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Significance Statement 19 

Adequate nutrition is required to sustain proper biological function. One factor threatening many 20 

marine organisms, as a result of modern day anthropogenic environmental changes, is nutrient 21 

availability. Here, we characterize transcriptional changes following food deprivation in the 22 

cnidarian model sea anemone Nematostella vectensis. We show that starvation is correlated with 23 

decreased expression of genes associated with nutrient metabolism and immunity, among others. 24 

Moreover, starvation reduces the level of expression and activity of immune regulatory 25 

transcription factor NF-κB and causes anemones to have increased susceptibility to bacterial 26 

infection. These results demonstrate that this basal organism responds at the transcriptional level 27 

to the absence of food, and that, in addition to changes in metabolic factors, starvation leads to a 28 

reduction in immunity. 29 

 30 

  31 
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Abstract 32 

Lack of proper nutrition (malnutrition) or the complete absence of all food (starvation) have 33 

important consequences on the physiology of all organisms. In many cases, nutritional status 34 

affects immunity, but, for the most part, the relationship between nutrition and immunity has been 35 

limited to studies in vertebrates and terrestrial invertebrates. Herein, we describe a positive 36 

correlation between nutrition and immunity in the sea anemone Nematostella vectensis. Gene 37 

expression profiling of adult fed and starved anemones showed downregulation of many genes 38 

involved in nutrient metabolism and cellular respiration, as well as immune-related genes, in 39 

starved animals. Starved adult anemones also had reduced protein levels and DNA-binding 40 

activity of immunity-related transcription factor NF-κB. Starved juvenile anemones had increased 41 

sensitivity to bacterial infection and also had lower NF-κB protein levels, as compared to fed 42 

controls. Weighted Gene Correlation Network Analysis (WGCNA) revealed significantly correlated 43 

gene networks that were inversely associated with starvation. Based on the WGCNA and a 44 

reporter gene assay, we identified TRAF3 as a likely NF-κB target gene in N. vectensis. Overall, 45 

these experiments demonstrate a correlation between nutrition and immunity in a basal marine 46 

metazoan, and the results have implications for the survival of marine organisms as they 47 

encounter changing environments. 48 

49 
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Introduction 50 

Maintenance of caloric needs is a requirement across the tree of life. Food scarcity is a challenge 51 

most heterotrophs encounter at various points during their lives – a situation that contributes to 52 

natural selection. The lack of proper nutrition (malnutrition) or the complete absence of food 53 

(starvation) has important consequences on an organism’s physiology. Starvation can lead to the 54 

slowing of metabolism1, and nutrition is one of the many factors that determine immune status of 55 

organisms2. Indeed, the adverse impact of poor nutrition on the immune system, including its 56 

inflammatory component, is well documented in vertebrates and some terrestrial invertebrates3-11. 57 

However, the interplay between nutrition and immunity has, for the most part, only been 58 

described in more derived organisms from insects to mammals. 59 

The cnidarian model starlet sea anemone Nematostella vectensis (Nv) shows remarkable 60 

adaptability – being able to survive across a wide range of salinity, pH, and temperature – and it 61 

can be readily maintained and studied in the laboratory12. Nv also has exceptional regenerative 62 

abilities, being able to replace its entire oral end in ~6 days following bisection13,14. Importantly, 63 

Nv can withstand periods of starvation for over a month, where its body size decreases in 64 

response to the lack of caloric intake while maintaining body proportionality15, suggesting that Nv 65 

can physiologically respond to changes in food availability. This ability is not limited to adult Nv, 66 

as previous work has shown that the timing of tentacle development in young Nv polyps is 67 

intertwined with feeding16. Nv is also distantly related to reef-building corals, where food 68 

availability has been shown to mitigate negative consequences of climate change17-19. 69 

Proper resource allocation is vital for survival. Among energetic needs, the immune 70 

system is metabolically costly and subject to regulation20. Transcription factor NF-κB (nuclear 71 

factor kappa B) has been intensively studied in animals from insects to vertebrates for its 72 

involvement in development and immunity21. Although the basic NF-κB pathway in Nv has been 73 

characterized22 and has been linked to development23 and immunity24,25, the relationship between 74 

nutrition and immunity in Nv – or any cnidarian – remains vastly unexplored. Mammals have five 75 

different NF-κB proteins and flies have three, all of which are involved in some aspect of 76 
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immunity21. Most basal organisms, including sponges and cnidarians, have single NF-κB proteins; 77 

however, the role of NF-κB in these organisms is less clear. Although NF-κB is regulated by post-78 

translational mechanisms in organisms more derived than flies, there is evidence that NF-κB 79 

activity is regulated at the transcriptional level in many basal metazoans26-28. Examples of NF-κB 80 

target genes include cytokines and other immune response factors in mammals, and anti-81 

microbial proteins such as cecropins in insects29-30. Furthermore, NF-κB signaling has been 82 

shown to play a key role in metabolic disease given its role in inflammation and the association of 83 

chronic inflammation with diseases such as obesity and diabetes6. 84 

 Herein, we have investigated the relationship between nutrition and immunity in Nv using 85 

gene expression profiling, characterization of transcription factor NF-κB, and susceptibility to 86 

infection with a bacterial pathogen. These results directly connect immunity and nutrition in a 87 

cnidarian, suggesting that nutritional status and immunity are evolutionarily linked processes. 88 

