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Cnidocytes (i.e., stinging cells) are an unequivocally novel cell type used by cnidarians
(i.e., corals, jellyfish, and their kin) to immobilize prey. Although they are known to
share a common evolutionary origin with neurons, the developmental program that
promoted the emergence of cnidocyte fate is not known. Using functional genomics in
the sea anemone, Nematostella vectensis, we show that cnidocytes develop by suppres-
sion of neural fate in a subset of neurons expressing RFamide. We further show that a
single regulatory gene, a C2H2-type zinc finger transcription factor (ZNF845), coordi-
nates both the gain of novel (cnidocyte-specific) traits and the inhibition of ancestral
(neural) traits during cnidocyte development and that this gene arose by domain shuf-
fling in the stem cnidarian. Thus, we report a mechanism by which a truly novel regula-
tory gene (ZNF845) promotes the development of a truly novel cell type (cnidocyte)
through duplication of an ancestral cell lineage (neuron) and inhibition of its ancestral
identity (RFamide).

cell identity j novelty j evolution j cnidarians

Understanding the mechanisms driving cell-type diversification persists as one of the
key challenges in evolutionary biology (1). The gain of new adaptive cell functions
requires either the advent of novel genes (2, 3), the modification of existing gene regu-
latory networks (4), or some combination of these two processes (5). Alone, this addi-
tive model, focused simply on the emergence of novel gene interactions, is insufficient
to explain expansion of cell identity, as new cell types would arise in place of ancestral
cell types. In a process analogous to gene duplication and divergence (6), new instances
of cell division during embryogenesis could lead to duplication of a cell lineage, provid-
ing the opportunity for one cell lineage to retain an ancestral function and the other to
acquire new functions (7). Cell-type individuation, therefore, requires both novel gene
interactions and a novel cell lineage in which to express these traits (8). Applying a
phylogenetic framework like that of gene duplication to the diversification of cell types
is a powerful way to make testable predictions about the evolution of development and
the emergence of evolutionary novelty (9, 10).
Cnidarians are an unparalleled model for studying the evolution of cellular novelty,

because the defining synapomorphy of this group (i.e., the cnidocyte or “stinging cell”) is
an unequivocally novel cell type. During embryogenesis, cnidocytes differentiate from a
progenitor cell that also gives rise to neurons, reflecting a common evolutionary origin
for these two cell types (11, 12). Two key features were necessary for the transition away
from neural fate in early cnidocytes: the development of the explosive secretory organelle
(the cnidocyst), from which cnidocytes derive their “sting”; and the suppression of neural
phenotype (e.g., axons, synaptic signaling molecules). Studies tracking the synthesis of
the cnidocyst-specific, structural molecule minicollagen have revealed key steps leading to
the origin of this novel organelle (13, 14); the mechanisms driving the suppression of
neural phenotype in cnidocytes remain unknown. Here, we show that a single transcrip-
tion factor—a six-domain C2H2 zinc finger transcription factor—both promotes cnido-
cyte fate and suppresses neural fate during development of the sea anemone Nematostella
vectensis. We further show that the six-domain topology of this transcription factor arose
through domain shuffling in the last common ancestor of cnidarians, making this a clear
example of a cnidarian-specific gene driving development of a cnidarian-specific trait.

Results

ZNF845 Promotes Cnidocyte Fate. A previous study of stem cell dynamics in Hydra
identified a six-domain C2H2 zinc finger transcription factor (called ZNF845) as a general
marker of the multipotent interstitial stem cell lineage (15). To determine if this gene
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played a role in marking multipotent stem cells in other cnidar-
ians, we examined the spatial expression and function of the
ZNF845 ortholog in the sea anemone N. vectensis. Consistent
with a stem cell function, ZNF845 was found to be expressed
throughout the early embryo in cells that are actively undergoing
DNA synthesis, as labeled by EdU (Fig. 1A). However, further
investigation revealed that ZNF845 was partially coexpressed
with SoxB2, a marker of embryonic neural progenitor cells (12)

