudio v2021.9.0.351 (RStudio Team, 2021). Results are shown in 
Fig. 2. All figures were created using Inkscape v1.1. 

2.3. Fertilization and development 

Breeding colonies were kept on a 8/16 h light-dark cycle. After 
exposure to light, males and females were placed in separate containers 
with fresh ASW. Spawning was induced within 1–1.5 h, and water 
containing released eggs was combined with 10–20 ml of water con-
taining released sperm with gentle stirring. After ~10 min, the fertilized 
eggs were concentrated for microinjection, if applicable. Embryos were 
moved to glass petri dishes with fresh ASW to develop into planulae. 
After 72–96 hpf, metamorphosis was induced with a 4–6 h incubation in 
56 mM CsCl. The planulae were placed on glass coverslips or petri dishes 
to settle, and primary polyps developed over the next 48 h. Primary 
polyps are initially fed 1–2 day old brine shrimp using a pipette until the 
animals were mature enough to capture prey unassisted. 

2.4. DNA extraction 

Tissues were prepared by scraping polyps from a 4-day starved male 
colony with a razor blade, transferring to a 1.7 ml centrifuge tube, and 
briefly spinning down to remove excess ASW. DNA was extracted using a 
DNeasy Blood and Tissue Kit (Qiagen Cat.69504) according to the 
manufacturers’ protocol. The resulting extract was eluted into nuclease- 
free water and stored at − 20 ◦C until use. 

2.5. Identification, cloning, and synthesis of Ncol-1: mScarlet plasmid 

Minicollagen-1 (Ncol-1) was identified by querying the sequence of 
Ncol-1 from sister species H. echinata (NCBI Acc. BK008461.1) against a 
previously published H. symbiolongicarpus RNA-sequencing dataset 
(Sanders and Cartwright 2015) using blastn v2.8.1+. The resulting 
sequence was validated against a draft genome of H. symbiolongicarpus 
((Hydractinia Genome Project Portal, 2021); https://research.nhgri.nih. 
gov/hydractinia/) to identify the full CDS (start and stop codons 
included). Primers were designed to capture a 1968 bp region upstream 
of the start codon and a 1429 bp region downstream of the stop codon. 
The two fragments were PCR-amplified using Phusion High-Fidelity 
DNA Polymerase (ThermoFisher Scientific, Cat. F530) and subse-
quently cloned using TOPO pCR2.1 Cloning Kit (ThermoFisher Scienti-
fic, Cat. K202020), screened, and verified via sequencing (GENEWIZ, 
USA). 

Custom Gibson primers for the Ncol-1 promoter and terminator 
fragments, as well as a previously published Hydractinia codon- 
optimized mScarlet-I plasmid (pUP730_Btub-mScarlet; DuBuc et al., 
2020; Bindels et al., 2017), were designed using NEBuilder Assembly 
Tool v2.2.8. All three fragments were amplified using Q5 High-Fidelity 
2X Master Mix (NEB, Cat. M0492) and assembled using Gibson Assem-
bly Master Mix (NEB, Cat. E2611S) according to the recommended 
protocol. The resulting Gibson assembly reaction was cloned into TOPO 
pCR2.1, screened by restriction mapping, and sequenced to validate the 
assembly of Ncol-1::mScarlet plasmid (Fig. 3A; Suppl. File S1). 

2.6. Microinjection, screening, and imaging 

For microinjection, Ncol-1::mScarlet plasmid was extracted using a 
Plasmid Midi Kit (Qiagen, Cat. 12143), with an additional phenol/ 
chloroform purification, isopropanol precipitation, and resuspension in 
Milli-Q H2O (Millipore Sigma, USA). This stock solution was diluted in 
Milli-Q H2O and stored at − 20 ◦C until use. Approximately 10 min post- 
fertilization, embryos were injected with the purified plasmid at a 

Fig. 2. Cnidome distributions across each polyp type of Hydractinia. Proportion 
of nematocyst types across sections of each polyp type: gastrozooid (A), gon-
ozooids (B), and dactylozooid (C). Percentages are based on total counts from 2 
to 3 individual polyps each from three different colonies. Proximal region refers 
to the lower 25% of the body column. D) Undischarged large eurytele (l), small 
eurytele (s), and desmonemes (des) in the body column of gastrozooid. Scale 
bar = 20 μm. 
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Fig. 3. Establishment of a Ncol-1::mScar transgenic. A) Schematic of donor plasmid created and injected into Hydractinia embryos; full coding domain sequence of a 
codon-optimized mScarlet-I (DuBuc et al., 2020) is flanked by a putative promoter and terminator sequence of Ncol-1 obtained from the genome of Hydractinia. B) 
Live confocal image of full view of gastrozooid; strong signal in the central body column and tentacle regions. C) Close-up of tentacles in fixed gastrozooid. D) 
Close-up of the edge of the body column in fixed gastrozooid. E) Close-up of stolonal mat in growing colony; bottom shows fluorescent signal coming from Ncol-1+