 89 

Results 90 

Genome-wide transcriptomic changes in N. vectensis in response to starvation 91 

To assess the impact of reduced nutrition on N. vectensis (Nv), we performed genome-wide gene 92 

expression profiling using TaqSeq on eight clonal anemone pairs wherein single animals from 93 

clonal pairs were either fed routinely or starved for four weeks prior to RNA isolation (Fig. 1a). 94 

Clonal pairs were used because preliminary experiments showed heterogeneity in protein 95 

expression when comparing anemones of differing genetic backgrounds. To avoid positional 96 

effects after regeneration, we included animals regenerated from aboral and oral ends in both fed 97 

and starved groups (Extended Data Table 1). Raw sequencing reads from all 16 anemones 98 

ranged from 5.2 to 9.2 million. Alignment values for all samples ranged from 74.2 to 77.4%. 99 

DESeq2 identified 711 significant differentially expressed genes (DEGs) between starved and fed 100 

anemones while controlling for genetic background (FDR adjusted p-value < 0.1): 118 genes 101 

were upregulated and 593 genes were downregulated in starved relative to fed anemones (Fig. 102 

1b). A full list of the differentially expressed genes is presented in Extended Data Dataset 1. 103 
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To assess overall transcriptional differences between fed and starved anemones, rlog-104 

normalized gene expression data were used for Principal Components Analysis (PCA), which 105 

showed that nutritional status had a significant influence on gene expression (Fig. 1c, left; Adonis 106 

PERMANOVA ptreat = 0.02). Additionally, the effect of genet (i.e., genetic background) also had a 107 

significant impact on gene expression (Fig. 1c, Adonis PERMANOVA pgenet = 0.01). These 108 

differences in gene expression between fed and starved animals were also seen when comparing 109 

individual clonal pairs where each starved anemone showed a similar rightward shift along PC1 110 

compared to its fed counterpart (Fig. 1c, right). 111 

 112 

GO pathway response to starvation 113 

To explore the functional response of Nv to starvation, a Gene Ontology (GO) enrichment 114 

analysis of “Biological Process” terms associated with significant DEGs (Extended Data Fig. 1) 115 

was performed using ranked p-values. Among genes showing positive log-fold changes following 116 

starvation, three prominent Biological Process trends emerged: RNA processing (i.e., RNA 117 

processing GO:0006396, RNA splicing GO:0008380, mRNA metabolic process GO:0016071), 118 

DNA processing (i.e., DNA metabolic process GO:0006259, DNA replication GO:0006260, DNA 119 

repair GO:0006281), and chromosome organization (i.e., chromatin remodeling GO:0006338, 120 

chromatin organization GO:0006325, covalent chromatin modification GO:0016569).  121 

 Consistent with results from the DEG analysis (Fig. 1b), more GO terms were 122 

underrepresented in starved anemones. Many of the underrepresented GO terms reflected the 123 

nutrient-deprived status of these animals, with terms related to nutrient metabolism (i.e., response 124 

to nutrient GO:0007584, lipid metabolic process GO:0006629, carbohydrate metabolic process 125 

GO:0005975, cellular amino acid metabolic process GO:0006520) and cellular respiration (i.e., 126 

electron transport chain GO:0022900, proton transmembrane transport GO:1902600) (Extended 127 

Data Fig. 1). Thus, these downregulated GO terms indicate that the anemones were indeed 128 

starved. 129 
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 Of note, many immune-related terms were underrepresented following starvation (i.e., 130 

immune response GO:0006955, defense response GO:0006952, antigen processing and 131 

presentation GO:0019882), as well as some oxidative stress-related terms (i.e., reactive oxygen 132 

species metabolic process GO:0072593, hydrogen peroxide metabolic process GO:0042743) 133 

(Extended Data Fig. 1). Figure 1d presents expression data for the 31 significant (FDR adjusted 134 

p-value < 0.1) annotated DEGs associated with the immune response GO term. This group 135 

included Nv homologs of Notch and Elk1, and members of the complement system. Samples 136 

clustered according to feeding regime, with the exception of the fed clone 3 and starved clone 4 137 

(anemones 3F and 4S). 138 

 139 

Starvation increases the susceptibility of N. vectensis polyps to bacterial infection 140 