(Fig. 1B) and partially coexpressed with PaxA, an early marker of
differentiating cnidocytes (16) (Fig. 1C). Moreover, ZNF845
continues to be expressed through metamorphosis in N. vectensis
in a pattern reminiscent of cnidocyte development (SI Appendix,
Fig. S1). To understand the role of ZNF845 in cnidocyte differ-
entiation more fully, we knocked down SoxB2 and PaxA using
previously published morpholinos (MOs) (12, 16). ZNF845
expression was down-regulated in embryos injected with the

Fig. 1. ZNF845 specifies cnidocyte identity in N. vectensis. (A–C) ZNF845 is partially coexpressed with: (A) EdU (proliferating cells), (B) SoxB2 mRNA (neural pro-
genitor cells), and (C) PaxA mRNA (cnidocytes). Insets: white arrowheads show coexpression; nuclei are white (DAPI stain). (D) ZNF845 expression after knock-
down of SoxB2 and PaxA (by MO) assayed by in situ hybridization and qPCR. *P < 1E-02 for SoxB2 MO or PaxA MO versus Ctrl MO. (E) Cnidocyte differentia-
tion (α-Mcol4 antibody) after ZNF845 knockdown (shRNA). (F) qPCR of target gene expression after ZNF845 knockdown; fold-change relative to housekeeping
gene EF1B. (G) Response of RFamide- and PaxC-expressing cells to ZNF845 knockdown. (H) RFamide and PaxC are not coexpressed. (I) Expression of RFamide
and PaxC after knockdown of PaxC (MO). (J) Model for ZNF845-mediated specification of cnidocyte identity from an RFamide-expressing ancestral cell lineage.
*P < 1E-02 (SI Appendix, Table S2).
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SoxB2 MO but unaffected in embryos injected with PaxA MO
(Fig. 1D). Paired with the coexpression results, these data suggest
that ZNF845 is part of the cnidogenesis pathway acting upstream
of PaxA. In support of this hypothesis, a recent study using
single-cell RNA sequencing (RNA-seq) in the hydrozoan Clytia
hemisphaerica revealed ZNF845 was expressed specifically in the
subpopulation of interstitial stem cells that goes on to become
cnidocytes (17). Together, these results suggest that ZNF845
plays a similar role in the early patterning of cnidocytes in two
distantly related cnidarians and may not be a general marker of
stem cell fate, as once thought.
To further explore the role of ZNF845, we knocked down

ZNF845 using short hairpin RNAs (shRNAs) (18, 19) and
assayed the effects on cnidocyte development in N. vectensis.
Knockdown of ZNF845 was effective up to the late planula stage
(SI Appendix, Fig. S1) and resulted in nearly complete loss of cni-
docytes throughout the ectoderm of the planula larva (Fig. 1E).
Using an antibody directed against the cnidocyte-specific mole-
cule Minicollagen-4 (α-Mcol4) (20), we demonstrate a significant
loss of cnidocytes: from 10% of total cells in wild-type (WT) and
control shRNA-injected embryos (mean ± SD: WT, 10.6 ± 2.
01; control, 10.0 ± 2.42) to only 3.2% (± 1.43; mean ± SD)
when ZNF845 was knocked down (SI Appendix, Table S2). We
recovered identical results in embryos injected with a splice-
blocking ZNF845 MO, relative to those injected with a standard
control MO (SI Appendix, Fig. S2 and Table S2).
To determine if ZNF845 acts upstream of PaxA and other