cells. F) Branching stolon from the central colony shows strong fluorescence; inset shows the same tissue using light microscopy. G) Transgenic planula 24 hpf 
showing widespread Ncol-1+ cells, consistent with nematoblasts and recently matured nematocysts. B-D) Imaged using Leica Laser Scanning Confocal Upright 
microscope; E-G) Imaged using Lumenera Infinity camera with Infinity Analyze v7 software. Blue = DAPI, red = mScarlet. Scale bar: 200 μm (B, E-G), 100 μm (C), 
and 20 μm (D). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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concentration between 500 and 1000 ng/μl (Künzel et al., 2010). 
Non-injected animals in the same batch served as a developmental 
control and no delays were observed. Fluorescence could be seen in 
mosaic Ncol-1::mScarlet F0 animals 24 h post-injection, matching pre-
vious in situ expression patterns (Kanska and Frank, 2013). Healthy F0 
mosaics were settled and only animals that maintained fluorescence 
after settlement were raised to maturity. One high-signal F0 female 
colony was crossed with the 291–10 wild-type male to establish stable 
F1 offspring. A robust F1 female, referred to as Ncol-1::mScar, was 
selected for use in all subsequent experiments given that the distribution 
of fluorescent markers was consistent with expected sites of nemato-
genesis and newly matured nematocysts (Fig. 3; Kanska and Frank, 
2013). 

To ensure that the signal was localized to the correct cell population, 
fluorescent confocal images of the transgenic colony were taken using a 
Leica Laser Scanning Confocal Upright Microscope at the University of 
Kansas Microscopy and Analytical Imaging Core. Animals were imaged 
live or fixed using 4% PFA for ~1 h at RT, washed three times, and 
mounted with 90% glycerol/10% PBS with 0.001% DAPI. 

2.7. Tissue dissociation and FACS 

The female Ncol-1::mScar colony was starved for 3-days prior to 
sorting. Approximately 50 polyps (40 gastrozooids + 10 gonozooids) 
were removed from the colony using a razor blade and relaxed in 
menthol for 60 min prior to dissociation. Dactylozooids are difficult to 
culture in laboratory conditions (see Burnett et al., 1967) and thus not 
included in this dataset. Polyps were moved to a 1.7 ml tube and cleaned 
multiple times with calcium and magnesium-free artificial seawater 
(CMASW) with EGTA. Animals were dissociated in 400 μl of 1% pronase 
(Sigma-Aldrich, Cat. #10165921001) over 1.5 h at room temperature 
with constant rocking, as well as gentle mixing with a glass pipette every 
15 min. Cells were filtered through a 70 μm Flowmii cell strainer (Mil-
lipore Sigma, Cat. BAH136800070) and pelleted at 300rcf for 5 min at 
4 ◦C. The pellet was resuspended in ice-cold 0.1% BSA in CMASW. Prior 
to sorting, cells were filtered through a 40 μm cell strainer and DAPI 
(0.125 μg/ml) was added to ensue cells could be separated as “live” (low 
DAPI-staining) or “dead” (high DAPI-staining). 

Fluorescence activated cell sorting (FACS) was conducted at the Flow 
Cytometry Core Laboratory at the KU Medical Center (KUMC) using a 
FACSAria IIIu (BD Biosciences, USA) cell sorter with a 100 μm nozzle 
and sheath pressure at 20 psi. To prevent potential osmotic stress, 
CMASW was used for the sheath, following DuBuc et al. (2020). The 
sorter was equipped with 405 and 633 nm excitation lasers in order to 
sort “live” mScarlet-positive samples and mScarlet-negative samples. 
Cells were sorted into 2 ml tubes coated with CMASW and afterwards 
stored on ice. Sorting was evaluated using FACSDiva v8.0 (BD Bio-
sciences, USA) (Suppl. Fig. S1), and an aliquot of sorted cells were 
manually evaluated under a fluorescent microscope (Suppl. Fig. S2). 