Given that GO terms associated with immunity were underrepresented in starved anemones, we 141 

hypothesized that Nv’s ability to withstand bacterial challenge would be reduced in starved 142 

anemones. Pseudomonas aeruginosa is a Gram-negative bacterium that is pathogenic in a 143 

variety of hosts including some plants, invertebrates, and vertebrates31,32. Recently, P. 144 

aeruginosa strain PA14 was also shown to be pathogenic for juvenile Nv25. To determine if fed 145 

and starved anemones have different susceptibility to P. aeruginosa, we infected a total of 60 fed 146 

and 60 starved 40-day old juvenile anemones over three separate experiments with an average 147 

of ~4.5 x 108 CFU/ml of PA14. We then visually monitored disease progression daily based on 148 

tissue degradation and death. We found that starved anemones died at a significantly faster rate 149 

than their fed counterparts (Kaplan- Meier p > 0.01, N = 24, Fig. 2), and that this pattern was 150 

reproducible across trials (Extended Data Fig. 2 a & b for two additional trials). Therefore, 151 

consistent with reduced expression of immunity-related genes in adults, starved juvenile Nv have 152 

increased susceptibility to the effects of a bacterial pathogen. 153 

 154 

NF-κB protein and DNA-binding activity are reduced in starved anemones 155 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 11, 2022. ; https://doi.org/10.1101/2022.06.09.495518doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495518
http://creativecommons.org/licenses/by/4.0/


 

 

8 

 

Transcription factor NF-κB has a broad role in immunity across Metazoa21,33,34. We have also 156 

previously shown that NF-κB protein is expressed in juvenile and adult Nv, with expression 157 

starting as early as 30 h post-fertilization22,35. Given the upregulation of NF-κB following infection 158 

with P. aeruginosa25 and that several immunity-related genes were downregulated in our starved 159 

anemone gene expression data, we aimed to determine whether starvation had an effect on NF-160 

κB signaling. We first hypothesized that NF-κB transcripts would be downregulated under 161 

starvation in Nv, and while gene expression patterns in fed and starved adult Nv showed that NF-162 

κB transcripts were downregulated in starved anemones (log2Fold Change = -0.96, raw p-value = 163 

0.01), this trend was not significant after FDR correction. 164 

We next compared NF-κB protein and DNA-binding levels in starved vs fed adult 165 

anemones. To do this, we again generated clonal pairs (N = 3) of animals (by bisection and 166 

regeneration), which were then fed or starved for two weeks. To compare NF-κB protein levels, 167 

Western blotting was performed on whole animal extracts from fed and starved clonal pairs. On 168 

average, starved anemones had ~70% less NF-κB protein than their fed counterparts (Fig. 3a). 169 

To compare NF-κB DNA-binding activity, an electromobility shift assay (EMSA) was performed 170 

using extracts from three fed vs starved anemone pairs and a 32P-labeled κB-site probe that we 171 

have previously shown can be specifically bound by Nv-NF-κB36. Consistent with the decrease in 172 

protein levels, starved anemones had less NF-κB DNA-binding activity than their fed counterparts 173 

(Fig. 3b). 174 

Because of the increased susceptibility of starved juvenile anemones to bacterial 175 

infection (Fig. 2), we were interested in determining whether the overall decrease in NF-κB 176 

protein during starvation was also observed in juvenile Nv. To do this, we performed anti-Nv-NF-177 

κB Western blotting and immunohistochemistry on 40-day old Nv that had been fed regularly or 178 

never fed. To analyze Nv-NF-κB protein levels in juvenile Nv, we pooled 100 fed or starved 179 

polyps, lysed each pool by boiling in SDS sample buffer, and analyzed those lysates by Western 180 

blotting. Results showed that starved polyps had ~20% less NF-κB protein than fed anemones 181 

(Fig. 3c). In addition, starved juveniles had ~60% fewer detectable NF-κB-positive cells by 182 
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immunohistochemistry (Unpaired t-test p < 0.05) (Fig. 3d; Extended Data Table 2). Taken 183 

together, these results indicate that starvation causes the downregulation of Nv-NF-κB in adult 184 

anemones, which results in decreased NF-κB protein and DNA-binding activity, and that 185 

decreased NF-κB protein expression is also seen in juvenile anemones, which have increased 186 

susceptibility to bacterial infection. 187 

 188 

Gene co-expression network analysis reveals possible cnidarian immune gene network 189 

NF-κB is known for its role as master regulator of immunity33,34; this role can include the 190 

regulation of other members in the NF-κB signaling pathway. One such member, TNF receptor-191 

associated factor 3 (TRAF3), has been previously observed to be upregulated with NF-κB in Nv25. 192 

Indeed, we found the Nv TRAF3 gene has three predicted strong NF-κB sites within 1000 bp of 193 

its transcription start site (TSS) (Extended Data Fig. S5). All three of these predicted NF-κB sites 194 

can be bound by bacterially expressed Nv-NF-κB in an electrophoretic mobility shift assay (Fig. 195 

4a). Furthermore, a luciferase reporter plasmid containing the upstream promoter region of Nv-196 

TRAF3 can be activated by Nv-NF-κB when co-transfected in HEK 293 cells (Fig. 4b), and 197 

mutation of the three NF-κB binding site abolished its ability to be activated by Nv-NF-κB (Fig. 198 

4b). 199 

To gain a broader overview of a possible Nv-NF-κB gene expression network that is 200 

relevant to the starvation response, we used a systems biology-based approach wherein we 201 

identified modules of genes whose expression profiles were correlated with NF-κB expression. 202 

For this analysis, we used the R package WGCNA (Weighted Gene Correlation Network 203 

