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Abstract

The cnidarian Nematostella vectensis has become an established lab model, providing unique opportunities for venom
evolution research. The Nematostella venom system is multimodal: involving both nematocytes and ectodermal gland
cells, which produce a toxin mixture whose composition changes throughout the life cycle. Additionally, their modes of
interaction with predators and prey vary between eggs, larvae, and adults, which is likely shaped by the dynamics of the
venom system.

Nv1 is a major component of adult venom, with activity against arthropods (through specific inhibition of sodium
channel inactivation) and fish. Nv1 is encoded by a cluster of at least 12 nearly identical genes that were proposed to be
undergoing concerted evolution. Surprisingly, we found that Nematostella venom includes several Nv1 paralogs escaping
a pattern of general concerted evolution, despite belonging to the Nv1-like family. Here, we show two of these new toxins,
Nv4 and Nv5, are lethal for zebrafish larvae but harmless to arthropods, unlike Nv1. Furthermore, unlike Nv1, the newly
identified toxins are expressed in early life stages. Using transgenesis and immunostaining, we demonstrate that Nv4 and
Nv5 are localized to ectodermal gland cells in larvae.

The evolution of Nv4 and Nv5 can be described either as neofunctionalization or as subfunctionalization. Additionally,
the Nv1-like family includes several pseudogenes being an example of nonfunctionalization and venom evolution through
birth-and-death mechanism. Our findings reveal the evolutionary history for a toxin radiation and point toward the
ecological function of the novel toxins constituting a complex cnidarian venom.

Key words: birth-and-death evolution, concerted evolution, venom, toxin, Cnidaria, Nematostella vectensis,
neofunctionalization.

Introduction polyps, distinguished by growing four tentacles around their

The starlet sea anemone Nematostella vectensis inhabits brack-
ish lagoons along the east and west coasts of the United States
and Canada (Hand and Uhlinger 1992; Darling et al. 2005).
During its complex life cycle, Nematostella goes through a
mobile larval stage (planula) followed by metamorphosis
into a sessile adult polyp. Polyps burrow into loose substrate,
where they reside with their venom charged tentacles exposed.
Females produce eggs loaded into gelatinous packages,
whereas males emit sperm into the water. After fertilization,
embryos develop inside the egg package until they reach the
planula stage (~3 days post fertilization [dpf]), start swimming,
and leave the gelatinous package (Hand and Uhlinger 1992).
Around 6 dpf, planulae begin metamorphosis into a primary

mouth and settling down on the bottom of the pond. In ~4
months under lab conditions, polyps reach sexual maturity
(Hand and Uhlinger 1992). The planula and the adult polyp
are considerably different in their morphology (body plan, size)
and physiology (the planula is not feeding and motile, whereas
the polyp is feeding and sessile), resulting in different interac-
tions with potential predators and prey (Columbus-Shenkar
et al. 2018). It is likely that these interactions are mediated by
venom and its dynamic composition changes across the life
cycle. For example, the toxin NvePtx1 protects eggs and plan-
ulae from fish predators, whereas Nv1 toxin is involved in both
predation and defense in adults (Columbus-Shenkar
et al. 2018).
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The Nematostella venom system is quite complex. Both
polyps and planulae are equipped with two types of venom
producing cells: stinging cells (nematocytes) and gland cells
with different toxins (Moran et al. 2012, 2013). For example,
ectodermal gland cells produce NvePtx1 in planulae and Nv1
in adults, whereas nematocytes are charged with NEP3 toxin
throughout multiple stages of the Nematostella life cycle
(Columbus-Shenkar et al. 2018).

Nv1 is the major component of adult venom (Moran et al.
2012). It is highly selective to arthropod sodium channels and
acts through inhibition of their inactivation (Moran,
Weinberger, Reitzel, et al. 2008). Exposure to Nv1 toxin leads
to contraction paralysis in arthropods, which under native
conditions might be either prey (e.g, copepods [Frank and
Bleakney 1978]) or predators (grass shrimps [Kneib 1985]).
Remarkably, Nv1 is encoded by a cluster of at least 12 nearly
identical genes that were proposed to be undergoing con-
certed evolution (Moran, Weinberger, Sullivan, et al. 2008).
Similar ultraconservation of toxin genes likely due to con-
certed evolution was also reported in other sea anemones,
Actinia equina and Anemonia viridis, suggesting that this
mechanism is common for toxin genes of sea anemones
(Moran et al. 2009). However, some of the toxin paralogs in
Actinia and Anemonia also exhibited high sequence diversity,
suggesting they escaped concerted evolution, instead evolv-
ing under positive selection. The fact that members of each
group of paralogous toxins in each species is more similar to
one another than to their homologs in the other species is a
strong indication for concerted evolution (Moran,
Weinberger, Sullivan, et al. 2008). Generally, concerted evolu-
tion is considered to be a very rare evolutionary pattern, and
even when it is observed in most cases it is usually short lived
(Nei and Rooney 2005; Sugino and Innan 2006). However,
there are also opposing views regarding the lifetime of con-
certed evolution based on the recent discovery of long-lasting
sequence conservation of duplicated genes in prokaryotes
(Wang and Chen 2018).

In most other animals, venom genes are hypothesized
to evolve mostly via birth-and-death evolution, which is
considered to be the common evolutionary pattern of
protein-coding gene families in general (Fry et al. 2003;
Nei and Rooney 2005; Casewell et al. 2013). This general
expectation raises the intriguing question why sea anem-
one sodium channel toxins exhibit such an unusual evo-
lutionary trajectory following their duplication, and
whether this is true for all members of this gene family
or if some paralogs escape concerted evolution as in
Actinia and Anemonia.