2.8. RNA isolation, sequencing, and transcriptome assembly 

After pelleting cells to a final solution of 500 μl, RNA isolation, li-
brary construction, and sequencing of FACS cell samples was performed 
at the KUMC Genome Sequencing Facility on NovaSeq 6000+ V1.5 SBS 
platform. Read quality pre-assessment, filtering, and quality verification 
were implemented using fastp v0.20.1 (https://github.com/OpenG 
ene/fastp) using base correction (-c), phread value cutoff of 30 (-q 
30), length cutoff of 36 (-l 36), and sliding window from front to tail with 
a cutoff of phred quality 30 (-r –cut_right_mean_quality 30). The 
resulting reads were assembled de novo using Trinity v2.8.5 (Haas et al., 
2013) (Suppl. Table S1). We validated the increased expression of Ncol-1 
in the mScarlet+ sample (herein referred to as “bright sample) compared 
to the negative samples (see Section 2.10; Suppl. Table S2). Raw 
sequencing data from this project have been deposited into the Sequence 
Read Archive at the National Center of Biotechnology Information 

(NCBI BioProject PRJNA809365). 

2.9. Venom-like gene identification and annotation 

Putative venom-like gene (VLGs) annotation was based on previ-
ously published pipelines (Klompen et al., 2020, 2021) (Fig. 4). Tran-
scripts were translated into putative protein-coding regions using 
Transdecoder v5.5.0 and those with a signal peptide were filtered using 
SignalP v5.0b. An initial blastp v2.9.0+ search was conducted using the 
UniProtKB/Swiss-Prot Tox-Prot program (ToxProt; Jungo et al., 2012) 
and all NCBI proteins found using search terms “Cnidaria AND ((Toxin) 
OR (Venom))". Both databases were downloaded in July 2021. Addi-
tional searches were conducted against customized cnidarian-toxin gene 
family and domain-specific HMM models (modified from von Reumont 
et al., 2014; Verdes et al., 2018; Klompen et al., 2020, 2021) using 
hmmsearch (HMMER v3.3.2; http://hmmer.org/). All annotation 
searches were conducted using an E-value cutoff of 0.001. The resulting 
sequences were filtered for 98% identity (-c 0.98) using CD-HIT v4.8.1 
(http://weizhong-lab.ucsd.edu/cd-hit/; Huang et al., 2010), then used 
as queries against the ToxProt, Swiss-Prot as well as the NCBI nr data-
base (downloaded August 2021) using blastp and domain annotation 
against the Pfam database (downloaded August 2021; Mistry et al., 
2021) using hmmsearch, all with an E-value cutoff of 0.001. The results 
were manually curated to determine putative VLGs. Uncharacterized 
indicates that a transcript had a best match to an uncharacterized pro-
tein from NCBI; unknown indicates that no annotation was given from 
any database. The same protocol as above was used to identify putative 
VLGs within an assembled transcriptome for mixed full polyp tissues 
from multiple Hydractinia colonies (TSA: GCHW00000000.1; Sanders 
and Cartwright, 2015). 

2.10. Differential expression across polyp types 

Reads from different polyp tissues (BioProject PRJNA237004; 
Sanders et al., 2014) were mapped to the nematocyst-enriched tran-
scriptome and a full-tissue transcriptome using RSEM v1.3.1 (Li et al., 
2011) under default settings, and the gene results were used for down-
stream analysis. To maintain consistency, raw reads for the full-tissue 
datasets were quality filtered using the same conditions as the reads in 
this study. Additionally, mScarlet+ “bright” and negative reads from this 
study were mapped to the nematocyst-enriched transcriptome to obtain 
TPM values. For the nematocyst-enriched transcriptome, differential 
expression analyses were conducted using EBSeq v1.34.0 (Leng et al., 
2013) and edgeR v3.36.0 with the quasi-likelihood F-tests (Robinson 
et al., 2010) to compare the gastrozooid and gonozooids reads. Only 
genes found from both tests were considered differentially expressed. 
Only EBSeq was used to determine differential expression of VLGs be-
tween gastrozooids, gonozooids, and dactylozooids in the full-tissue 
dataset. 