genes specific to the cnidogenesis pathway, we used qPCR to
examine the effect of ZNF845 knockdown on known markers
of neural and cnidocyte differentiation in N. vectensis (Fig. 1F
and SI Appendix, Table S2). Knockdown of ZNF845 resulted
in significant down-regulation of PaxA and all of its known tar-
gets (GGT, Ngal, Mcol1, Mcol3, Mcol4, and Mef2IV) (16), as
well as three cnidocyte-expressed transcription factors identified
from previous analyses (TEA/Scalloped, FoxL2, and Pou4) (21,
22). Conversely, ZNF845 knockdown did not affect the expres-
sion of SoxB2 or the neuron-specific regulatory genes Atonal
and ELAV (23). While ZNF845 knockdown caused a statisti-
cally significant increase in the expression of neural markers
AshA, LWamide, and PaxC, assayed by qPCR, the response of
these genes was minor relative to the large, significant
up-regulation of RFamide. To spatially characterize these
results, we performed in situ hybridization for RFamide and
PaxC in embryos injected with control or ZNF845 shRNAs
and counted the number of cells expressing these neural
markers at the early planula stage (Fig. 1G). Knockdown of
ZNF845 significantly increased the number of RFamide-
expressing cells from 2.23 (± 1.95; mean ± SD) in control
embryos to 23.47 (± 17.85; mean ± SD) in ZNF845 knock-
downs. Cell counts for PaxC expression revealed a small, nonsig-
nificant increase in the number of PaxC-expressing cells from
8.9 (± 4.4; mean ± SD) in controls to 14.3 (± 18.5; mean ±
SD) in ZNF845 knockdowns. Because PaxC expression during
embryogenesis is reminiscent of RFamide expression, we hypoth-
esized that PaxC might be an upstream regulator of RFamide
neuron differentiation. On the contrary, we found that PaxC
and RFamide are not coexpressed (Fig. 1H) and that knockdown
of PaxC using a previously published MO (16) did not affect
the number or distribution of RFamide-expressing cells (Fig. 1I).
These results suggest that there is a closer evolutionary rela-

tionship between cnidocytes and RFamide-expressing neurons
than between cnidocytes and other neural subtypes (Fig. 1J).
This is congruent with results from a recent study showing that
the selector gene Pou4 regulates terminal cell identity in

cnidocytes and RFamide-expressing neurons in N. vectensis but
not in other cell types (22). Further, we demonstrate that a sin-
gle transcription factor (ZNF845) up-regulates both the genes
necessary to promote cnidocyte identity and the genes necessary
to inhibit RFamide neuron identity. To understand the mecha-
nism by which ZNF845 suppresses RFamide expression during
cnidocyte differentiation, we searched for inhibitory transcrip-
tion factors that were coexpressed with cnidocyte-specific genes.

ZNF845 Inhibits Neural Fate through NR12. Nuclear receptors
in the COUP-TF family (NR2F) are known to play an inhibi-
tory role in neural cell–fate decisions in both cnidarians (24)
and bilaterians (25). Given that an NR2F ortholog has been
shown to be expressed during cnidocyte differentiation in a
hydrozoan cnidarian (26), we examined the NR2F genes for a
potential role in early cnidogenesis. In N. vectensis, there are
five NR2F paralogs: NR10 through 14, most of which appear
to have originated through lineage-specific duplication in cni-
darians (27). We examined the expression of all five NR2F
genes (SI Appendix, Fig. S3) and found that three of them
(NR11, NR12, and NR13) were expressed in the ectoderm
during early embryogenesis and were also down-regulated in
embryos injected with ZNF845 shRNA (Fig. 2A). All three
were also coexpressed with Mcol4 in differentiating cnidocytes
(Fig. 2 B–D), and yet we found no evidence of that any of the
NR2F paralogs were coexpressed together in the same cell (Fig. 2
C and D), suggesting these NR2F paralogs are expressed uniquely
in different subpopulations of cnidocytes.

The cnidocyte-specific expression of NR12 that we observed
was also supported by a previous study using single-cell RNA-seq
in N. vectensis (21), which revealed the expression of NR12
(“Oasis1”) in cell clusters that appear to be differentiating cnido-
cytes. We examined NR12 further and found that it is coex-
pressed in a subset of ZNF845-expressing cells (Fig. 2E ) and in a
subset of PaxA-expressing cells at the early planula stage (Fig.
2F ). We examined the effects of NR12 on cnidocyte development
using shRNAs (SI Appendix, Fig. S4 and Table S1) and found
that knockdown of NR12 resulted in a four-fold increase in the
number of RFamide-expressing cells but had no effect on the
expression of PaxC (Fig. 2G) or on the specification of cnidocytes
(Fig. 2H). Knockdown of NR12 also had no effect on the num-
ber or distribution of NR11- or NR13-expressing cells (Fig. 2I).