In this work, we found that Nematostella venom includes
several Nv1 paralogs that have escaped concerted evolution.
Because Nematostella has become a lab model with estab-
lished genetic tools, we were able to dissect the dynamic
expression patterns of the newly identified genes.
Additionally, we used toxicity assays and pharmacology to
characterize the new toxins. Our findings reveal the evolu-
tionary history and point toward the ecological function of
the new toxins and further reveal the complexity of the
venom of Nematostella.
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Results
Nv1 Homologs Escaping Concerted Evolution

Using BLAST searches in the Nematostella transcriptome, we
found several sequences encoding precursor proteins ho-
mologous to Nv1 toxin. They were named as Nv4, Nv5,
Nv6, Nv7, and Nv8 (altogether the Nvi-like family)
(fig. 1A). The sequences were highly divergent, with identity
to Nv1 ranging between 26% and 33% for most of the novel
sequences, with identity to each other not exceeding 64%
(fig. 1A and supplementary table 1, Supplementary Material
online). Regardless of the low sequence similarity, genes
encoding Nvi-like proteins had conserved structure
(fig. 1B). Their coding sequences consisted of two exons
separated by a phase 1 intron. The encoded proteins have
domain structure typical of sea anemone toxin precursors
(Anderluh et al. 2000), consisting of a signal peptide (iden-
tified by SignalP online tool) followed a propeptide and a
processing motif upstream a mature peptide with a 6-cys-
teine motif (Honma and Shiomi 2006; Moran et al. 2009). In
all of the proteins except one, the processing motif was
represented by a dibasic sequence Lys-Arg. The predicted
processing motif for Nv6 most likely corresponds to Asp-
Pro sequence recently reported in Metridium senile
(Logashina et al. 2017).

Type | and Type Il sea anemone toxins share the same rare
pattern of cysteines (CXC-C-C-CC, where X is any residue
apart from cysteine), which until now has not been reported
in the toxins of other animals (Mouhat et al. 2004; Moran
et al. 2009). The Nv1 toxin is known to share similarity to
Type | and Type Il sea anemone toxins (Moran and Gurevitz
2006; Moran, Weinberger, Reitzel, et al. 2008). Among the
members of Nvi-like family, Nv1 has the highest identity
with Av2 (Type | toxin from Anemonia viridis) and Sh1
(Type Il toxin from Stichodactyla helianthus). On the other
hand, Nv4, Nv5, Nv6, and Nv7 were more similar to Nv1 than
to Sh1 and Av2 (fig. 1A). This suggests that the newly
discovered Nv1 homologs might have resulted from gene
duplications specific to the Edwardsiidae (the taxonomic fam-
ily to which Nematostella belongs) of an Nv1-like ancestor
followed by diversification.

Anthozoan Type lll potassium channel neurotoxins share
the same cysteine pattern as Type | and Type Il sodium chan-
nel neurotoxins and were suggested to have evolved from
them (Jouiaei et al. 2015). To study the evolutionary history of
the Nv1-like peptides, we created a list of sequences including
precursors of characterized and putative anthozoan toxins
sharing this rare cysteine pattern (supplementary file 1,
Supplementary Material online). We attempted to recon-
struct their phylogeny with methods such as maximum like-
lihood and Bayesian inference, however due to their short
sequence length and high rates of substitutions these analyses
resulted in very low branch support values (supplementary
fig. 3, Supplementary Material online). Therefore, we used an
alternative clustering analysis, the Cluster ANalysis of
Sequences (CLANS) software (Frickey and Lupas 2004), which
uses pairwise comparisons and was shown to be effective for
short and highly diverse sequences such as neuropeptides
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Fic. 1. Evolution of Nv1 homologs. (A) Alignment of Nv1 precursor to newly identified homologs from Nematostella (Nv4, Nv5, Nv6, Nv7, Nv8) and to
the Type | toxin Av2 from Anemonia viridis and the Type Il toxin Sh1 from Stichodactyla helianthus. |dentical and conserved residues are highlighted in
gray and blue, respectively. Cysteine residues making part of the disulfide framework are in green; note that Nv7 has one additional cysteine residue
highlighted in olive. Processing site is in purple. Percentage of identity to Nv1, Av2, and Sh1 are shown at the right; values in the range of 0-30% are in
blue, 40-100% are in pink. (B) Gene structure is conserved throughout all the Nv1 homologs in Nematostella; only Nv5 has additional exon in its 3/
UTR. Annotation of the coding regions is according to the publicly available gene models (David Fredman; Michaela Schwaiger; Fabian Rentzsch;
Ulrich Technau [2013]: Nematostella vectensis transcriptome and gene models v2.0. figshare. Data set; https://doi.org/10.6084/m9.figshare.807696.v1;
Last accessed on June 1,2019). For Nv8, manual alignment of transcripts to genome scaffold was performed. Numbers indicate intron length in the
same order as the names of the genes. UTRs are represented by narrower rectangles, whereas coding sequences are shown by wider rectangles. The
gene structures are aligned to the protein precursor structure; Signal p., signal peptide; Mat. p,, mature peptide, propeptide is designated by the
diagonal pattern, the processing site is indicated by the scissors and red line. (C) Clustering of Nv1 and newly identified homologs from Nematostella
with homologs from other anthozoan species by the CLANS software. Sequences from Nematostella are shown as stars, other Edwardsioidea—as a
bold Y-shape, Actinioidea sequences are represented by triangles, Metridioidea—by squares, and stony corals—by circles (classification by Rodriguez
et al. [2014]). Blue represents Type | sodium channel toxins, orange—Type Il sodium channel toxins, purple—Type Ill potassium channel toxins
(sequences designated as toxins only by homology are also included). Names are shown for characterized toxins. Edges represent BLAST high scoring
segment pairs (HSPs) and their thickness corresponds to attraction forces proportional to the negative logarithm of the HSP’s P values
(107 <P < 107%),