3. Results 

3.1. Nematocyst distribution across polyp types in Hydractinia 

Three morphologically distinct nematocyst types were identified in 
Hydractinia: desmonemes, small euryteles, and large euryteles, consis-
tent with previous studies (Mills, 1976; Lange et al., 1989; Schuchert 
2008, 2014) (Fig. 2). In addition to differences in size, small and large 
euryteles are identifiable based on slightly different capsule morphol-
ogies, including slight swelling of the capsule in large euryteles 
(Fig. 2D). Within the gastrozooid, adhesive desmonemes are the most 
common type found within the filiform tentacles at ~75%, with the 
remaining ~25% consisting of small euryteles evenly scattered across 
the tentacles (Fig. 2A). Smaller euryteles are the only nematocyst type 
found in the hypostome (region that contains the mouth) of gastro-
zooids. Gonozooids and dactylozooids contain >99% large euryteles in 
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their short capitate tentacles (Fig. 2BC). Nematocyst types were also 
counted in the mid-body column and proximal region in all polyp types. 
All three nematocyst types were observed in all polyp types in the 
proximal portion, although desmonemes dominated the proximal 
portion of the gastrozooid. The mid-body columns contained a greater 
percentage of desmonemes and small euryteles in the gastrozooid and 
large euryteles in the gonozooids and dactylzoooids, though all nema-
tocyst types were present for all polyp types. 

3.2. Distribution of fluorescing nematocysts in Ncol-1::mScar transgenic 

The nematocyst structural protein minicollagen-1 (Ncol-1), found in 
all nematocyst types (David et al., 2008), was used to create a nema-
tocyst reporter for Hydractinia. Initial injection of ~80 embryos with 
Ncol-1::mScar plasmid showed variable levels of fluorescence in >70% 
of planulae within the endoderm and in mature nematocysts across the 
ectoderm. In the F1 colony, the primary polyp and successive gastro-
zooids showed a strong signal within the mid-body column of the 
feeding polyps and scattered throughout the stolonal tissues, as well as 
in the tentacles and hypostome (mouth region), where mature nema-
tocysts are deployed (Fig. 3). We observed that nearly mature and newly 
mature nematocysts retained a signal even after migration (as in “su-
per-bright” cell population in Sunagar et al., 2018), and gradually the 
signal will fade in mature nematocysts (Suppl. Fig. S2). Since nemato-
genesis is a relatively fast process, occurring in just a few hours (Skaer 
1973), it is reasonable to assume that matured mScarlet-I protein will 
continue to fluoresce in newly matured cells. Since gastrozooids expe-
rience a high rate of turnover of nematocysts due to their frequent 
feeding, this would result in a strong signal in the tentacles. In com-
parison, a weak signal in the tentacles of gonozooids (not shown) is 
likely because these cells represent older mature nematocysts, since 
gonozooids do not participate in active prey-capture and, therefore, 
experience less turnover. The mid-body columns of gonozooids have 
highly reduced, if any, signal, which is consistent with nematogenesis 
occurring elsewhere (such as the stolon) and immature or newly mature 
nematocysts migrating to the gonozooid as needed. Confocal images 
confirmed that both immature and mature nematocysts produced an 
mScarlet+ signal in gastrozooids (Fig. 3). Additional observations within 
planulae produced from the F1 animal that express the transgene show a 
widely distributed signal with a “hotspot” at the proximal portion, 
where a cluster of mature nematocysts are present (Fig. 3G). 

3.3. FACS, sequencing, and assembly of nematocyst-enriched 
transcriptome 

Transgenic polyps (~50 gastrozooids and gonozooids) dissociated 
into single cells and sorted by FACS, resulted in 252,520 “bright” 
mScarlet-positive cells and 632,042 mScarlet-negative cells. The 
resulting samples were considered “live” based on gating for DAPI- 
negative cells (>98% in both samples). The bright sample included 
cells that fluoresce at different levels, roughly corresponding with 
different stages of nematocyst maturation; cells in early development 
had a strong signal throughout the cell cytoplasm whereas mature 
nematocysts showed reduced or spotty signaling, which correlates with 
the reduced expression of Ncol-1 (Suppl. Fig. S2). While cells in the 
negative samples did not display any fluorescence or have the 
morphology of developing nematocysts, some mature nematocysts were 
present. This is not unexpected given that fluorescence fades in fully 
matured nematocysts (as noted above). Since mature nematocysts have 
less transcriptional activity, including toxin expression (Sunagar et al., 
2018), this is unlikely to interfere with the results of this study. 
Light-microscopy images validating the sorted immature and mature 
nematocysts in the bright sample are shown in Suppl. Fig. S2. 