Modularity in the regulation of neural phenotype would
have enabled cnidocytes to retain beneficial aspects of the
ancestral phenotype while silencing others through selective
inhibition, as has been shown for neural subtype specification
in Caenorhabditis elegans (25). The up-regulation of RFamide
following NR12 knockdown suggests that RFamide expression
is actively suppressed in cnidocytes. One explanation for this
observation is that it could reflect the coupling of RFamide
expression to the expression of another trait that had adaptive
value during the evolution of cnidocytes (e.g., secretory vesicles)
(Fig. 2J). Up-regulation of this gene regulatory module would
enable early evolving cnidocytes to develop a secretory vesicle,
using the module already in place in the ancestral neuron; sub-
sequent inhibition of the ancestral payload (RFamide) would
provide the opportunity for a novel secretory phenotype to
emerge. Thus, active inhibition of RFamide in cnidocytes may
be interpreted simply as a vestige of the shared ancestry of neu-
rons and cnidocytes (28). The independent expression of NR11
and NR13 in nonoverlapping populations of developing cnido-
cytes suggests that multiple cnidocyte subtypes may be specified
through NR2F-mediated inhibition of neurosecretory products
in other (non-RFamide) neural subtypes.
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ZNF845 Is a Novel Transcription Factor. Transcription factors
with Cys2-His2 zinc finger (ZF-C2H2) domains (PF00096) rep-
resent one of the largest families of transcription factors across
animals (29). Numerous evolutionary processes have contributed
to diversification in this gene family, including duplication and
divergence, gain and loss of ZF-C2H2 domains, and gain and
loss of accessory domains (30). Among the oldest members of
this clade are proteins with multiple, tandem ZF-C2H2 domains
but no other conserved functional domains (31). The N. vectensis
ortholog of ZNF845 has six tandem ZF-C2H2 domains. To
understand how these six domains came together in a single

protein, we generated a maximum likelihood phylogeny of all
ZF-C2H2 domains extracted from predicted proteomes for three
bilaterian taxa (Homo sapiens, Drosophila melanogaster, and C. ele-
gans) and four cnidarians (two anthozoans: N. vectensis and
Acropora digitifera; and two medusozoans: Hydra magnipapillata
and Nemopilema nomurai). The full phylogeny contains more
than 11,000 branch tips; the FASTA alignment is provided
(Dataset S1). To support this initial investigation, an additional
analysis was performed using the same approach with all ZF-
C2H2 domains (N > 5,000) from N. vectensis and two represen-
tatives of the Lophotrochozoa: Capitella teleta and Lottia

Fig. 2. RFamide identity is inhibited by NR12 in developing cnidocytes. (A) NR11, NR12, and NR13 are down-regulated in ZNF845 knockdowns (shRNA) as
assayed by in situ hybridization and qPCR. (B–D) NR11, NR12, and NR13 are coexpressed with Mcol4 (cnidocytes; cyan), but not with each other (C and D). (E
and F) NR12 is partially coexpressed with (E) ZNF845 and (F) PaxA. (G) Response of RFamide- and PaxC-expressing cells after NR12 knockdown. (H and I) There
is no effect of NR12 knockdown on (H) cnidocyte differentiation (Mcol4) or (I) expression of NR11 or NR13. (J) Modular regulation of neural traits (e.g., axons,
vesicles plus neuropeptides) explains how some traits can be lost (e.g., axons) and others retained but inhibited (RFamide) in developing cnidocytes. *P <
1E-02. See SI Appendix, Table S2 for detailed information. TF, transcription factor.
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gigantea; the FASTA alignment for this analysis, containing
more than 5,000 domains, is provided (Dataset S2).
N. vectensis has 218 predicted proteins with one or more