Analysis). This approach generated module eigengenes, or representative gene expression 204 

profiles for each module, and we identified the module containing NF-κB (“Green” module). This 205 

“Green” module, which contained 1317 genes, had a correlation coefficient of -0.66 with 206 

starvation (Extended Data Fig. S3), indicating that expression of genes in this module tended to 207 

be downregulated by starvation. We next ranked these transcripts by ‘membership score’ (kME), 208 

which is a measure of how strongly each gene corelates with the module’s eigengene. Figure 4c 209 
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shows a heatmap of the 50 genes in the “Green” module with the highest membership scores. 210 

These 50 genes (36/50 annotated) included ones encoding a TRAF3 homolog and autophagy-211 

related protein 2 homolog A, among others. 212 

To further characterize the genes in the “Green” module, we performed a binary analysis 213 

of GO enrichment and found enrichment for terms related to Biological Processes including 214 

immunity (i.e., immune response, regulation of immune response GO:0050776, antigen 215 

processing and presentation), cell signaling (i.e., regulation of IKK/NF-κB signaling GO:0043122, 216 

JNK cascade GO:0007254, MAPK cascade GO:0000165), and cell death ( i.e., cell death 217 

GO:0008219, negative regulation of cell death GO:0060548, regulation of necrotic cell death 218 

GO:0010939) (Extended Data Fig. 4). Additionally, we found that 25 of these top 50 genes had 219 

predicted NF-κB binding sites within 1,200 bp of their TSS (Fig. 4c, Extended Data Table S3). Of 220 

note, these predicted Nv-NF-κB binding sites have high affinity DNA binding, based on their high 221 

Z-scores (Extended Data Table S3) from our previous analysis of DNA binding by Nv-NF-κB 222 

using protein-binding microarrays27.   223 

 224 

Discussion  225 

Here, we demonstrate a correlation between decreased nutritional status and decreased 226 

immunity in the sea anemone Nematostella vectensis (Nv). We have found that feeding status 227 

has a significant impact on gene expression, in addition to the effect of genetic background, 228 

consistent with what is seen in other cnidarian gene expression studies involving clonal 229 

populations37,38. Furthermore, we have shown that the levels and activity of immunity-related 230 

transcription factor NF-κB are also reduced under starvation conditions. Thus, we demonstrate a 231 

link between nutritional status and immunity in a cnidarian, suggesting that a nutrition-immunity 232 

axis has a long evolutionary history. These results also have implications for other cnidarians, 233 

e.g., corals, which are endangered by rapidly changing environmental conditions. 234 

 Gene expression data and GO enrichment analysis provide insight into the transcriptional 235 

effects of starvation in our cnidarian model. Downregulation of terms such as response to 236 
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nutrient, lipid metabolic process, carbohydrate metabolic process, glycosylation GO:0070085, 237 

and proteolysis GO:0006508 under starvation conditions suggest an exhaustion of energetic 238 

sources. Downregulation of genes associated with metabolism of different energy sources 239 

(carbohydrates, lipids, proteins) during periods of starvation has been previously observed in 240 

other species4,39-42. These downregulated GO terms indicate that the anemones in our 241 

experiments were indeed starved. Moreover, downregulated terms including ATP biosynthetic 242 

process GO:0006754, proton transmembrane transport, and electron transport chain 243 

GO:0022900 also support the energetic shortage experienced by Nv under starvation. Generally, 244 

animals that encounter prolonged periods of food deprivation exhibit low metabolic rates1, and so 245 

it is perhaps not surprising that our data showed downregulation of metabolic processes under 246 

food limitation. 247 

We also noted a significant down-regulation of genes and GO terms associated with 248 

immunity during starvation of adult Nv. Interestingly, food limitation has been previously observed 249 

to reduce immunity against bacteria in the caterpillar Manduca sexta, as well as decreasing its 250 

resistance to oxidative stress3, which is a pattern consistent with our GO enrichment for starved 251 

Nv. Overall, starved Nv DEGs showed underrepresentation of GO terms associated with 252 

immunity (i.e., immune response, defense response, and antigen processing and presentation), 253 

suggesting a diminished pathogen defense and underrepresented GO terms associated with 254 

response to stress (i.e., reactive oxygen species metabolic process, hydrogen peroxide metabolic 255 

process), suggesting a vulnerability to oxidative stress. 256 

 Starved Nv polyps had a reduced ability to withstand infection by P. aeruginosa, which 257 

was correlated with an overall decrease in NF-κB protein levels, as judged by both Western 258 

blotting and immunostaining. This relationship between starvation and susceptibility to pathogen 259 

infection has been observed in invertebrates3-5,11, mice7,9, and humans8,10,43. A similar relationship 260 

has also been observed in Apis mellifera ligustica (Italian honeybee), wherein dietary 261 

supplementation with an essential fatty acid improved their ability to withstand bacterial infection 262 

and resulted in transcriptional upregulation of the NF-κB pathway genes Toll, Myd88, and Dorsal 263 
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(NF-κB homolog)11. The underlying concept shared by all of these examples, as well as our 264 

results with Nv herein, is that the immune response is an energetically demanding process, which 265 

