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Abstract 

For more than a century, researchers have been trying to understand the 

relationship between embryogenesis and regeneration (Morgan 1901). A long-

standing hypothesis is that biological processes originally used during 

embryogenesis are re-deployed during regeneration. In the past decade, we have 

begun to understand the relationships of genes and their organization into 

regulatory networks responsible for driving embryogenesis (Davidson et al. 2002; 

Röttinger et al. 2012) and regeneration (Srivastava et al. 2014; Lobo and Levin 

2015; Rodius et al. 2016) in diverse taxa. Here, we compare these networks in the 

same species to investigate how regeneration re-uses genetic interactions originally 

set aside for embryonic development. Using a uniquely suited embryonic 

development and whole-body regeneration model, the sea anemone Nematostella 

vectensis, we show that at the transcriptomic level the regenerative program 

partially re-uses elements of the embryonic gene network in addition to a small 

cohort of genes that are only activated during regeneration. We further identified 

co-expression modules that are either i) highly conserved between these two 

developmental trajectories and involved in core biological processes or ii) 

regeneration specific modules that drive cellular events unique to regeneration. 

Finally, our functional validation reveals that apoptosis is a regeneration-specific 

process in Nematostella and is required for the initiation of the regeneration 

program. These results indicate that regeneration reactivates embryonic gene 

modules to accomplish basic cellular functions but deploys a novel gene network 

logic to activate the regenerative process.   
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Introduction 

Regeneration of cells, tissues, appendages or even entire body parts is a 

widespread yet still rather poorly understood phenomenon in the animal kingdom. 

A long-standing question in the field of regeneration is whether and to what extent 

embryonic gene programs that are initially used to build an organism are re-used 

during regeneration (Morgan 1901). Several transcriptomic studies of regeneration 

have highlighted the importance of re-deployed developmental pathways in 

axolotl, anole, zebrafish and sea anemones (Bryant et al. 2017) (Habermann et al. 

2004) (Hutchins et al. 2014) (Mathew et al. 2009) (Rodius et al. 2016) (Gardiner et 

al. 1995; Schaffer et al. 2016). Many studies have directly compared embryonic 

and regenerative gene expression of single or groups of genes identifying i) genes 

that are specific to embryonic development (Binari et al. 2013), ii) genes that are 

specifically expressed or required during regeneration (Millimaki et al. 2010; Katz 

et al. 2015), and iii) embryonic genes that are re-used during regeneration to some 

extent (Imokawa and Yoshizato 1997) (Carlson et al. 2001) (Torok et al. 1998) 

(Özpolat et al. 2012) (Wang and Beck 2014). To date, however, no study has 

systematically compared the global transcriptomic landscape of embryogenesis 

and regeneration. The sea anemone Nematostella (Cnidaria, Anthozoa) is a 

uniquely suited embryonic and whole body regeneration model and is ideal for this 

line of inquiry (Fig. 1A). Nematostella has long been used as a model system for 

embryonic development, the evolution of body patterning, and gene regulatory 

networks (Hand and Uhlinger 1992; Wikramanayake et al. 2003; Hutchins et al. 

2014; Wang and Beck 2014). More recently, Nematostella has emerged as a 

powerful whole-body regeneration model as it capable of re-growing missing body 

parts in less than a week (Burton and Finnerty 2009; Trevino et al. 2011; 

Passamaneck and Martindale 2012; Bossert et al. 2013; Dubuc et al. 2014; Amiel 

et al. 2015; Schaffer et al. 2016) Regeneration in Nematostella follows a dynamic 

but highly stereotypical morphological and cellular program involving tissue re-

arrangement and the de novo formation of body structures (Amiel et al. 2015). 

Initiation of this process requires a crosstalk between tissues and two populations 

of fast and slow cycling stem cells (Amiel et al, in revision). Many developmental 
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signaling pathways are deployed during regeneration (Trevino et al. 2011) (Dubuc 

et al. 2014) (Schaffer et al. 2016) however their regulatory logic remains unknown. 