ZF-C2H2 domains, 16 of which, including ZNF845, encode six
tandem ZF-C2H2 domains. We examined the evolutionary rela-
tionships of the ZF-C2H2 domains from ZNF845 (Joint Genome
Institute [JGI] Protein Identification [ID]: 81344) and compared
the results with an analysis of another six-domain ZNF protein,
an ortholog of growth factor independence 1B (GFI1B) (JGI Pro-
tein ID: 112378). GFI1B is a potent regulator of cell differentia-
tion in vertebrates (32), but the function of this protein has not
been characterized in N. vectensis. Each of the six domains from
the N. vectensis ortholog of ZNF845 groups with ZF-C2H2

domains from the orthologous ZNF845 protein in other cnidar-
ians: Hmag_XP_002158383.2 [originally named ZNF845 by
Hemmrich et al. (15)], Nnom_10870, and Nnom_3755 (Fig. 3A
and SI Appendix, Fig. S5). These relationships suggest the antho-
zoan and medusozoan ZNF845 proteins descended from a com-
mon ancestor that already had six ZF-C2H2 domains in the stem
cnidarian. Additionally, some evidence suggests that two of the

domains from ZNF845 in cnidarians (domains 1 and 5) may
have arisen by tandem duplication, as these domains form a clade
that lacks other ZF-C2H2 domains in the initial tree; however,
these two domains were found in more distantly related lineages
in the analysis that included lophotrochozoans. In both analyses,
all six of the ZF-C2H2 domains in ZNF845 were found to share
some level of homology with a bilaterian ZF-C2H2 domain, but
none of these bilaterian domains are found in the same protein
(SI Appendix, Figs. S5 and S7).

Examination of the ZF-C2H2 domains from GFI1B suggests
that, unlike ZNF845, this six-domain transcription factor
emerged in its current form before cnidarians and bilaterians
diverged from their common ancestor (Fig. 3B and SI
Appendix, Figs. S6 and S8). Each of the ZF-C2H2 domains
from the N. vectensis ortholog of GFI1B grouped with the syn-
tenic ZF-C2H2 domain from the GFI1B ortholog in each of
the bilaterian taxa examined (Hsap_NP_001120687.1; Hsap_
XP_006717360.1; Dmel_Q9VM77; Cele_5376; Ctel_45287;
Lgig_83709; and Lgig_129344). Together, these observations
suggest that ZNF845, but not GFI1B, arose as a novel six-
domain protein in the stem cnidarian and that both domain
shuffling and domain duplication and divergence were impor-
tant for the emergence of this protein (Fig. 3C).

Discussion

Renaming Cnidarian ZNF845 to CnZNF1. The cnidarian gene
named ZNF845 was originally identified in a screen of stem
cell–specific genes in Hydra (15) and was likely named as such
because it had significant Basic Local Alignment Search Tool
(BLAST) similarity to the ZNF845 gene found in humans
(National Center for Biotechnology Information [NCBI] acces-
sion NP_001308451). Here, we show explicitly that no bilater-
ian ZNF gene is the reciprocal best BLAST hit for cnidarian
ZNF845 (NCBI accession for N. vectensis: XP_001641179.2).
As such, we suggest changing the name of the cnidarian gene
formerly called ZNF845 (15, 17, 33–36) to CnZNF1. Renaming
the gene this way accomplishes two things: first, the prefix “Cn”
denotes that this is a cnidarian-specific transcription factor; sec-
ond, this naming scheme reduces any confusion that derives
from the fact that the name ZNF845 is already associated with a
human gene that has a distinct evolutionary history.

Modeling Cell-Type Expansion. That sister cell types should
express a similar molecular “fingerprint” is not a new idea (10);
indeed, this concept has inspired the development of numerous
cell-type phylogenies to explain the functional diversification of
multicellular organisms (37–40). Many of these studies take
advantage of widely accessible observational techniques (e.g.,
RNA-seq) in distantly related taxa to reconstruct ancestral cell
states and provide a roadmap for cell-type evolution through
duplication and segregation of ancestral functions. Just as gene
duplication and divergence are important sources for novel
gene function (6, 41), this concept has been expanded to pro-
vide a framework for understanding the emergence of novel cell
types through cell lineage duplication and divergence (7). Here,
we demonstrate explicitly how gene expression became segre-
gated between sister cell types to drive the emergence of cnido-
cytes from their common origin with neurons in N. vectensis
(Fig. 4).