has led to the evolution of proper resource allocation under different nutritional states. For 266 

example, Drosophila diverts energy from growth and nutrient storage when Toll signaling is 267 

activated44, and parasitic infection in Bombus terrestris (Bumblebee) becomes more virulent 268 

under low-nutrient conditions45. 269 

Many tropical reef building corals derive the majority of their energy from intracellular 270 

symbiotic algae46; however, this symbiotic relationship can be lost under a variety of stressors in 271 

a process known as coral bleaching47,48. Evidence suggests that feeding via heterotrophy is 272 

important for corals to mitigate bleaching in the face of warming oceans17,18. For example, the 273 

branching coral Montipora capitata shows enhanced recovery from bleaching compared to other 274 

corals by increasing the amount of carbon it acquires through heterotrophy19. Similarly, the coral 275 

Pocillopora meandrina incorporates more heterotrophic carbon when there is more food locally 276 

available49. Combined with the results presented herein, cnidarians appear to have complex and 277 

dynamic ways to respond to stress in the midst of poor nutrient availability.  278 

In addition to bleaching, coral infectious diseases appear to be increasing, which could 279 

be due to environmental effects on immunity. Over the last 50 years, ~40 different coral diseases 280 

have been described50, with the latest source of concern being Stony Coral Tissue Loss Disease 281 

(STCLD) that is affecting Caribbean corals51,52. Previous work by our group showed that 282 

symbiosis with Symbiodiniaceae algae in the anemone Exaptasia pallida has a negative 283 

correlation with anemone NF-κB levels, suggesting that the symbiotic state decreases its NF-κB-284 

dependent immunity27. Thus, the survival of some cnidarians under certain environmental 285 

stressors may be linked to nutrition and immunity. 286 

 The phylum Cnidaria emerged approximately 700 million years ago53. Since then, 287 

individual cnidarians have likely evolved unique genes as part of their immune systems. By taking 288 

a systems biology approach, we were able to identify modules of genes that were highly 289 

correlated with starvation status in Nv. We also identified a module of genes to which NF-κB 290 
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belongs that was composed of 1317 genes, of which ~30% are unannotated. Given that many 291 

genes in this module are associated with immunity, cell signaling, and cell death, it is likely that 292 

some unannotated genes within this same module play roles in immunity, such as being direct 293 

anti-microbial effectors. Moreover, we found that 25 of the top 50 genes in the same module as 294 

NF-κB had one or more predicted NF-κB-binding sites identified using a PBM-based Nv-NF-κB 295 

motif27. These results provide avenues to explore novel basal immune gene interactions and are 296 

consistent with an evolutionarily conserved role of NF-κB in immunity-related gene regulation. 297 

Previous work in Nv identified an unannotated anti-microbial gene that is upregulated in 298 

response to the immune stimulatory molecule 2’3’-cGAMP25, however, that gene was not affected 299 

by starvation-induced downregulation of NF-κB, suggesting that it is not a direct NF-κB target 300 

gene. In contrast, several lines of evidence suggest that TRAF3 is a direct target of Nv-NF-κB: 1) 301 

there are three strong NF-κB binding sites located within 1000 bp of the TRAF3 TSS (Extended 302 

Data Fig. 4; Fig. 4a), 2) Nv-NF-κB can activate a reporter locus containing the upstream promoter 303 

region of TRAF3 and this activation requires the upstream NF-κB binding sites (Fig. 4b), and 3) 304 

Nv-TRAF3 is upregulated by activation of the c-GAS-STING pathway in Nematostella25. It is of 305 

interest that mammalian TRAF3 is a regulator of NF-κB and has a broad role in B-cell immune 306 

activation and survival54. A correlation between NF-κB and TRAF3 has been reported in several 307 

other cnidarian studies. First, NF-κB and TRAF3 are coordinately induced to high levels in the 308 

stony elkhorn coral Acropora palmata following acute heat stress55; and in Nv following 2’3’-309 

cGAMP stimulation of the c-Gas-STING pathway25. Additionally, TRAF3 has been suggested to 310 

play a role in coral heat stress response56,57, and has been proposed to be a NF-κB target gene 311 

in heat-stressed E. pallida58. Therefore, our results provide a dataset to explore new gene 312 

network interactions, as well as leading to the identification of unannotated gene transcripts that 313 

are involved in the cnidarian immune system, some of which may be previously unknown anti-314 

microbial agents. 315 

 Overall, we show a link between nutrition and immunity in Nv, and that NF-κB may play a 316 

role in this relationship. These data provide a model for better understanding the interplay 317 
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between nutrition and certain diseases in cnidarians. The continued study of these important 318 

pathways in basal metazoans will further our understanding of where and how these pathways 319 

originated, as well as implications for the physiological effects in critical marine organisms as we 320 

move into an era of changing climate. 321 

 322 

Materials and Methods 323 

Care, husbandry and cloning of Nematostella vectensis 324 

N. vectensis from a Maryland population were obtained from Mark Martindale and Matt Gibson, 325 

and spawnings were performed as previously described12,23,59,60. Adults, polyps, and larvae were 326 