(Jekely 2013). Similarly to Nv1, the CLANS analysis showed Apart from the sequences encoding full open reading
that all the new Nv1-like sequences were similar to Type | and frames, we also retrieved three sequences from both the tran-
Type Il toxin sequences (fig. 1C) (Jouiaei et al. 2015). scriptome and genome encoding homologs of Nv1 family
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Fic. 2. Spatiotemporal dynamics of expression among Nv1 homologs. (A) Proteomic dynamics of Nv1-like peptides measured by LC-MS/MS. (B)
Transcriptional dynamics of Nv4 and Nv5 measured by nCounter platform. (C) Transcription levels of Nv4 and Nv5 in adult female tissues. In all the
three plots (A-C) error bars represent standard deviations. In the panels A and B, values for adult females are shown with dash lines, and for adult
males—with dotted lines. Values for Nv1 are from Columbus-Shenkar et al. (2018) apart from the eggs stage at panel A that was measured in the

current work.

peptides interrupted by premature stop codons, which indi-
cate they are most probably pseudogenes (supplementary fig.
1, Supplementary Material online). Pseudogene 1 is highly
similar to Nv8 and represented by two gene copies, one of
which resides on the same gene scaffold as Nv8. Pseudogene 2
appears to result from a duplication of the last coding exon of
Nv8. The sequence of pseudogene 3 is highly divergent from
other Nv1-like sequences and is interrupted by two prema-
ture stop codons. This third locus might have evolved by a
duplication of the last coding exon of one of the Nv1 family
members. Additionally, we found a full Nv1-like open reading
frame missing one cysteine residue of the otherwise con-
served pattern; we named it Nv-mut.

Nv1 is encoded by multiple gene copies residing in the
same locus and undergoing concerted evolution (Moran,
Weinberger, Sullivan, et al. 2008). The high sequence diver-
gence of the new Nvi-like homologs suggests that, unlike
Nv1, they have been escaping concerted evolution.
Importantly, all the Nv1-like genes are localized on genomic
scaffolds different from the multiple Nv1 gene copies

2004

(according to the publicly available gene models [David
Fredman; Michaela Schwaiger; Fabian Rentzsch; Ulrich
Technau {2013}]). The significant distance from Nv1 cluster
might explain how Nv1-like genes escaped concerted evolu-
tion and why they are highly divergent.

Analysis of Spatiotemporal Expression Dynamics

Recently, we and others have shown that sea anemones ex-
press different toxins at distinct developmental stages and
tissues (Moran et al. 2013; Macrander et al. 2016;
Columbus-Shenkar et al. 2018; Surm et al. 2019). To explore
the expression dynamics of the newly discovered genes, we
analyzed previously published data sets as well as proteomic
measurements we performed as part of the current study. We
identified Nv1, Nv4, Nv5 and Nv7 in proteomes of
Nematostella derived from different developmental stages
(fig. 2A). Nv6 and Nv8 were not detected by LC-MS/MS at
any developmental stage, probably due to low expression
levels. According to the proteomics data, Nv4, Nv5, and
Nv7 are detectable in unfertilized eggs. The expression
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FiG. 3. Nv4 and Nv5 are localized in ectodermal gland cells of Nematostella planulae. (A-C) Transgenic planulae expressing memOrange2 under
control of Nv4 promoter. memOrange?2 is localized in ectodermal cells. (D) In transgenic planulae, memOrange2 is driven into vesicles probably
due to the fusion to Nv4 signal peptide. (E-G) Immunostaining of Nv5 in wild type planulae.

pattern of Nv7 was remarkably similar to the expression pat-
tern of NvePtx1, a defensive toxin found in the stages from
eggs to primary polyps and adult females (fig. 2A) (Columbus-
Shenkar et al. 2018). Nv4 is expressed until the primary polyp
stage, whereas Nv5 is present only in the eggs.

At the transcriptomic level, Nv1, Nv4, Nv5, Nv6, and Nv7
were found in an embryogenesis transcriptome database
which includes stages from unfertilized eggs to primary polyp
(supplementary fig. 2, Supplementary Material online)
(Fischer et al. 2014; Warner et al. 2018). In early stages, Nv4,
Nv5 and Nv7 are expressed at higher levels and expression
decreases by primary polyp stage. Some of our findings were
also supported by the single cell transcriptome data (Sebe-
Pedros et al. 2018), with Nv4 and Nv7 found among genes
expressed at the planula larval stage. For further assays, we
chose to focus on Nv4 and Nv5, whose expression pattern
appeared to be drastically different from Nv1. Another reason
for this choice was the fact that Nv4 and Nv5 have a higher
potential for functional characterization compared with Nv7,
which has an uneven number of cysteine residues in its ma-
ture sequence (fig. 1A), a feature that can hinder recombinant
production.