RNA isolation and sequencing for the bright sample produced 
107,879,284 reads post-filtering (Q > 30, length >36), which were used 
to assemble a nematocyst-enriched transcriptome consisting of 96,169 
transcripts with a N50 = 2103 bp (Suppl. Table S1). The negative sample 
produced 131,660,232 post-filtered reads under the same filtered con-
ditions. To validate that the positive sample faithfully represents a 
nematocyst-enriched dataset, we mapped both the bright and negative 
reads to the nematocyst-enriched transcriptome using RSEM and ob-
tained transcript per million (TPM) values for relative expression com-
parisons. Based on the TPM values of nematocyst- or nematogenesis- 
related genes as well as other types of markers (e.g. neurogenesis, i- 
cells) (Suppl. Table S2), we demonstrate our transcriptome reliably 
represents a nematocyst-enriched assembly for Hydractinia. 

3.4. Toxin annotation nematocyst-enriched versus full-tissue 

Putative venom-like genes (VLGs) were determined using a 
customized annotation pipeline (Fig. 4) for the nematocyst-enriched 
transcriptome, totaling 105 VLG transcripts (Fig. 5A; Suppl. Table S3). 
These transcripts were broadly sorted into seven functional categories 
corresponding to those shown in Klompen et al. (2020), as well as 
“uncharacterized” (24.8%) and “unknown” (10.5%). Our findings match 
other cnidarian toxin profiles, including a majority auxiliary (21.9%) 

Fig. 4. Schematic of bioinformatic pipeline for venom-like gene (VLG) annotation and DE in Hydractinia. For each polyp type (colored boxes), the left number 
represents the number of upregulated genes and the right number represents the downregulated genes. 
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Fig. 5. Venom-like gene (VLG) profiles for nematocyst-enriched and full-tissue assemblies. Central number is total VLG transcripts for each assembly. Inner pie charts 
show the percentage of nine functional categories for total putative VLGs; outer pie chart shows proportion of annotated toxins belonging to each category. Of note, 
putative venom sequences identified as “cono-“peptides (e.g. conodipine) or other lineage-specific toxins are not truly restricted to these respective groups, thus their 
presence in a set of cnidarian VLGs is not unexpected. 
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and hemostatic and hemorrhagic transcripts (14.3%), as well as neuro-
toxins (9.5%) and allergen and innate immunity VLGs (9.5%). 
Membrane-active (4.8%), mixed function enzymes (3.8%), and protease 
inhibitors (1.0%) are also common amongst cnidarian venoms, and this 
dataset included several known cnidarian-derived toxins such as 
MACPF- (Podobnik and Anderluh, 2017) and ShK-containing sequences 
(Liao et al., 2018), 331–2 propeptides, TX-1-like neuropeptide (Avila 
Soria, G., 2009) and jellyfish toxins (Brinkman et al., 2015; Klompen 
et al., 2021). Furthermore, the two jellyfish toxin sequences correspond 
to those found in Klompen et al. (2021). 

In order to compare toxins found in the nematocyst-enriched tran-
scriptome with a whole tissue sample, a similar VLG annotation was 
conducted for a full-tissue, mixed polyp transcriptome from Sanders and 
Cartwright (2015), which includes dactylozooid tissues. In total, 168 
transcripts were found to be putative toxins, an increase from the 
number in the nematocyst-enriched dataset (Fig. 5B; Suppl. Table S4). 
Overall, the broader functional categories for both the whole tissue and 
nematocyst-enriched dataset are similar, including the dominance of 
auxiliary and hemostatic and hemorrhagic VLGs and the small number 
of protease inhibitor sequences. The major categorical differences be-
tween the nematocyst-enriched compared and the full-tissue include a 
reduction in the number of uncharacterized (24.8%–8.3%) and un-
known (10.5%–4.2%) transcripts as well as an increase in the number of 
mixed function enzymes (3.8%–14.3%). Only 43 sequences were highly 
similar (>98% sequence similarity) between the two datasets (Suppl. 
Table S5). 

3.5. Toxins expressed differently between functional polyp types 

Using the two different transcriptomic datasets (full-tissue and 
nematocyst-enriched tissue) we conducted differential expression (DE) 
analyses to determine; 1) if gastrozooids have a higher level of venom 
expression than gonozooids, given that gastrozooids experience a higher 
density of developing nematocysts as observed in the transgenic, and 2) 
if there are any toxins that show DE between the three different polyp 
types (Fig. 4). For the nematocyst-enriched dataset, all differentially 
expressed VLGs are upregulated in gastrozooids (51/51) compared to 
gonozooids based on the overlap from two DE tests (EBseq and edgeR 
(Suppl. Table S6). This includes putative toxins from all functional 
categories, further validating the transgenic observations that nemato-
genesis (and correspondingly venom production) is more abundant in 
the gastrozooids than the gonozooids. 