Here, we take advantage of this model to definitively address the historical 

hypothesis that regeneration re-uses embryonic gene network logic to decipher 

genetic signatures unique to regeneration. We performed a genome wide 

embryogenesis vs regeneration transcriptomic comparison using deeply sampled 

transcriptomic datasets in order to identify gene modules specific to regeneration.  

 

Results and Discussion 

Regeneration is a partial re-deployment of embryonic development  

To compare embryogenesis and regeneration on a global transcriptome-wide 

scale we employed four RNAseq datasets, one spanning 16 time points of 

regeneration (Warner et al., 2018) and three spanning a total of 34 embryonic time 

points (Helm et al. 2013; Fischer and Smith 2014; Warner et al. 2018). In order to 

directly compare the data, raw sequencing reads were processed, mapped and 

quantified using the same workflow for all datasets (see materials and methods for 

quantification details). As the embryonic data were the result of several previous 

studies including this one we applied a batch correction using developmental time-

point as a categorical covariate (Fig. S1) (Leek et al. 2012). To assess the 

transcriptomic states underlying embryogenesis we performed principal 

component analysis (PCA) on batch corrected embryonic data (Fig. 1B). We found 

that the majority of gene expression changes occur during the first day of 

embryonic development from cleavage to blastula stage (Fig. 1B, 7 hours post 

fertilization (hpf) – 24hpf, PC1 proportion of variance 61%; PC2 proportion of 

variance 19%) indicating large transcriptomic differences in early embryogenesis. 

From 96hpf onwards the samples exhibited modest changes in transcriptional 

variation indicating that the major events of embryogenesis are complete by this 

stage (96hpf-240hpf). When we examined the regenerative program using PCA 

(Fig. 1C), we observe three distinct transcriptional programs: a wound-healing 

phase (0-8hpa) is followed by the activation of the early regenerative program (8-

20 hours post amputation (hpa)) in which the samples are distributed along the 
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second principal component (PC2 proportion of variance = 24%, Fig. 1C). From 

20hpa onwards, the majority of variation in gene expression is explained by the 

first principal component during the late regenerative phase (PC1 proportion of 

variance = 48%, 20hpa-144hpa, Fig.1C). Towards the end of regeneration, we 

observe the transcriptomics profile approaching the uncut samples indicating a 

return to steady state. These profiles correlate with the major events of sub-

pharyngeally induced oral regeneration in Nematostella and indicate that our 

sampling strategy effectively covers the major transcriptional hallmarks of 

regeneration (Amiel et al. 2015). 

 

We then directly compared the transcriptomic variation of regeneration and 

embryogenesis using the same PCA approach and found that the transcriptional 

changes during regeneration were relatively modest compared to those observed 

during embryogenesis with the vast majority of variation in the first two principal 

components being driven by the embryonic data (PC1 proportion of variance = 

67%, PC2 proportion of variance = 16%, Fig 1D). This indicates that the 

transcriptional dynamics of embryogenesis are more profound than those of 

regeneration. This finding was buttressed by comparing the number of 

‘dynamically expressed genes’, those which are significantly differentially 

expressed (fold change > log2(2) and false discovery rate < 0.05) at any time point 

compared to t0, 0hpa for regeneration and 7hpf (onset of zygotic transcription) for 

embryogenesis. Embryogenesis exhibited more than ten times the number of 

dynamically expressed genes compared to regeneration (15610 and 1255 genes 

respectively, Fig. 1E). These results show that regeneration employs far fewer 

genes to accomplish the same task of constructing a functional animal. Of these 

genes however, the majority are re-expressed embryonic genes demonstrating 

that regeneration is in large part a partial re-use of the embryonic gene 

complement (Fig. 1E). 