maintained in 1/3 strength artificial sea water (1/3 ASW: ~12 parts per 1,000) in a dark incubator 327 

at 19˚C. Adult anemones were fed freshly-hatched brine shrimp (Artemia) and young polyps were 328 

fed ground Artemia in 1/3 ASW three times per week. Water changes were performed weekly for 329 

all anemones. To generate clonal pairs, adult animals were allowed to fully relax and were then 330 

bisected perpendicularly. Halves were placed into separate wells, and anemones were allowed to 331 

regenerate for 30 days. Feeding was paused for all animals during the 30-day regeneration 332 

period, i.e., to allow the tentacles to form from the aboral end. Thereafter, both members of the 333 

clonal pair were fed in equal amounts. 334 

 335 

RNA extraction and preparation for TagSeq on fed vs. starved anemones 336 

Clonal pairs of adult anemones were generated by bisection and the halves were allowed to heal 337 

for 30 days as described above. Thirty days was chosen to allow injury and regeneration-related 338 

genes to return to basal levels, as demonstrated previously13,14. Clonal pairs were fed equal 339 

amounts of food on a regular schedule during healing once all previously aboral ends had 340 

developed tentacles. Clonal pairs were split to be fed or starved for 30 days before being flash-341 

frozen on dry ice prior to RNA extraction. Total RNA was isolated from eight clonal pairs with 342 

RNAqueousTM Total RNA Isolation Kit (Invitrogen) according to the manufacturer’s instructions, 343 

with additional grinding using a plastic pestle during tissue lysis. Next, DNA was eliminated using 344 
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DNA-freeTM DNA Removal Kit (Invitrogen). RNA quality was assessed by agarose gel 345 

electrophoresis, checking for the presence of ribosomal RNA bands. RNA concentrations were 346 

quantified using a NanoDrop ND-1000 Spectrophotometer. Samples were then normalized to 728 347 

ng of total RNA for submission to the University of Texas at Austin – GSAF’s TagSeq Service. 348 

Libraries were created by the GSAF and sequenced on a NovaSeq 6000 SR100.  349 

 350 

Transcriptome read mapping 351 

Reads were processed following the TagSeq pipeline (https://github.com/z0on/tag-352 

based_RNAseq). In brief, adapters and poly(A)+ tails were trimmed using Fastx_toolkit and 353 

sequences <20 bp with <90% of bases having quality cut-off scores >20 were trimmed. PCR 354 

duplicates sharing degenerate headers were also removed. Resulting quality-controlled reads 355 

were aligned to the Nematostella transcriptome60 using Bowtie2.2.062. 356 

 357 

Differential gene expression and gene ontology analyses 358 

Differential gene expression analysis was performed using DESeq2 v.1.30.163 in R v.4.0.464. The 359 

arrayQualityMetrics65 package tested for outliers, which were defined as any sample failing two or 360 

more outlier tests; no outliers were identified. Significant DEGs were identified as those with an 361 

FDR-adjusted p-value < 0.1. Expression data were normalized using the rlog function within the 362 

package vegan66, and normalized data were then used for principal component analysis (PCA) to 363 

characterize differences in gene expression between starved and fed (control) groups. 364 

Significance was tested by PERMANOVA using the adonis function as part of the vegan 365 

package66. 366 

 Gene Ontology (GO) enrichment analysis was performed using Mann-Whitney U tests 367 

(GO-MWU) based on ranked p-values67. GO enrichment results based on the ‘molecular function’ 368 

overarching division were plotted as dendrograms with GO categories clustering based on shared 369 

genes. Fonts and colors were used to indicate significance and direction of change respectively. 370 
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To generate a heatmap of “Immune Response”-annotated genes, we used the package 371 

pheatmap68 to showcase differences in expression relative to mean expression across samples. 372 

 373 

Bacterial challenge of N. vectensis 374 

Approximately two-week-old polyps were placed into single wells of a 24-well plate, and they 375 

were then either fed ground-up Artemia for 30 days or starved until infection was initiated. 376 

Infection was performed essentially as described previously25. Single colonies of P. aeruginosa 377 

strain PA14 were cultured overnight in Luria Broth, bacteria were centrifuged for 10 min at 1627 x 378 

g, rinsed once with 1/3 ASW, centrifuged again, combined, and resuspended to an OD600 of ~0.1 379 

in 1/3 ASW. A small aliquot was taken for plating to calculate CFU/ml. Polyps were infected by 380 

placing them in the well of a 24-well plate containing PA14 (1 ml). Survival was monitored daily, 381 

mortality was determined based on tissue degradation and the absence of response to light and 382 

touch cues24. Infection was performed three separate times; once with 12 anemones per feeding 383 

regime, and twice with 24 anemones per treatment regime. 384 

 385 

Tissue lysis of N. vectensis 386 

Whole protein lysates from anemones were generated following a protocol described 387 

previously69. Briefly, adult anemones (about 2-cm long) were homogenized using a plastic pestle 388 

in 1.5-ml microcentrifuge tubes containing 150 μl of ice-cold AT Lysis buffer with proteinase 389 

inhibitors (HEPES [20 mM, pH 7.9], EDTA [1 mM], EGTA [1 mM], glycerol [20% w/v], Triton X-390 