For the full-tissue dataset, we used EBseq to analyze DE for the three 
polyp types, since this test can compare more than two conditions 
simultaneously. We found 39 differentially expressed genes between 
gastrozooids, gonozooids, and dactylozooids (Suppl. Fig. S3; Suppl. 
Table S7). As in the nematocyst-enriched dataset, the majority of VLGs 
were found to be upregulated in gastrozooids (27/39), consistent with 
this being an area of active nematogenesis. That said, we found four of 
the toxins were significantly upregulated in dactylozooids compared to 
the other polyp types. Of these upregulated toxins, three were 
membrane-active toxins and the other was a venom peptide isomerase 
heavy chain peptide (hemostatic and hemorrhagic), all of which may be 
important in prey-capture. The upregulation of these putative prey- 
capture toxins in the dactylozooids despite the higher rate of nemato-
genesis in gastrozooids strongly suggests that particular venoms are 
being partitioned between functionally distinct polyp types. Addition-
ally, six VLGs are downregulated in gonozooids (i.e. upregulated in 
gastrozooids and dactylozooid), including four neurotoxins, a Kunitz- 
type serine protease inhibitor, and unknown sequence, which may be 
shared prey-capture toxins between the two predatory polyp types. A 
single unknown VLG is upregulated in gonozooids and one gene similar 
to conodipine-P1, a phospholipase A2 enzyme from the venom the 
purple cone snail (Conus purpurascens Sowerby I, 1833) (Möller et al., 
2019), is downregulated in dactylozooids, which may suggest either a 
gonozooid-specific or gonozooid-gastrozooid shared VLG or that these 

two sequences are not true venoms. 

4. Discussion 

4.1. Variation in cnidomes across the different polyp types 

We found that desmonemes are a dominant nematocyst type in the 
gastrozooid, representing ~75% of the nematocysts in the tentacles. 
Given these nematocysts are thought to only entangle prey and not 
contain or inject any toxins, this would imply that the 25% of small 
euryteles in the tentacles contain toxins potent enough to reliably ensure 
envenomation. These small euryteles are also found at the hypostome 
(mouth) of the feeding polyps, which may ensure paralysis or lethality of 
prey before being swallowed by the hydroid. This matches to observed 
feeding behaviors in these polyps; gastrozooids first ensnare prey in 
their tentacles and then either bring the paralyzed or dying prey to their 
mouth while simultaneously bending towards the colony and touching 
prey with an extended mouth, likely discharging small euryteles directly 
before consuming them (Suppl. Video S1). 

Supplementary data related to this article can be found at https:// 
doi.org/10.1016/j.toxcx.2022.100113. 

Although the oral regions of each polyp type have a distinct profile of 
nematocyst type, the proximal regions of all three polyps contain all 
nematocyst types (Fig. 2). Nematogenesis has been reported to occur in 
the mid-body column of the gastrozooid and in the stolon (Kanska and 
Frank, 2013; Bradshaw et al., 2015). Our transgenic accurately traces 
areas in the colony of active nematogenesis, given Ncol-1 is initiated 
during capsule formation early in nematogenesis and mScarlet-I has a 
relatively short maturation time of 36 min (Bindels et al., 2017). Within 
gastrozooids, most nematogenesis likely produces desmonemes and 
small euryteles that migrate from the mid-body to the tentacles, with 
some portion of the small euryteles migrating to the hypostome. Nem-
atogenesis in the stolonal system (Fig. 3EF) is likely responsible for the 
production of all nematocyst types. The weak fluorescent signal in the 
tentacles of the gonozooids and low to no signal in the mid-body column 
likely reflects low rates of nematocyst turnover, such that a low density 
of newly matured nematocysts migrate from the stolon through the body 
column and lose their fluorescent signal at the time of reaching the 
tentacle. Because the proximal region of the polyps is in close proximity 
to the stolon system, this results in observations of all nematocyst types 
as they are migrating throughout the stolon to their respective tissues. 

To our knowledge, no other studies have quantified the relative 
distribution of each nematocyst type across different portions of each 
type of Hydractinia polyp (Fig. 2). Past descriptions primarily focused on 
the filiform tentacles and hypostome of the gastrozooid and the capitate 
tentacles of the gonozooids and dactylozooids (e.g. Schuchert et al., 
2008). Our cnidome agrees with previous findings that both gonozooids 
and dactylozooids contain the same types of nematocysts, specifically 
large euryteles (Mills, 1976). 