 

Identification of “regeneration-specific” genes 
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Among those genes dynamically expressed during regeneration, a small fraction, 

124 genes, exhibit differential expression (fold change > log2(2) and false 

discovery rate < 0.05) only during regeneration which we term ‘regeneration 

specific’ (Supplementary table 1). Indeed 48 of these genes are only detectable 

during regeneration indicating they are transcriptionally silent until regeneration 

activation (Fig. 1F). Interestingly, several of the 124 regeneration specific genes, 

for example wntless (jgi|Nemve1|100430) and agrin (jgi|Nemve1|196727), have 

previously been reported to be important regulators of regeneration in bilaterians  

(Adell et al. 2009; Bassat et al. 2017). Furthermore among these 124 regeneration 

specific genes, 45 have no known homology in the Uniprot database (PLASTp, e-

value cutoff <0.05, see methods for annotation details). These results indicate not 

only a possible evolutionary conservation of gene use in regeneration, but also 

identify additional genes that may play important roles in whole body regeneration. 

When we performed a gene ontology (GO) term enrichment analysis on these 

regeneration specific genes, we found a suite of biological process GO terms 

relating to Wnt protein secretion (e.g. wntless), metabolic processes and apoptotic 

cell death, indicating an essential role for these processes in regeneration (Fig. 

1G).  

 

Embryonic gene modules are partially re-deployed during regeneration 

As regeneration uses less than one tenth the number of genes compared to 

embryonic development we were next interested in how these genes were 

deployed and arranged into expression networks. We sought to determine if 

embryonic gene network modules themselves are reused in a reduced capacity or 

if regeneration deploys novel gene module arrangements. To investigate this we 

first used fuzzy c-means clustering to group the genes by expression profile 

(Kumar and E Futschik 2007). We regrouped the gene expression profiles into 

eight embryonic clusters (Fig. 2A) and nine regeneration clusters (Fig. 2D). To 

explore these expression clusters we performed GO-term enrichment for each 

cluster (Table S1, Table S2). When we examined modules at the gene level, we 

found that modules that were activated early in both processes (embryogenesis 
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cluster 4, regeneration cluster 6, Fig. 2A,D) contained many canonical 

developmental genes: wntA (jgi|Nemve1|91822), lmx (jgi|Nemve1|95727) and 

foxA (jgi|Nemve1|165261) in embryonic cluster 4 (Fig. 2B) and tcf 

(jgi|Nemve1|132332), spr (jgi|Nemve1|29671), and runx (jgi|Nemve1|129231) in  

regeneration cluster 6 (Fig. 2B).  The early activation of these genes was confirmed 

by in situ hybridization at 24hpf (embryogenesis, Fig. 2C) and 20hpa 

(regeneration) and (Fig. 2F). From this analysis we conclude that classical 

developmental genes are involved in the early phases of both embryogenesis and 

regeneration.  

 

We next analyzed whether the same groups of genes were co-regulated during 

embryogenesis and regeneration, by testing if gene expression observed during 

both processes were arranged in similar co-expression modules. We compared 

regeneration and embryonic clusters on a gene-cluster membership basis to 

identify significant overlaps. Regeneration clusters with high overlap of a specific 

embryonic cluster indicate a shared or re-used network logic since the same suite 

of genes are deployed as a bloc in both processes. Regeneration clusters with low 

overlap to any single embryonic cluster on the other hand are likely to be de novo 

genetic arrangements specific to regeneration. We found that the majority of the 

regeneration clusters exhibited significant overlap with one or more embryonic 

clusters (Fig. 3A, B). These ‘conserved modules’ also exhibited high preservation 

permutation co-clustering zStatistics (>2 indicating conservation; >10 indicating 

high conservation; permutations = 1000) (Langfelder et al. 2011). Importantly, we 

also identified two clusters, R-1 and R-6, which exhibited relatively low overlap with 

embryonic clusters, indicating that these are ‘regeneration specific’ arrangements. 