To dissect in greater detail the expression patterns of Nv4
and Nv5, we measured their expression at the mRNA level
by nCounter technology at multiple developmental stages:
unfertilized eggs, blastulae, gastrulae, early planulae (2 dpf),
planulae (4 dpf), metamorphosing planulae (6 dpf), primary
polyps (10 dpf), juvenile polyps (2 and 4 months old), adult
males, and adult females (fig. 2B). The highest expression
level of Nv5 was observed in the unfertilized eggs. Starting
from blastula stage, it gradually drops till the metamorphosis
stage and peaks again in the adult females. Nv4 is expressed
at the highest level from blastula to the primary polyp stage
and it can be detected in adult females as well. Nv1 genes are
expressed in all the life stages of Nematostella, however,
starting from the juvenile polyp their expression increases

by at least two orders of magnitude (Columbus-Shenkar
et al. 2018). Importantly, Nv1 is not translated until after
the larval stage due to intron retention (Moran, Weinberger,
Reitzel, et al. 2008) and therefore Nv1 can be considered
purely an adult toxin.

nCounter measurements in different tissues of adult
females (fig. 2C) showed that expression of Nv4 and Nvs5 is
much higher (20-176 times, P < 5.1 x 10~ % Student’s t-test)
in mesenteries than it tentacles, pharynx, and physa.
Mesentery is the tissue producing gametes and therefore
the high expression of Nv4 and Nv5 might indicate that
they are maternally deposited into eggs, similarly to
NvePtx1 (Columbus-Shenkar et al. 2018). In contrast to
Nv4 and Nv5, Nv1 did not show elevated expression level
in the mesenteries: differences with the other tissues are in
the range between 0.1 and 4 and are not statistically signifi-
cant (Student’s t-test, P > 0.2).

Localization of Nv4 and Nv5 Expression

To dissect the spatial expression pattern of Nv4 at the cellular
level, we generated a transgenic construct to be injected into
zygotes. We amplified a genomic fragment including 660-bp
upstream of exon 1 followed by exon 1, intron 1, exon 2, and
intron 2 and a fragment of exon 3 encoding a part of propep-
tide up to the processing site (for gene structure see fig. 1B).
We anticipated that this genomic fragment will include a
promoter and regulatory regions in addition to the fragment
of the sequence coding for signal peptide and propeptide.
The fragment was cloned into a vector upstream of a se-
quence encoding memOrange2, a fluorescent protein
(Shaner et al. 2008). Thus, we generated an artificial gene
whose product was a fusion between the fluorescent protein
and Nv4 prepropart facilitating its cotranslational transport
to the endoplasmic reticulum. Expression of this new product
was under control of the Nv4 regulatory region. Thus, the
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metacells. The diagram was created using DrawVennDiagram online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/; Last accessed on

June 1, 2019).

Fic. 5. Toxicity tests of Nv4, Nv5, Nv1, and BSA (negative control) on zebrafish larvae. Abnormally bent and contracted tails due to toxic effects are

indicated by arrowheads.

memOrange2 expression pattern and intracellular local-
ization should mimic the native expression of Nv4.

The expression of the Nv4 transgenic construct was first
detected in the early embryos and the memOrange2 fluores-
cent marker was localized to the ectodermal cells of planulae.
Further, the fluorescent protein was localized in the cytoplas-
mic vesicles (fig. 3A-D) indicating that Nv4 is produced and
secreted by ectodermal gland cells. By the primary polyp
stage, expression disappeared. This pattern of expression
was similar to the patterns observed by our nCounter and
proteomics data.

To study Nv5 localization, we used immunostaining in plan-
ulae with anti-Nv5 antibodies. The staining was observed in
ectodermal gland cells (fig. 3E=H). Thus, both Nv4 and Nv5
are secreted by planula ectodermal cells and indeed might be
venom components. Strikingly, the gland cells producing Nv4
and Nv5 are very different in size meaning that different types of
gland cells are specialized on the production of these peptides.

In the single cell, RNAseq study on Nematostella larvae and
polyps, Sebe-Pedros and coauthors (Sebe-Pedros et al. 2018)
grouped individual cells with highly similar expression profiles
based on a statistical cutoff into “metacells” representing var-
ious cell states or cell types. Nv4, Nv7, and NvePtx1 are
expressed in planula, whereas Nv5 was not identified, prob-
ably due to lower expression level (at the planula stage, the
difference between expression levels of Nv4 and Nv5 is at least
two orders of magnitude, see fig. 2B). All three genes are
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coexpressed in the C12 metacell, whereas C11 and C13 meta-
cells coexpress Nv4 and Nv7 (fig. 4A). In the planula, cells
producing Nv4 and NvePtx1 are ectodermal gland cells and
hence we conclude that Nv7 is expressed in ectodermal gland
cells as well. Additionally, Nv4 was detected in the C5, C9,
C10, C14, and C17 metacells, whereas NvePtx1 was identified
in the C24 metacell. Expression levels of the peptides vary
significantly between the metacells, with C11 and C9 meta-
cells accounting for 51% of total Nv4 expression, C11
accounts for 66% of Nv7 expression, and C24 for 16% of
NvePtx1 expression. We compared sets of genes upregulated
in larval metacells with the most toxin production: C11 (86
genes), C9 (106 genes), C24 (148 genes), and C12 (70 genes)
(fig. 4B). Surprisingly, only three genes are upregulated in all
the four metacells: v1g242983 (unknown secreted protein,
similar to Collagen alpha-1[XIl] chain from Stylophora pistil-
lata), v1g245153 (unknown secreted protein), and v1g237037
(Tetraspanin). These data indicate that planulae possess dif-
ferent types of ectodermal gland cells differing considerably in
the kinds and number of toxins they produce.