100 [1% w/v], NaF [20 mM], Na4P2O7·10H2O [1 mM], dithiothreitol [1 mM], phenylmethylsulfonyl 391 

fluoride [1 mM], leupeptin [1 μg/ml], pepstatin A [1 μg/ml], aprotinin [10 μg/ml]).  Cell lysis was 392 

enhanced by sonicating 5 times for 10 sec on setting 3 with 1 min on ice in between, samples 393 

were then passed five times through a 30-gauge needle. NaCl was added to a final concentration 394 

of 150 mM. Finally, samples were centrifuged at 13,000 rpm for 30 min at 4˚C, and the 395 

supernatant was stored at -80˚C until needed. For protein lysates from juvenile polyps, 100 40-396 

day old polyps were pooled into a centrifuge tube. Sea water was removed through aspiration 397 
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and 50 μl 4x SDS sample buffer (Tris-HCl [0.25 M, pH 6.8], SDS [2.3% w/v], glycerol [10% w/v], 398 

β-mercaptoethanol [5% v/v], bromophenol blue [0.1% w/v]) was added to the tube. Samples were 399 

heated at 95ºC for 10 min with vortexing halfway through and at the end. Finally, 50 μl distilled 400 

H2O was added to the samples.  401 

 402 

Western blotting and electrophoretic mobility shift assay (EMSA) 403 

Western blotting for Nv-NF-κB was performed as previously described22,26,27,69. Briefly, proteins 404 

were separated on a 7.5% SDS-polyacrylamide gel. Proteins were then transfered at 4˚C to a 405 

nitrocelluolose membrane at 250 mA for 4 h and then 170 mA overnight. Nitrocellulose 406 

membranes were incubated in blocking buffer TBST (Tris-HCl [10 mM, pH 7.4], NaCl [150 mM], 407 

Tween 20 [0.1% v/v]) with powdered milk (5% w/v) (Carnation) at room temperature for 1 h. 408 

Membranes were then incubated in anti-Nv-NF-κB antibody22 (diluted 1:10,000 in blocking buffer) 409 

overnight at 4˚C. Membranes were washed several times with TBST before incubating with a 410 

horseradish peroxidase-conjugated anti-rabbit secondary antiserum (1:4,000, Cell Signaling) for 1 411 

h at room temperature. Membranes were then treated with SuperSignal West Dura Extended 412 

Duration Substrate (Pierce), and blots were imaged on a Sapphire Biomolecular Imager. The 413 

same filters were also stained with Ponceau S stain to ensure approximately equal total protein 414 

loading. 415 

 EMSA was performed as previously described22,26,27,69 using a 32P-labeled κB-site DNA 416 

probe (GGGAATTCCC) and adult anemone tissue lysates (described above). Lysates and the 417 

κB-site probe were incubated in binding buffer (HEPES [10 mM, pH 7.8], KCl [50 mM], DTT [1 418 

mM], EDTA [1 mM], glycerol [4% w/v]) with poly dI/dC (40 ng) and BSA (200 ng) at 30˚C for 30 419 

min. Supershifts were performed by incubating samples with 2 μl of anti-Nv-NF-κB antiserum, 420 

after binding to the DNA probe, for 1 h on ice. EMSA gels were dried and then imaged on a 421 

Sapphire Biomolecular Imager. 422 

 The EMSA for TRAF3 promoter region was performed as above, except using bacterially 423 

expressed GST-Nv-NF-κB, which was purified as described previously27. Purified GST-Nv-NF-κB 424 
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was then incubated in binding buffer as described above with each of the following 32P-labeled 425 

probes:  426 

(1) 5’-TCGAGAGGTCGGGAAAGCCCCCCCCCG-3’ 427 

(2) 5’-TCGAGAGGTCGGGAAACCCCCCCCCCG-3’ 428 

(3) 5’-TCGAGAGGTCGGGGAACTCCCCCCCCG-3’  429 

Underlined sequences are predicted NF-κB binding sites in the Nv TRAF3 promoter (Extended 430 

Data Fig. 5). The dried EMSA gel was exposed overnight to X-ray film at -80˚C overnight. Film 431 

was developed using a standard X-ray film developer. 432 

 433 

Immunohistochemistry of N. vectensis polyps   434 

Immunohistochemistry was performed as previously described22,35,69. Polyps were fixed in 435 

formaldehyde (4%) in 1/3 ASW overnight at 4˚C and washed three times with PTx (Triton X-100 436 

[0.2% v/v] in PBS). Antigen retrieval was done by microwaving samples in warm urea (5% w/v) at 437 

the lowest setting for 5 min. Samples were cooled at room temperature for 20 min. Samples were 438 

then washed three times with PTx. Samples were moved to blocking buffer (PTx + normal goat 439 

serum [5% v/v] + BSA [1% w/v]) and allowed to permeabilize overnight at 4˚C on a nutator. 440 