At least one SoxB gene was present in a neural progenitor cell
in the ancestor of all animals prior to the duplication event that
promoted the emergence of cnidocytes (42) (Fig. 4, step 1).
Analyses of animal neural diversity have suggested RFamide-like

1 1 1 2 2 2 3 3 3 4 4 4 5 5 5 6 6 6

1 2 3 4 5 6

1 2 3 4 5 6N. vectensis

H. sapiens

B GFI1B
(cnidarians & bilaterians)

1 1 V 2 2 W 3 3 X 4 4 Y5 5 6 6 Z

1 2 3 4 5 6N. vectensisA ZNF845
(cnidarian-specific)

1 2 3 4 5 6C ZNF845
cnidarians bilaterians

anthozoans medusozoans

1/5 2 3 4 6

3

4

2

6
1/5

3

2

domain duplication & divergence

domain shuffling

I
I

II

II
III

1/5 2 3 4 61/5

III

Fig. 3. Evolutionary history of two six-domain C2H2 ZNF proteins. (A and B)
Relationships among ZF-C2H2 domains from (A) ZNF845 (N. vectensis; JGI
Protein Identification [ID]: 81344) and (B) GFI1B (N. vectensis JGI Protein ID:
112378). Broken gray lines represent the locations of the other ∼11,000
branch tips of the complete tree. (C) Proposed model for the emergence
of ZNF845: 1. In the common ancestor of cnidarians and bilaterians,
ZF-C2H2 domains were in distinct proteins. 2. In the stem cnidarian,
domain shuffling brought domains 1/5, 2, 3, 4 and 6 together in a single
protein, 3. Domain 1/5 then duplicated and diverged to become two dis-
tinct domains (1 and 5) before the diversification of extant cnidarians (SI
Appendix, Figs. S5–S8).
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neurons arose early in animal evolution as well (43, 44). To gen-
erate a novel cell lineage, this SoxB-expressing progenitor cell
would first have to duplicate to generate a new progenitor line-
age (Fig. 4, step 2, magenta arrows). Absent additional changes,
duplication of a neural progenitor cell would have doubled the
number of RFamide-expressing daughters, potentially leading to
aberrant synapse formation (Fig. 4, step 2, inset). Individuation
would have required the origin of a transcription factor (Fig. 4,
step 3, green TF) that promoted independent regulation of the
duplicated daughter cells (38) and regulatory independence
would have enabled the establishment of a method for inhibition
of RFamide expression in one daughter only (Fig. 4, step 2, pur-
ple TF). Thus, the original number of RFamide-expressing
daughters would be maintained and RFamide neurons would
now be sister to a second lineage of “neurons” lacking a synaptic
payload (Fig. 4, step 3). Key to the emergence of cnidocytes,
therefore, was the origin of two transcription factors: one
(ZNF845) that could maintain progenitor cell fate in a newly
duplicated cell lineage and another (NR12) that could manipu-
late the identity of the secreted payload in the duplicated daugh-
ter cell. Without the selection pressure to maintain synaptic
signaling in the new daughter cell, the novel cell lineage may
have experienced relaxed selection for the maintenance of axons,
allowing the secretory vesicles to relocate to the cell body (Fig. 4,
step 3, insets). Subsequent mutations resulting in the centraliza-
tion and specialization of the secretory vesicle (Fig. 4, step 4)
and the emergence of a novel payload (e.g., Minicollagen) would
have further promoted divergence of this novel cell type (Fig. 4,
step 5). Mapping these traits onto a phylogeny of animals sug-
gests that NR2F-mediated payload inhibition may also drive
secretory cell diversification in bilaterian taxa.
The stepwise model presented here illustrates three impor-

tant paradigms for the evolution of novel cell types. First,
although the role of novel genes in driving evolutionary innova-
tion has been debated (45–47), cnidocytes have always