When we examined the GO-term enrichment of each cluster, we found that in 

general, highly conserved clusters were enriched in GO-terms corresponding to 

homeostatic cell processes while lowly conserved regeneration specific clusters 

were enriched in GO-terms describing developmental signaling pathways (Fig. 3A, 

Supplementary tables 1 & 2). These results suggest that core biological functions 

such as cell proliferation are common to embryogenesis and regeneration while 
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the developmental gene networks that activate these processes are unique. Two 

clusters that exemplify these findings are R-5 and R-6. R-5, a conserved cluster 

(zStatistic 6.94) showed strong enrichment of cell-proliferation related GO-terms 

(Fig. 3C). When we examined exemplar genes (with intra module membership 

scores >0.95) ercc6-like (jgi|Nemve1|110916), rad54B (jgi|Nemve1|209299), 

mcm10 (jgi|Nemve1|131857), cyclinB3 (jgi|Nemve1|208415), we observed co-

expression patterns that correlate well to the timing of proliferation activation during 

Nematostella regeneration with an activation at 24hpa, a peak at 48hpa, and a 

taper off thereafter (Passamaneck and Martindale 2012; Amiel et al. 2015)(Fig. 

3C). These exemplar genes are also co-expressed during embryogenesis (cluster 

E-1), further demonstrating module conservation. In contrast to this conserved 

module is the regeneration specific module R-6. This module showed strong 

enrichment of GO-terms relating to apoptosis and developmental signaling 

pathways. When we examined 4 exemplar genes tcf (jgi|Nemve1|132332), bax 

(jgi|Nemve1|100129), runx (jgi|Nemve1|129231), bcl2 (jgi|Nemve1|215615), we 

observed co-expression during regeneration but divergent profiles during 

embryogenesis indicating that this grouping of genes is indeed ‘regeneration 

specific’ (Fig 3D). These results suggest that modules containing genes 

responsible for basic cellular functions are largely re-used and co-expressed 

between embryogenesis and regeneration, while those including genes that are 

important for the activation of developmental processes are regeneration-specific 

arrangements. 

 

Apoptosis is specifically required for regeneration Nematostella vectensis 

Having observed a strong enrichment for apoptosis related GO-terms in the list of 

124 regeneration-specific genes (Fig. 1F,G) and in the regeneration specific 

module R-6 (Fig. 3Di-Diii), we investigated the role of apoptosis during the 

regenerative process. Several genes relating to apoptosis, including the 

regeneration-specific genes bax (jgi|Nemve1|100129), caspase-3 

(jgi|Nemve1|100451), bcl2 (jgi|Nemve1|215615), and an additional bcl2 (which we 

term bcl2B, jgi|Nemve1|128814), belong to module R-6 and are activated shortly 
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after amputation (Fig. 4A). We performed a time series of TUNEL staining to 

examine the dynamics of apoptosis during embryogenesis and regeneration. 

While only few apoptotic cells can be observed during embryonic development 

(data not shown), we observed a burst of apoptotic activity after amputation at the 

cut site as early as 1.5 hpa which perdured through 12hpa (Fig. 4B, Fig. S3). At 

24hpa apoptotic activity is not detectable anymore at the wound site but randomly 

detected throughout the body, and at 60hpa, increasingly restricted around the 

mesenteries. To test whether or not apoptosis was indeed a regeneration specific 

process we used the pan-caspase inhibitor ZVAD to block apoptosis during 

embryogenesis and regeneration. Nematostella treated continuously with ZVAD 

after fertilization developed normally, showed no developmental defect (Fig. 4Ci) 

and metamorphosed on time (not shown). In contrast, regenerating Nematostella 

treated continuously with ZVAD immediately after amputation were blocked in a 

very early regenerative stage, preventing the physical interaction between the 

fused oral tip of the mesenteries and the epithelia of the wound site (Fig. 4Cii). 

Furthermore, amputated animals treated with ZVAD exhibited little to no cell 

proliferation indicating an instructive function of apoptosis necessary for the 

induction of cell proliferation and the ensuing regenerative program (Fig. 4Cii).  