Functional Characterization

To enable the testing of their potential toxicity, Nv4 and Nv5
were produced in recombinant form in Escherichia coli and
purified by a two-step chromatographic procedure. To assay
the toxicity of Nv4 and Nv5 in comparison to Nv1, we incu-
bated zebrafish larvae (N = 10) in 0.5 mg/ml solution of the
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recombinant peptides in parallel to a bovine serum albumin
(BSA) control (5 mg/ml). Nv5 caused death of all the fishes
within 30 min, Nv4 within 40 min, and Nv1 within 1h. Toxic
effects, particularly contractile paralysis accompanied by
twitching of the tail, began within 20 min for Nv5 and 30 min
for Nv4 (fig. 5 and supplementary videos 1 and 2,
Supplementary Material online). All the larvae incubated
with BSA survived. The experiment was performed twice.

Additionally, we tested activity of Nv4 and Nv5 on cherry
shrimps by injecting peptides at a dose of 1 1g/100 mg body
weight in parallel with Nv1. Both Nv4 and Nv5 did not show
any effect, whereas Nv1 paralyzed shrimps immediately after
injection in doses at least ten times lower. Experiments with
native Nematostella predators, grass shrimps (Palaemonetes
sp.), showed similar results: 5/5 animals injected with Nv4 or
Nv5 at a dose of 25 ng/100 mg body weight survived, whereas
Nv1 was lethal at the same concentration (reported LD, for
Nv1 is 1.25 ng/100 mg shrimp [Columbus-Shenkar et al. 2018]).

Electrophysiological ~assays (supplementary fig. 4,
Supplementary Material online) showed that Nv4 and Nv5
did not have any effect on mammalian (hNa,1.1, rNa,1.2,
rNa,1.3, rNa,14, hNa,1.5, mNa,1.6, rNa,1.8) and insect
(BgNa, 1) voltage-gated sodium channels, whereas Nv1 selec-
tively inhibited inactivation of BgNa, 1 (similarly to the effect
on Drosophila DmNav1 channel [Moran, Weinberger, Reitzel,
et al. 2008]). In the tests on a large variety of voltage-gated
potassium channels (rkKv1.1, rK,12, hK,13, rK,1.4, rK,1.5,
rK,1.6, Drosophila Shaker IR, rK,2.1, hK,3.1, rK,4.3, hK,7.2,
hK,7.3, hK,10.1 and the human Ether-a-go-go-Related Gene
[hERG]), all three toxins did not have any effect. These results
suggest that Nv4 and Nv5 do not target vertebrate voltage-
gated sodium and potassium channels and probably interfere
with activity of another receptor in zebrafish. Activity pattern
on arthropod ion channels is consistent with toxicity pattern
on shrimps: Nv1 but not Nv4 and Nv5 was specifically active
on arthropod sodium channel.

Discussion

Our study shows that Nv4 and Nv5, similarly to Nv1, are
venom components produced by ectodermal gland cells.
These three highly divergent toxins are a result of gene dupli-
cations followed by significant diversification in their tempo-
ral and spatial expression patterns as well as their function on
potential prey and predators. Unlike Nv1, which is found in
polyps, Nv4 and Nv5 are produced in early developmental
stages of Nematostella. Because Nematostella does not feed
until the primary polyp stage, toxins such as Nv4 and Nv5
produced only from egg to planula stages can be assumed to
play purely a protective role. The protective roles of some
toxins was also shown in cone snails, which inject different
venoms in predatory and defensive scenarios (Dutertre et al.
2014) and also in assassin bugs that can utilize different
venom glands (Walker et al. 2018). This functional conver-
gence in the venom systems of mollusks, insects, and
cnidarians suggest that there is an advantage in separating
defensive and offensive venoms. Nv4 and Nv5 are lethal for
zebrafish larvae, but not to shrimps, indicating that they

might have evolved under selective pressure from natural
fish predators. As it was previously shown (Columbus-
Shenkar et al. 2018), larvae of the killifish Fundulus heteroclitus,
a possible native predator of Nematostella, avoid feeding on
eggs and planulae of the anemone. Thus, Nv4 and Nv5 along
with other larval venom components such as NvePtx1 and
NEP3 contribute to the resistance toward fish predators in
the larval stage. On the other hand, grass shrimps are able to
feed on both egg packages and individual eggs (Columbus-
Shenkar et al. 2018), which correlates a lack of toxicity of both
Nv4 and Nv5 as well as NvePtx1 and NEP3 for shrimp. In
adults, Nv1 might be involved in predation on arthropods
and defense against them. According to the single cell tran-
scriptome data (Sebe-Pedros et al. 2018), Nv7 is coexpressed
with other toxins in the planula gland cells indicating that it
might also be a venom component.

Among all the members of the Nv1-like family, Nv1 shares
the highest sequence identity with Av2 and Sh1 toxins pro-
duced by different sea anemone species. This similarity sug-
gests that the last common ancestor of Nv1-like family might
have been more similar to Nv1 rather than to other members
of the family and Nv4, Nv5, Nv6, Nv7, and Nv8 might have
resulted from Edwardsiidae-specific gene duplications.