provided a clear example of an adaptive role for novel effector
genes (e.g., Minicollagen) in driving the evolution of a new
morphological character state (13). In the present study, we
extended this adaptive role for novel genes up the cnidocyte-
gene regulatory network by showing that a new transcription
factor assembled through domain shuffling in the stem cnidar-
ian (ZNF845) is essential for the development of cnidocytes in
N. vectensis. Thus, we present a complete cnidocyte character
identity network which includes the genes necessary for activa-
tion of new character traits and suppression of ancestral traits
(48), and provide a mechanistic explanation for the develop-
ment of a truly novel cell type. Given the similar expression of
ZNF845 in hydrozoans, in the progenitor cell population that
gives rise to cnidocytes (17), we suggest the results presented
here may reflect a broader phenomenon—that this cnidarian-
specific gene (ZNF845) was essential for the emergence of a
cnidarian-specific cell type (cnidocytes) in the ancestor of all
cnidarians.

Second, we demonstrate support for the hypothesis that mod-
ularity is an important driver of phenotypic evolution (49, 50).
During the early divergence of cnidocytes, modularity in neural
cell phenotype could have allowed for selective inhibition of cer-
tain traits (e.g., vesicular payload, axons) and retention of others
(e.g., secretory vesicle). An independent regulatory environment
would have enabled the inhibition of RFamide expression in
only one of the recently duplicated sister cells, promoting reten-
tion of ancestral phenotype in the other. In this example,
ZNF845 provided for regulatory independence between sister
cell types, explicitly supporting the cell-type individuation model
proposed previously (1, 38).

Finally, our results broadly support the hypothesis that the
origin of a secretory-cell lineage was advantageous for the emer-
gence of diverse, novel cell functions (51, 52). The ability to
segregate gene products into a compartment within the cell and
to target those products for delivery to the extracellular space
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divergence of an RFamide neural lineage and a proposal for the evolutionary timing of these events are presented.
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allows for the retention of novel gene products that may other-
wise be deleterious if retained intracellularly (e.g., collagen fibers).
Applied broadly, this scenario of secretory-cell duplication

coupled to payload inhibition combined with the early diversifi-
cation of novel neuropeptides (53–55) could also explain the
rapid expansion of neural function in early bilaterians. Studies of
neural fate in bilaterian model systems have demonstrated that
discrimination of specific subtypes within a neural lineage relies
on inhibition of the effector genes that define other subtypes in
the lineage (56) and that this inhibition of sister cell fate is medi-
ated through the actions of conserved transcription factors,
including orthologs of NR2F/COUP-TF (25). The data pre-
sented here indicate that this role for NR2F-mediated inhibition
of cell fate may extend back to the common ancestor of cnidar-
ians and bilaterians, suggesting the divergence-through-inhibi-
tion regulatory logic was already driving the expansion of cell
fate nearly 700 Mya (57).

Materials and Methods

Gene Knockdowns. To assess the influence of ZNF845 and NR12 on cnidocyte
fate, we performed messenger RNA (mRNA) knockdown by microinjection of
shRNAs following the protocol of He et al. (18). shRNAs used in this study were
synthesized in vitro (primer sequences are provided in the SI Appendix, Table
S1) and diluted to 800 ng/μL in nuclease-free water (Ambion AM9937) with a
final concentration of 0.2 mg/mL Alexa-555 RNase-free dextran (Invitrogen
D34679) to facilitate injection. To account for nonspecific effects, control embryos
were injected with an shRNA that was not complimentary to any part of the
genome (SI Appendix, Table S1; 800 ng/μL) (19). Embryos were raised to the
early planula stage (72 h postfertilization at 16 °C) and effects of knockdowns
were assayed via immunofluorescence, in situ hybridization, or qPCR. Indepen-
dent confirmation of the effect of ZNF845 knockdown on cnidocyte specification
was assayed using a splice-blocking MO (GeneTools; SI Appendix, Table S1) as
previously described (16). Briefly, lyophilized MOs were reconstituted in
nuclease-free water to 1 mM, following the manufacturer’s instructions. Before
each use, the stock was heated to 60 °C for 5 min and centrifuged for 1 min
before being diluted to a final working concentration of 0.3 mM in nuclease-free
water with 0.2 mg/mL RNase-free dextran. To control for nonspecific effects,
ZNF845MO-injected embryos were compared with embryos injected with a stan-
dard control MO (SI Appendix, Table S1) prepared the same way and injected at
the same concentration as the ZNF845 MO. Splicing defects were confirmed
using PCR and gel electrophoresis as described previously (16).