 

In this work we used whole genome transcriptomic profiling to identify shared 

embryonic and regeneration-specific gene signatures. By comparing embryonic 

and regenerative gene expression modules, we identified a gene module deployed 

early in regeneration that involves apoptosis, a developmental process we then 

show to be specific to whole body regeneration in Nematostella. While the 

importance of apoptosis in regeneration has been previously proposed in Hydra 

(Chera et al. 2009), we conclude from our work that the instructive function of 

apoptosis is a regeneration-specific process in Nematostella and may represent a 

process common to all whole body regenerators. Furthermore, we show that 

embryonic gene modules, including those coding for cell proliferation and 

homeostatic processes are to a significant extent re-activated during the 

regenerative process. Thus, regeneration is a partial re-use of the embryonic 
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genetic programs but with important differences in its activation, which in the case 

of Nematostella, depends on apoptotic signals. The approach used to identify 

these genetic programs, comparative transcriptional profiling, highlights the utility 

in considering not just individual gene use but how those genes are arranged into 

co-expression modules. Here we investigated one module and the role apoptosis 

plays in regeneration but we anticipate further studies on gene module use during 

embryogenesis and regeneration as the community continues to investigate 

expression dynamics during these two processes thanks in part to a database 

containing all of the data from this study (Warner et al. 2018). Further studies, 

especially those comparing regeneration activation across species, will provide 

novel insight into our understanding of why certain organisms can regenerate while 

others can’t and could unlock hidden regenerative potential in poorly regenerating 

organisms.   
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Figure 1: Comparison of embryonic and regenerative transcritpomes. (A) 

General morphology of Nematostella during embryonic development and 

regeneration. (B) Principal component analysis (PCA) of three embryonic 

datasets: Fischer et al. (red), sampled at 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 

19 hpf; Helm et al. (green), sampled at 7, 12, 24, 120, 240 hpf and Warner et al. 

(blue) sampled at 24, 48, 72, 96, 120, 144. 168, 192 hpf. The majority of variation 

is observed in the first 24 hours of development. (C) PCA of regeneration dataset 

sampled at Uncut, 0, 2, 4, 8, 12, 16, 20, 24, 36, 48, 60, 72, 96, 120, 144 hpa. 

Regeneration proceeds through a wound healing phase (0-8 hpa) followed by the 

early regenerative program (12-36 hpa) and ending with a late regenerative 

program which approaches the uncut condition (48-144 hpa). (D) PCA of 

embryonic versus regeneration samples. Embryogenesis (red, green, purple) 

exhibits far greater transcriptomic variation than regeneration (blue). (E) 

Comparison of differentially expressed (|FC| > log2(2) & FDR < 0.05 for any 

timepoint comparison against t0 where t0 = 7hpf for embryogenesis and 0hpa for 

regeneration) ‘dynamic’ genes during embryogenesis (blue) and regeneration 

(green). Embryogenesis deploys more than 10 times the number of genes. 124 

genes are only dynamically expressed during regeneration. (F) Details of the 

regeneration specific genes expression and classification. (G) GO term enrichment 

for regeneration specific genes. 
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Figure 2: Embryonic and Regenerative gene expression forms discrete 

clusters. (A,D) Fuzzy c-means clustering of embryonic (A) and regeneration (D) 

gene expression. Each cluster is plotted with standardized expression along the y-

axis and developmental time along the x-axis. Black trace denotes the cluster core 

(centroid). (B-C) Exemplar gene expression from a cluster activated early during 

embryogenesis in the cluster E-4. wntA, lmx, foxA are temporally co-expressed (B) 

and in situ hybridization at 24hpf confirms early activation of this gene cluster (C). 

(E-F) Exemplar gene expression from a cluster activated in the early regenerative 

program. tcf, spr, runx are all activated early in the cluster R-6 and are temporally 
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co-expressed (E) and in situ hybridization at 24hpa confirms early activation of this 

gene cluster (F). 