4.2. Venom expression of Hydractinia 

This study took advantage of our newly established nematocyst- 
specific reporter line for Hydractinia to analyze the expression of VLG 
sequences specific to the nematocyst cell lineage of this species. Because 
mature nematocysts have already processed and packaged associated 
toxins into the closed capsule, venom expression is likely highest during 
nematocyst development, making this dataset ideal for our study (see 
Sunagar et al., 2018). Overall, we show that the venom profile of 
Hydractinia is dominated by auxiliary proteins such as metalloproteases 
and other homeostasis-impairing enzymes (Fig. 5), and includes com-
mon cnidarian venom candidates such as phospholipase A2s (Hessinger 
and Lenoff, 1976; Nevalainen et al., 2004), neurotoxins (Liao et al., 
2019), and membrane-active components (Podobnik and Anderluh 
2017), such as the cnidarian-specific jellyfish toxins (Klompen et al., 
2021). 
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We compared two different de novo assemblies for VLG annotation: 
the nematocyst-enriched transcriptome constructed in this study (105 
VLG transcripts) and a publicly available full-tissue dataset containing a 
mix of the three different polyp types (168 VLG transcripts) (Sanders and 
Cartwright 2015) (Fig. 5). Our intention was to disentangle true venoms 
in the Hydractinia nematocysts from potential secondary metabolite 
toxins used in anti-predation (e.g. Stachowicz and Lindquist, 2000) or 
toxin-like proteins involved in other functions (von Reumont, 2018). We 
did observe a reduction in VLGs in the nematocyst-enriched dataset 
compared to the full-tissue, which could be the result of false positive 
annotation of non-venom sequences. For example, the proportion of 
sequences from the mixed function category was significantly lower in 
the nematocyst-enriched dataset (3.8%) when compared to the full tis-
sue dataset (14.3%), suggesting several of these sequences could be 
housekeeping enzymes (Fry et al., 2009). However, this reduction could 
also be explained by the lack of dactylozooid-derived nematocysts in the 
nematocyst-enriched transcriptome, which yielded some 
dactylozooid-specific toxins based on DE analysis (Suppl. Table S7). We 
also observed an increase in uncharacterized VLG sequences in the 
nematocyst enriched transcriptome (24.8%) compared to the full-tissue 
(8.3%). This represents a significant increase in the discovery of novel 
Hydractinia VLGs, and is similar to the results from the nematocyst 
proteome of Hydra (Balasubramanian et al., 2012). 

While the VLGs from both assemblies were relatively similar in terms 
of the functional groups, only 43 sequences shared at least 98% 
sequence similarity between the nematocyst-enriched and full-tissue 
assemblies (Suppl. Table S5). This may be explained by the different 
tissue origins; libraries used for mapping and constructing the full-tissue 
transcriptome were derived from multiple individual colonies in a nat-
ural population (Sanders et al., 2014), whereas the animals used to 
develop the transgenic line are from a long-term lab culture. The 
different conditions in which these were collected could result in subtle 
differences in which genes in a gene family are expressed, such that 
differences between members of a gene family (i.e. paralogs) exceeds the 
sequence similarity cutoff. That said, these overlapping VLGs, which 
includes putative peptidases, a phospholipase A2, venom allergen, and 
MACPF-containing toxin, may represent core venom components in the 
venoms of Hydractinia and make ideal candidates for genomic and 
functional studies (Suppl. Table S5). 

4.3. Venom expression across a division of labor 

Given the availability of previous polyp-specific data, we attempted 
to use the full-tissue transcriptome to explore how VLGs are partitioned 
across the division of labor of H. symbiolongicarus. For both assemblies, 
the vast majority of differentially expressed VLGs were upregulated in 
the gastrozooids (Suppl. Tables S6 and S7), including 9/43 shared VLG 
sequences, though one was also specifically upregulated in the dacty-
lozooid in the full-tissue dataset (Fig. 4; Suppl. Table S5). In addition to 
prey-capture and digestion, gastrozooids experience high rates of nem-
atogenesis in their tissues, which would result in the overabundance of 
putative VLGs being specifically expressed in this polyp type, especially 
compared to gonozooids where nematogenesis does not occur and there 
are likely lower rates of nematocyst turnover. This is further emphasized 
by the lack of upregulated VLGs in gonozooids within both datasets, 
aside from an unknown sequence in the three-way comparison. 