Multiple gene copies encoding Nv1 undergo concerted
evolution via gene conversion or unequal crossing over
(Moran, Weinberger, Sullivan, et al. 2008). Genomic proximity
between the gene copies is one of the factors enhancing the
rate of concerted evolution (Liao 1999). Therefore, the trans-
location of the Nv1 paralogs to different loci may have
resulted in them escaping concerted evolution and diverging
in evolutionary trajectories from Nv1. A similar scenario was
proposed for translocated insect ribosomal RNA genes that
show unusually high heterogeneity (Keller et al. 2006) unlike
the vast majority of such genes in eukaryotes that are typified
by homogeneity (Eickbush and Eickbush 2007). The translo-
cation of Nv4, Nv5, and Nv7 changed their genomic environ-
ment and probably contributed to evolution of new
regulatory elements and different expression dynamics. Nv1
genes are expressed in all the developmental stages (even
though from embryo to planula stages translation does not
happen due to intron retention [Moran, Weinberger, Reitzel,
et al. 2008]), whereas Nv4 and Nv5 expression decreases after
the planula stage (fig. 2). If the Nv1 expression profile resem-
bles the ancestral condition, we could hypothesize that the
regulatory mechanism activating expression of Nv4 and Nv5
in adult tissues (apart of the female mesenteries) was lost
after the translocation. Proteomics and immunostaining con-
firmed that Nv4 and Nv5 were produced at protein level in
early life cycle stages and thus lost regulation by intron reten-
tion as well. This scenario can be described as neofunctiona-
lization: acquisition of new expression pattern and purely
protective function (fig. 6). The change of function is also
clear based on their different pharmacological profiles (sup-
plementary fig. 4, Supplementary Material online) and effects
on vertebrate predators, where Nv4 and Nv5 are highly toxic
for fish, whereas Nv1 combines strong arthropod with weaker
fish toxicity. Previous bona fide cases of neofunctionalization
in enzymes and transcription factors were shown to involve
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\

Pseudogenes 1-3, Nv8 (?):
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™

Fic. 6. Summary of the possible evolutionary scenarios of the origin of the Nv1-like family.

differences in activities and spatiotemporal expression pat-
terns of paralogs, similarly to the case we describe here for
these neurotoxins (Zhang et al. 2002; Chen et al. 2012). We
can alternatively hypothesize that the last common ancestor
of the Nvi-like family possessed both anti-fish and anti-
arthropod functions and was expressed in all developmental
stages. In this scenario, during the course of evolution Nv4
and Nv5 underwent subfunctionalization by specializing on
anti-fish toxicity and expression in young life stages whereas
Nv1 specialized in anti-arthropod activity in the adult polyp
stage (fig. 6).

Some of the copies of the Nv1-like gene family have un-
dergone nonfunctionalization due to nonsense mutations
resulting in at least three pseudogenes interrupted by prema-
ture stop codons and Nv8 with negligible expression level. The
evolution of these members of the Nv1-like family is a clear
example for venom evolution through birth-and-death mech-
anism (Nei and Rooney 2005). This evolutionary mode has
been hypothesized multiple times in various venomous ani-
mals (Casewell et al. 2013; Casewell 2016), but “gene death”
has only rarely been demonstrated (Chijiwa et al. 2000; Dowell
et al. 2016). Further, our results show that both birth and
death and concerted modes of evolution can coexist in the
same gene family and are not necessarily opposing each other
as previously hypothesized (Nei and Rooney 2005).

Transgenesis and immunostaining experiments showed
that Nv4 and Nv5 are produced by different types of gland
cells that differ in size (fig. 3A—H). In our previous work
(Columbus-Shenkar et al. 2018), we showed that NvePtx1 is
expressed in two types of gland cells differing in size as well.
Single cell RNAseq data showed that Nv4, Nv7, and NvePtx1
are expressed by different metacells, which might represent
either different types of cells or different transcription states.
Multiple types of venom producing gland cells, similarly to
diverse nematocyte types (Columbus-Shenkar et al. 2018),
may provide a cellular context for dynamic regulation of
venom production in planulae and higher flexibility in rela-
tively short evolutionary times. This can be attained by the
increased modularity achieved by multiple types of gland cells
expressing different venom cocktails.
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Materials and Methods

Alignment, Clustering, and Phylogenetic
Reconstruction

To align Nv1 to its homologs from Nematostella, Clustal
Omega was used (https://www.ebiacuk/Tools/msa/clustalo/).
Last accessed on June 1, 2019

Sequences of Nv1, Nv4, Nv5, Nv6, and Nv8 precursors were
used for BLAST searches (https://blast.ncbi.nlm.nih.gov/Blast.
cgi; Last accessed on June 1, 2019) in NCBI databases
(Nucleotide collection, Transcriptome Shotgun Assembly,
nonredundant protein sequences). Searches for sequences
with similarity to the Nv1-like family were also conducted
in EdwardsiellaBase (Stefanik et al. 2014), Compagen
(Hemmrich and Bosch 2008), and Reefgenomics (Liew et al.
2016) databases as well as an in-house Exaiptasia pallida and
Edwardsia elegans transcriptomes. All searches were limited
to Cnidaria. Nucleotide sequences were translated and amino
acid sequences sharing the same cysteine pattern as the query
sequences and containing a signal peptide (identified by the
SignalP 4.0 [Petersen et al. 2011]) were retained for further
analysis. In total, 331 protein sequences were retrieved. To
exclude redundant sequences and multiple highly similar
sequences, we clustered the list with a threshold of 80% iden-
tity by the CD-HIT online tool (Huang et al. 2010). One se-
quence from each cluster was randomly chosen to create a
final list of 53 protein sequences. The threshold of 80% was
chosen because Nv1-like family members do not share more
than 50% identity with sequences outside the Edwardsiidae
and not more than 65% identity with any available non-
Nematostella sequence. Therefore clusters of highly similar
sequences would not contribute significant information to
the phylogenetic analysis and clustering.