 

 

 

Figure 3: Embryonic gene modules are partially redeployed during 

regeneration. (A) Overlap table of regeneration versus embryonic modules. In 

each cell, the overlap itself is quantified along with the pvalue (fischers exact test). 

Color indicates –log10(pvalue), with a brighter magenta indicating a more 

significant overlap. R-0 and E-0 contain genes that are not assigned to any 

module. (B) Table indicating the size, and the co-clustering zStatistic. A zStatistic 

>2 (*) indicates moderate module conservation, >10 (**) high sconervation > 30 

(***)very high conservation). (C) The conserved module R-5 with exemplar genes 
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(ercc6, rad54B, mcm10, cyclinB3) showing coexpression during regeneration (Ci) 

and embryogenesis (Cii). GO-term enrichment identifies terms associated with cell 

proliferation (Ciii). (D) The regeneration specific module R-6 with exemplar genes 

(tcf, bax, runx, and bcl2) showing co-expression during regeneration (Di) but 

divergent expression during embryogenesis (Dii). GO-term enrichment identifies 

terms associated with apoptosis and wnt signaling (Diii). 
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Figure 4: Apoptosis is required for regeneration, not embryogenesis. (A) 

Apoptosis genes (bax, caspase3, bcl2, and bcl2B) found in the regeneration 

specific module R-6 are activated early in response to injury. (B) After amputation, 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/658930doi: bioRxiv preprint 

https://doi.org/10.1101/658930
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

apoptosis marked by TUNEL staining is localized early to the wound site at 1.5hpa 

and persists through 12 hpa (red arrows). At 60hpa, apoptosis is detected in the 

mesenteries (red arrow) and absent from the wound site. This staining continues 

through 60hpa where it is predominantly located within the mesenteries. (Ci) 

Treatment with the apoptosis inhibitor zVAD does not affect embryonic 

development (48hpf). (Cii) Conversely zVAD treatment blocks regeneration at an 

early stage. TUNEL staining of zVAD treated regenerates confirms apoptosis 

inhibition. Cell proliferation (Edu, red) is also strongly reduced. Autofluorescence 

of the pharynx does not reappear (488, green) indicating a failure of regeneration. 

Morphology at 144hpa also shows a clear lack of pharynx (dashed circle) and 

tentacles in zVAD treatment as well as the inhibition of regeneration very early 

during the process that is indicated by the absence of the contact between the 

mesenteries and the epithelia of the amputation site (Amiel et al. 2015).   
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Supplementary figures: 

 

FigureS1: Embryonic sample tree pre, post batch correction. 

Sample trees of embryonic log2(cpm+1) before batch correction (top) and after 

(bottom) 
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Figure S2: Fuzzy c-means clustering minimum centroid distance and cluster 

overlap. 

(Top): Minimum centroid distances for embryogenesis (left) and regeneration 

(right) clusters. (Bottom): Overlap plots for embryogenesis (left) and regeneration 

(right) clusters show principal component analysis of the cluster centers. The 

overlap is visualised by lines with variable width indicating the strength of the 

overlap. 
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Figure S3: TUNEL Assay controls.  

Close-up of the physa (a, a’) and the tentacles (b, b’) for the TUNEL assay positive 

control using DNAse I treatment. Uncut polyp (c, c’) and  1.50hpa (d, d’) for the 

TUNEL assay negative control without Enzyme. Green dashed arrows (b’, c’) 

indicate non-specific auto-fluorescent staining. n=[number of specimen with 

represented phenotype]/[total number of analyzed specimen] 

 

 

Supplementary table 1: Regeneration specific genes 

Supplementary table 2: GO-term enrichment of embryonic clusters 

Supplementary table 3: GO-term enrichment of regeneration clusters  

Negative control (- Enzyme)Positive control (+ DNaseI)

b

b’a’

a

d’

dc

c’

DAPI

TUNEL

Supplementary Figure - TUNEL 

n = 20/25 n = 18/18 n = 20/20

1.30hpa
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Materials and Methods 