Cell and Tissue Analysis. To assay effects of gene knockdown on cnidocyte
specification, developing cnidocytes were labeled, imaged, and counted as
described in a similar study (16), using an antibody directed against
Minicollagen-4 (α-Mcol4) (13). Additional targets of ZNF845 and NR12 shRNAs
were assessed using in situ hybridization as previously described (16). Embry-
onic stages used for in situ hybridization, cell counts, and qPCR analysis are

noted throughout the article. All stages are associated with age (in hours postfer-
tilization [hpf]) in SI Appendix, Fig. S1; briefly, blastula: 24 hpf; gastrula: 48 hpf;
early planula: 72 hpf; late planula, 120 hpf; tentacle bud, 240 hpf; and primary
polyp, 2 wk. For qPCR analysis, embryos injected with control shRNA and
embryos injected with ZNF845 shRNA were both compared with uninjected
embryos raised under the same conditions to 72 hpf. Approximately 300
embryos were collected for each replicate of each condition, homogenized in Tri-
Reagent (Sigma T9424), and stored at �80C for further processing. All samples
were processed at the same time for RNA extraction and complementary DNA
synthesis, as previously described (16). Five replicates of each condition (ZNF845
shRNA, control shRNA, and uninjected) representing five independent injections
performed on different days were compared using the comparative cycle thresh-
old method (ΔΔ CT) and the PCR package in the R statistical computing envi-
ronment (58, 59). ZNF845 expression in Fig. 1D is presented as fold-change,
relative to ZNF845 expression in uninjected embryos, and statistical significance
for qPCR in Fig. 1D was calculated from the comparison of SoxB2 MO– and PaxA
MO–injected embryos relative to control MO–injected embryos. mRNA expres-
sion values in Figs. 1F and 2A are presented as fold-change relative to expres-
sion of EF1B in the uninjected embryos (arbitrarily set to 1) and significance was
calculated from the comparison of ZNF845 shRNA-injected embryos to control
shRNA-injected embryos. Cell counts in Figs. 1 E, G, and I and 2 G, H, and I were
analyzed with a Mann–Whitney U nonparametric test for two-way comparisons
(control vs. target shRNA/MO) and are presented as mean ± SD. Statistical signif-
icance for all quantitative comparisons is indicated where P < 1E-02.

Maximum-Likelihood Phylogeny. Phylogenetic analysis of ZF-C2H2 domains
was performed using a modification of a previously published protocol (60). In
brief, an alignment was generated using a custom script (hmm2aln, available at
https://github.com/josephryan) and the ZF-C2H2 HMM (PF00096) in predicted
proteomes from all target taxa. For cnidarians, we sampled two anthozoans: N.
vectensis and A. digitifera, and two medusozoans: H. magnipapillata and Nemo-
pilema nomurai (61). For bilaterians, we sampled Homo sapiens (Hsap), D. mela-
nogaster (Dmel), and C. elegans (Cele) initially and followed up with additional
analysis including two lophotrochozoans: Capitella teleta (Ctel) and L. gigantea
(Lgig) (62). Download information for each taxon is provided in the SI Appendix,
Table S3. The first alignment contains more than 11,000 ZF-C2H2 domains from
these combined taxa and is provided in Dataset S1; the alignment for N. vecten-
sis and the lophotrochozoans is provided in Dataset S2. To generate the phylog-
eny, we first used the model-finder function (-MF) with IQTREE to determine the
best substitution model (VT+R8) and then generated a single tree and applied
500 bootstraps using fast bootstrapping.

Data Availability. All study data are included in the article and/or supporting
information.
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