For phylogenetic analysis, all the sequences were aligned
using MAFFT software, version 7, available online at https://
mafft.cbrcjp/alignment/server/; Last accessed on June 1, 2019
(Katoh et al. 2017). Substitution model was identified by
ProtTest software, version 3 (Darriba et al. 2011). For maxi-
mum likelihood phylogenetic reconstruction, we used the
PhyML algorithm (Guindon et al. 2010) either in command
line mode or implemented into the SeaView platform version
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4.7 (Gouy et al. 2010) with following settings: start with BioN)
tree, 100 bootstraps. Bayesian phylogeny was reconstructed
with MrBayes version 3.2 (Ronquist et al. 2012) for 3 million
generations and the potential scale reduction factor (PSRF)
reached 1.000, indicating that the runs converged.

The CLANS software (Frickey and Lupas 2004) was used
for clustering analysis with default settings and 1,678,863
rounds.

Nematostella Lab Culture

Adult polyps were cultured in 169, artificial sea water (ASW)
at 17 °C. Embryos, larvae, and juvenile polyps were kept at
22°C in the 169, ASW. Gamete spawning was induced as
previously described (Genikhovich and Technau 2009).
Feeding with Artemia nauplii was performed three times a
week.

Gene Expression

Gene expression analysis was performed as described else-
where (Columbus-Shenkar et al. 2018). Briefly, total RNA
was extracted from different life stages of Nematostella as
well as different adult female tissues using Tri-Reagent
(Sigma-Aldrich, St. Louis, MO). Each sample was prepared
in technical replicates and measured using nCounter plat-
form (NanoString Technologies, Seattle, WA; performed by
Agentek Ltd, Tel Aviv, Israel). Two specific probes were
designed for each gene to hybridize with the respective
mRNA and enable measurement of fluorescence intensity
of barcodes on one of the probes. Fluorescence intensity is
proportional to the concentration of the mRNA. A geometric
mean of the expression levels of five reference genes with
stable expression across development was used for normali-
zation. Probe sequences as well as all raw and normalized
nCounter read data are available in supplementary table 2
and file 2, Supplementary Material online.

Proteomics

To study temporal dynamics of expression of Nv1 homologs
at the protein level, we combined LC-MS/MS data reported
earlier (ProteomeXchange identifier PXD008218 [Columbus-
Shenkar et al. 2018]) for the late planula, primary polyp, adult
males, and females stages with new data for the unfertilized
egg stage (ProteomeXchange identifier PXD012719). Here, we
used the same unfertilized egg samples as in PXD008218 but
ran LC-MS/MS (four replicates) separately from other life
stages to eliminate possible crosscontamination with abun-
dant toxins expressed at adult stage. To control for compa-
rability to the older PXD008218 data set, we also reran adult
female LC-MS/MS (one replicate). Otherwise, the same ex-
perimental and data processing conditions were used as in
the earlier study (Columbus-Shenkar et al. 2018).

Transgenesis

To produce a Nv4 transgenic construct, we used plasmids
generated in our previous work (Columbus-Shenkar et al.
2018) where memOrange2 gene was placed under control
of the NEP3 promoter. In this work, NEP3 regulatory sequen-
ces were replaced with a putative Nv4 regulatory sequence. A

genomic fragment (scaffold_75:269319-272282. Coordinates
follow [Putnam et al. 2007]), which included the putative
promoter, the 5" untranslated region, and the beginning of
the coding sequence of the Nv4 gene, was amplified by
polymerase chain reaction and cloned into the plasmid up-
stream memOrange2 sequence. The transgenic plasmid was
injected into fertilized eggs along with the yeast meganuclease
I-Scel (New England Biolabs, Ipswich, MA) to facilitate geno-
mic integration following an established protocol (Renfer and
Technau 2017). For visualization, 3-day-old transgenic planu-
lae were briefly fixed in 3.7% formaldehyde in 169,, ASW
(20min, 4°C) and analyzed under Eclipse Ni-U microscope
equipped with a DS-Ri2 camera and an Elements BR software
(Nikon, Tokyo, Japan).

Protein Expression and Purification

Synthetic gene fragments encoding Nv4 and Nv5 mature
peptides were purchased from Integrated DNA
Technologies (Coralville, 1A) and cloned into a modified
pET40 vector (fragment encoding DSBC signal peptide had
been removed [Columbus-Shenkar et al. 2018]) downstream
the sequence encoding DSBC. A Tobacco Etch Virus protease
cleavage site was introduced between the DSBC and toxin
sequences. In the synthetic gene fragments, codon usage was
optimized for expression in E. coli. Nv4 and Nv5 were
expressed in BL21 (DE3) E. coli (Merck Millipore, Burlington,
MA\) as fusion proteins with His;-DSBC. The polyhistidine tag
enabled purification of the fusion proteins from the total E.
coli lysate by nickel affinity FPLC and cleaved with Tobacco
Etch Virus protease (room temperature, overnight). Reverse
phase FPLC on a Resource RPC column (GE Healthcare,
Uppsala, Sweden) with an acetonitrile concentration gradient
in 0.1% trifluoroacetic acid was used to further purify the
recombinant toxins. The peptides were vacuum dried and
stored at —80°C.

Immunostaining

Polyclonal rabbit antibodies against Nv5 were purchased
from Eurogentec (Liege, Belgium). Prior to immunization,
preimmune sera were screened by Western blot and immu-
nostaining to select rabbits with the lowest level of nonspe-
cific antibodies for these Nematostella proteins. For
immunization, pure recombinant Nv5 was used. Total immu-
noglobulin was purified using affinity chromatography on a
protein G column. Immunostaining on 4days old planulae
was performed according to a published protocol (Moran
et al. 2012).