Animal culture, spawning, embryo rearing, and amputation 

Adult Nematostella vectensis are cultured at 16°C in the dark in 1/3 strength 

artificial sea water (ASW) as previously described (Amiel et al. 2017). Spawning 

was induced by feeding the animals with oysters the day before and transferring 

the animals to a light table for 12 hours. For embryology experiments, embryos 

were cultured at 18°C in the dark in 1/3 strength ASW until desired timepoint. For 

Regeneration experiments were performed using six week old juveniles raised at 

22°C in the dark in 1/3 strength artificial sea water (ASW) as previously described 

(Amiel et al. 2017). Amputations were performed by first relaxing the juveniles in 

MgCl2 followed by sub-pharygneal amputation.  

 

RNA extraction, sequencing, read mapping and quantification 

Detailed methods of the RNAseq methodology can be found in (Warner et al. 2018) 

and are described briefly here. For regeneration experiments, six week old 

juveniles were bisected below the pharynx and incubated in the dark 22°C in 1/3 

strength ASW.  RNA from ~350 animals was extracted as previously described at 

uncut, 0, 2, 4, 8, 12, 16, 20, 24, 36, 48, 60, 72, 96, 120, and 144 hours post 

amputation in triplicate (Warner et al. 2018). For the embryonic time series, 

animals were cultured at 18°C in the dark in 1/3 strength ASW and RNA from ~250 

embryos was extracted as previously described at 24, 48, 72, 96, 120,144, 168, 

172, and 196hpf in duplicate (Warner et al. 2018). cDNA libraries were prepared 

and sequenced on an illumine NextSeq500 sequencer. Additional embryonic 

datasets were obtained from two previously published studies originally reported 

in Fischer et al.  (Fischer and Smith 2014) (Illumina HiSeq 100bp paired end 

replicates sampled hourly from 0-19 hours post fertilization), and a second 

embryonic dataset originally reported in Helm et al. 2013 (Helm et al. 2013) (NCBI 

short read archive Project: PRJNA189768)( Illumina HiSeq 50bp single end 

replicates sampled from 2, 7, 12, 24, 120 and 240).  
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All reads from each dataset were processed equivalently. Reads were first quality 

filtered and adapter trimmed using timmomatic (Bolger et al. 2014) and cutadapt 

(MARTIN 2011). Single end reads for each dataset, regeneration and the three 

embryonic datasets Fischer, Helm, and Warner, were aligned to a transcriptome 

assembly comprised of both embryonic and regeneration RNAseq data using 

Bowtie2 (Langmead et al. 2009; Warner et al. 2018).  and read counts were 

quantified using RSEM (Li and Dewey 2011). Gene level counts were obtained by 

merging transcripts with the same top BLASTn hit to the Nemve1 filtered gene 

models (Warner et al. 2018). Gene models that did not have >5 counts in at least 

25% of the samples, were excluded. Each dataset was then normalized separately 

using the R package edgeR and the counts per million (cpm) mapped reads were 

calculated (Robinson et al. 2010). Batch effects of the embryonic datasets were 

corrected using the R function ComBat from the SVA package using timepoint as 

a categorical covariate (Fig S1)(Leek et al. 2012). 

 

Identification of regeneration specific genes and GO-term enrichment 

For each dataset we calculated differential expression for each Nemve1 gene 

model using edgeR and comparing each time point to t0 (t0= 7hpf Helm and Fischer 

dataset; 24hpf Warner dataset; and 0hpa for the regeneration dataset) (Fischer 

and Smith 2014) (Helm et al. 2013) (Warner et al. 2018). We define a significantly 

differentially expressed gene as having an absolute fold change (FC) > 2 and a 

false discovery rate (FDR) < 0.05. These differentially expressed gene lists were 

compared to identify overlapping and regeneration specific genes. GO term 

enrichment of the regeneration specific gene list was calculated using a Fisher’s 