Dactylozooids (predatory polyps) participate in prey-capture but do 
not consume prey because they lack a mouth, presenting an interesting 
ecological overlap for comparison with the gastrozooid. It is also 
assumed that, like in gonozooids, nematogenesis is initiated in the sto-
lons and nematocysts migrate to these polyps. Given that dactylozooids 
were not present in the nematocyst-enriched analysis, we could only 
evaluate dactylozooid-specific VLGs in the full-tissue dataset. We found 
four VLGs were upregulated in dactylozooids (Suppl. Fig. S3), including 
three hemolytic pore-forming toxins and a venom peptide isomerase 
heavy chain-like toxin. All of these are potentially important in active 

predation, in particular the two tereporin-like toxins and jellyfish toxin, 
both of which are potentially potent pore-forming components. Ter-
eporins are derived from terebrid snails that have close homology to 
actinoporins in anthozoans (Gorson et al., 2015), suggesting that the 
sequences found in this dataset could be a novel medusozoa-specific 
group in this family. Jellyfish toxins are well-known as highly hemo-
lytic and cardiotoxic toxins from medically-relevant box jellyfish (e.g. 
Chironex fleckeri; Brinkman et al., 2015), but have recently been found in 
a wider variety of medusozoans, including Hydractinia (Klompen et al., 
2021). Six VLGs were found to be downregulated in gonozooids (i.e. 
upregulated in prey-capture polyps, dactylozooids and gastrozooids) in 
the full-tissue comparison, one of which was an unknown gene. The 
other five included five putative neurotoxins, such as a putative 
Kunitz-type serine protease inhibitor. Neurotoxins are known to be used 
by cnidarians for predation and predator deterrence through selectively 
modifying or blocking ion channels (Turk and Kem 2009), and 
Kunitz-like toxins are known in cnidarians to possess neurotoxic effects 
through inhibiting voltage-gated potassium channels (Liao et al., 2018). 
Each of these putative toxins may aid in incapacitating fast-moving prey, 
which would be critical to colonies that are otherwise at the whims of 
the movement of their hermit crab hosts. This patterning shows that 
prey-capture in particular has an influence on venom partitioning in 
Hydractinia. 

Reproductive polyps (gonozooids) and predatory polyps (dactylo-
zooids) contain the same nematocyst types in their tentacles, specifically 
large euryteles, despite a difference in venom expression within the full- 
tissue data (Suppl. Fig. S3). This variation can be attributed to either 
differing rates of nematocyst turnover, given the dactylozooid actively 
participates in prey-capture while gonozooids are more passively acting 
in defense of the colony, or potentially more complex regulatory pro-
cesses during nematogenesis to ensure that both the “right” type of 
stinging cell and the “right” type of venom are produced. A similar trend 
was found in the anthozoan N. vectensis, where only a subset of similar 
nematocysts types express NEP3 toxin (Columbus-Shenkar et al., 2018), 
suggesting that a single nematocyst type can potentially regulate its 
chemical profiles depending on its trajectory. Regardless, this suggests 
that venom partitioning in Hydractinia, and likely other cnidarians, is 
managed by regulating different venom components that are distributed 
to specific tissues. In total, these findings provide convincing evidence 
that both cnidome and venom composition are partitioned between 
functionally distinct polyp types in Hydractinia, such that this division of 
labor includes ecologically meaningful venom variation. 

5. Conclusion 

Here, we present a nematocyst-targeted transgenic line for the 
colonial hydrozoan Hydractinia symbiolongicarpus that is a faithful re-
porter for early nematogenesis through maturation. Using this novel 
transgenic line, we created a nematocyst-enriched transcriptome to 
evaluate venom-like genes in H. symbiolongicarpus. In combination with 
our newly generated cnidome profile and existing polyp-specific whole 
tissue transcriptome, we show that morphologically- and functionally- 
distinct polyp types of H. symbiolongicarpus maintain disparate venom 
system components. The gastrozooid displays two main nematocyst 
types while gonozooids and dactylozooids have nearly identical cni-
domes dominated by a third type. The majority of upregulated VLGs in 
feeding polyps are likely due to nematogenesis occurring in these tis-
sues, with reproductive and predatory polyps obtaining nematocysts 
through migration from the stolon. However, while the reproductive 
polyps do not display much significant DE in VLGs, dactylozooids 
contain several significantly upregulated VLGs that likely play impor-
tant roles in prey-capture. This suggests that regulatory mechanisms 
ensure that both specific nematocyst types and specific VLGs are local-
ized to the correct tissue. This study showcases the genomic and mo-
lecular resources available for Hydractinia and its utility for investigating 
the complex relationship between venom composition and function. 
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