Toxicity Tests

Zebrafish (Danio rerio) larvae younger than 120 h were kindly
provided by Dr Adi Inbal (The Hebrew University Medical
School). The usage of such young larvae does not require
ethical permits according to the European and Israeli laws.
Five zebrafish larvae (4 dpf) were placed into a 500-pl well and
incubated with Nv4, Nv5, and Nv1 at a concentration of
0.5mg/ml. Toxic effect was monitored under an SMZ18
(Nikon) stereomicroscope during 1h of incubation. BSA (5

2009

020z Asenuer 20 uo Jasn uabiag 1 18y8101|qigsIaNsIanun Aq /20661S/100Z/6/9EA0B1Sqe-8]01B/aqW/Wod dno-olWwapeoe//:sdny wolj papeojumoq


Deleted Text:  
Deleted Text:  
Deleted Text: l
Deleted Text: c
Deleted Text: e
Deleted Text: , USA
Deleted Text: , USA
Deleted Text: 5 
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz132#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz132#supplementary-data
Deleted Text: ,
Deleted Text: (
Deleted Text: )
Deleted Text: s
Deleted Text: s
Deleted Text: 4 
Deleted Text: -
Deleted Text: -
Deleted Text: 1
Deleted Text:  
Deleted Text: (
Deleted Text: )
Deleted Text: p
Deleted Text: , USA
Deleted Text: three 
Deleted Text:  
Deleted Text: e
Deleted Text: p
Deleted Text: , USA
Deleted Text: (
Deleted Text: )
Deleted Text: (TEV) 
Deleted Text: , USA
Deleted Text: TEV
Deleted Text: -
Deleted Text: <sup>0</sup>
Deleted Text: s
Deleted Text: s
Deleted Text: t
Deleted Text: r
Deleted Text: .
Deleted Text: &thinsp;
Deleted Text: r
Deleted Text: Five mg/ml 

Sachkova et al. - doi:10.1093/molbev/msz132

MBE

mg/ml) was used as a negative control. Each experiment was
performed in duplicate.

Cherry shrimps (Neocaridina davidi) were purchased from
a local pet store. Toxins were dissolved in PBS buffer and
injected in doses of 11g/100 mg or 0.1 1ig/100 mg of body
weight into the shrimp abdomen. Three shrimps were
injected at each concentration and every experiment was
performed in duplicate. PBS buffer was used as a negative
control. Grass shrimps (Palaemonetes sp.) were collected at
the Belle W. Baruch Institute for Marine and Coastal Sciences
(Columbia, SC), transported to the lab and kept in 159, ASW
until use.

Electrophysiology

For the expression of NaV channels (mammalian hNav1.1,
rNav1.2, rNav1.3, rNav1.4, hNav1.5 mNav1.6, rNav1.8 chan-
nels, the insect channel BgNaV1 from Blattella germanica and
the auxiliary subunits rfi1, hf1 and TipE) and Kv channels
(mammalian rK,1.1, rK,1.2, hK,13, rK,1.4, rK,15, rK,1.6,
rk,2.1, hK,3.1, rK,4.3, hK,7.2, hK,7.3, hK,10.1, the hERG and
Drosophila Shaker IR) in Xenopus laevis oocytes, the linearized
plasmids were transcribed using the T7 or SP6 mMESSAGE-
MMACHINE transcription kit (Ambion, Carlsbad, CA). The
harvesting of stage V-VI oocytes from anesthetized female
Xenopus laevis frog was previously described (Peigneur et al.
2015). Oocytes were injected with 50 nl of cRNA at a con-
centration of 1ng/nl using a microinjector (Drummond
Scientific, Broomall, PA). The oocytes were incubated in a
solution containing 96-mM NaCl, 2-mM KCl, 1.8-mM
CaCl,, 2-mM MgCl,, and 5-mM HEPES (pH 7.4), supple-
mented with 50 mg/| gentamycin sulfate.

Two-electrode voltage-clamp  recordings were
performed at room temperature (18-22°C) using a
Geneclamp 500 amplifier (Molecular  Devices,
Downingtown, PA) controlled by a pClamp data acqui-
sition system (Axon Instruments, Union City, CA). Whole
cell currents from oocytes were recorded 1-4 days after
injection. Bath solution composition was 96-mM NaCl, 2-
mM KCl, 1.8-mM CaCl,, 2-mM MgCl,, and 5-mM HEPES
(pH 7.4). Toxins were applied directly to the bath.
Resistances of both electrodes were kept between 0.8
and 1.5 MQ. The elicited currents were filtered at 1kHz
and sampled at 20 kHz using a four-pole low-pass Bessel
filter. Leak subtraction was performed using a -P/4 pro-
tocol. Only data obtained from cells exhibiting currents
with peak amplitude below 2 uA were considered for
analysis. For the electrophysiological analysis of Nv1,
Nv4 and Nv5 a number of protocols were applied from
a holding potential of —90 mV with a start-to-start inter-
val of 0.2Hz. K,1.1-K,1.6 and Shaker currents were
evoked by 250-ms depolarizations to 0 mV followed by
a 250 ms pulse to —50 mV from a holding potential of
—90 mV. Current traces of hERG channels were elicited
by applying a +40 mV prepulse for 2 s followed by a step
to —120mV for 2s. K, 2.1, K, 3.1, and K,4.3 currents were
elicited by 250 ms pulses to +-20 mV from a holding po-
tential of —90 mV. K, 7 and K,10.1 currents were evoked
by 2-s depolarizing pulses to 0mV from a holding
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potential of —90 mV. Sodium current traces were evoked
by 100-ms depolarization to the voltage corresponding
to maximal sodium current in control conditions.
All data were analyzed using pClamp Clampfit 10.0
(Molecular Devices) and Origin 7.5 software (Originlab,
Northampton, MA).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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