exact test and the R package topGO on the GO terms identified from comparing 

the Nemve1 gene models to the UniProt databases Swissprot and Trembl using 

the BLASTx like program PLASTx (evalue cutoff 5e-5)(Nguyen and Lavenier 

2009). All identified GO terms were used as a background model. The resulting 

GO term list was reduced and plotted using a modified R script based on REVIGO 

(Supek et al. 2011). 
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Embryonic versus Regeneration dataset comparison: Principal component 

analysis, Fuzzy c-means clustering and cluster conservation 

The ensuing analyses were performed using log2(cpm+1) transformed gene-level 

quantification (Nemve1 filtered gene models). The expression profiles for each 

Nemve1 gene model were clustered using the R package mFuzz (Kumar and E 

Futschik 2007) on the combined embryonic dataset and the regeneration dataset 

separately. The cluster number was set to 9 for the regeneration data and 8 for the 

embryonic datasets as these numbers produced well-separated clusters with 

minimal overlap (Fig. S2) and represent the inflection point at which the centroid 

distance between clusters did not significantly decrease with the addition of new 

clusters (Fig. S2). Genes that did not have a membership score above 0.75 were 

considered noise and designated as cluster 0. GO-term enrichment testing for 

each cluster was performed as described above. Cluster overlap was calculated 

for genes that were detectable in both datasets using the function overlapTable 

from the R package WGCNA using the regeneration cluster assignments as the 

reference set. A zStatistic of cluster preservation was also calculated using the 

function coClustering.permutationTest from the WGCNA package using the 

regeneration cluster assignments as the reference set and 1000 permutations. 

 

In situ hybridization 

Whole-mount in situ hybridization (WISH) was performed as previously described 

(Genikhovich and Technau 2009). The probes used in this study were synthetized 

and labeled with digoxegenin according to the protocol described in (Amiel et al. 

2017), and were diluted to 0.1 ng/µl in fresh hybridization solution. Anti-Dig/AP 

used at 1:5000 in blocking solution and incubated at 4°C overnight.  

 

Apoptotic cell death staining 

After relaxing Nematostella polyps in MgCl2 for 10-15 minutes, animals were fixed 

in 4% paraformaldehyde (Electron Microscopy Sciences # 15714) in 1/3 ASW 

during 1 hour at 22°C or overnight at 4°C. Fixed animals were washed three times 

in PBT 0.5% (PBS1x + Triton 0.5%). To detect cell death the “In Situ Cell Death 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 4, 2019. ; https://doi.org/10.1101/658930doi: bioRxiv preprint 

https://doi.org/10.1101/658930
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

AP kit” (Roche, #11684809910) was used. The manufacturer protocol was 

modified as follow: 1) Fixed animals were permeabilized using 0.01mg/ml 

Proteinase K for 20min at 22°C; 2), Washed twice in PBS1x; 3) Refixed in 4% 

paraformaldehyde in PBS1x for 1 hour at 22°C; 4) Washed 5 times in PBS1x; 5) 

Incubated with 50μL of TUNEL reaction mixture for one hour (Roche protocol); 6) 

Washed 5 times in PBS1x; 7) Fixed animal were observed for 488 fluorescence. 

Positive (DNase I treatment after step 4) and negative (without TUNEL-Enzyme) 

controls were obtained using the manufacturer’s “In Situ Cell Death AP kit” 

protocol. 

 

Pharmaceutical drug treatments to block apoptotic cell death 

Apoptotic cell death was blocked using the pan-caspase inhibitor Z-VAD-FMK 

(#ALX-260-020-M001, Enzo Life Sciences Inc, Farmingdale, NY, USA). A stock 

solution at 10mM in DMSO was prepared for Z-VAD, kept at -20°C and diluted in 

1/3X ASW at a final concentration of 10µM or 50µM prior to each experiment. Each 

Z-VAD treatment was performed in a final volume of 500µl 1/3X ASW in a 24 well 

plate using the adequate controls (1/3X ASW or DMSO). Reagents were changed 

every 24h to maintain activity for the duration of the experiments.    
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