Blocking buffer was replaced with anti-Nv-NF-κB primary antiserum diluted in blocking buffer 441 

(1:100) and incubated overnight at 4˚C. Samples were then washed four times with PTx and 442 

incubated in Texas-red-conjugated anti-rabbit secondary antiserum (1:160, Invitrogen). Polyps 443 

were then washed four times with PTx. Nuclei were stained by adding DAPI to a final 444 

concentration of 5 mg/ml. Samples were imaged on a Nikon C2+ Si confocal microscope. NF-κB-445 

positive cells were counted using the Cell Counter plug-in in ImageJ. 446 

 447 

Luciferase reporter gene assay 448 

Luciferase reporter gene assays were performed in HEK 293 cells as previously described22. 449 

Cells were plated in 6-well 35-mm plates to 60% confluence and transfected with: 0.5 μg of (i) 450 

pGL3-Nv-TRAF3, which consists of pGL3 with 1,220 bp of the promoter region of Nv-TRAF3 451 
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cloned upstream of the luciferase gene; or (ii) pGL3-Nv-TRAF3-3X-mut, similar to (i) but with all 452 

three putative κB-binding sites mutated to 5’-“GGGGAAAGCTT”-3’, and 2 μg of (i) a Nv-NF-κB 453 

expression plasmid or (ii) a pcDNA empty vector. Every transfection was performed with 15 μg of 454 

PEI. Two days after the transfection, cells were lysed with Reporter Lysis Buffer (Promega) 455 

following manufacturer’s instructions. 456 

 457 

Weighted correlation network analysis (WGCNA) 458 

Weighted Gene Correlation Network Analysis was performed using WGCNA70 and genes with 459 

low basemean values (<3) were removed and all remaining data were rlog-normalized. Outlier 460 

samples were checked within the WGCNA package, and no outliers were detected. Unsigned 461 

connectivity between genes was determined and eigengene expression of these modules were 462 

correlated to feeding conditions. The “Green” module was chosen by manually searching 463 

modules for the NF-κB transcript. Gene Ontology (GO) enrichment analysis was performed as 464 

described in the ‘Differential Gene Expression Analysis’ text with the modification of using 465 

continuous kME values instead of -log p-values. To generate module heatmap, genes with the 466 

highest module membership scores (kME values) within specific modules (e.g., “Green” module) 467 

were identified and relative expression was plotted using the package pheatmap68. 468 

 To identify genes with putative NF-κB binding sites, the transcripts of the top 50 “Green 469 

genes” (Fig. 4c) were aligned to the N. vectensis genome71,72 on Ensembl73 using BLAST to 470 

identify genomic location. We then extracted 1,200 bp upstream of the TSS of every matched 471 

gene. To identify Nv-NF-κB binding sites in these upstream regions, we used the program FIMO
74

 472 

(with a p-value cutoff of 1E-04) and a DNA site motif based on Nv-NF-κB DNA binding from a 473 

Protein Binding Microarray (PBM)
27

.  474 

 475 
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Figures695 

696 
Figure 1. Changes in mRNA expression induced by starvation of adult Nematostella. a, 697 
Schematic of experimental design. Eight adult anemones were bisected perpendicular to their 698 
body column and allowed to heal for 30 days before subjecting them to starvation. After two 699 
weeks of feeding or starvation, RNA was isolated and subjected to TaqSeq analysis. b, Number 700 
of significantly (FDR adjusted p-value < 0.1) increased and decreased DEGs after 30 days of 701 
starvation. c, Principal component analysis (PCA) of rlog normalized gene expression profiles in 702 
Nematostella. Color denotes feeding status, i.e., either fed (purple) or starved for 14 days (black). 703 
Samples with the same symbol are clonal pairs. PERMANOVA results are shown for genetic 704 
background (pgenet) and feeding treatment (ptreat). PCA plot with ellipses (left) denoting multivariate 705 
t-distribution for both feeding status groups. The right shows the same plot with lines connecting 706 
samples that are clonal pairs. d, Hierarchical clustered heatmap of DEGs annotated with the 707 
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“Immune Response” (GO:0006955) GO term and a p-value < 0.01. Colors indicate direction 708 
(blue, decreased with starvation; orange, increased with feeding) and magnitude of response 709 
through difference in expression relative to mean expression across samples. Colored squares at 710 
the top indicate feeding regime (purple, fed; black starved). 711 
  712 
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 713 

Figure 2. Starved anemones have increased susceptibility to Pseudomonas aeruginosa infection-714 

induced death. Two-week old anemones were either fed on a regular schedule (purple) for 30 715 

days or starved (black), and were then infected with 6.8 x 108 CFU/ml of P. aeruginosa at 28˚C. 716 

Survival was monitored daily for 15 days and recorded. N = 24 for both feeding regimes. 717 

Significance was determined using Kaplan-Meier statistics. 718 

  719 
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 720 
Figure 3. Starvation causes decreased levels of NF-κB. a, Two-week fed or starved clonal Nv 721 
pairs were lysed and 100 µg of protein was electrophoresed on a 7.5% SDS-polyacrylamide gel 722 
and subjected to Western blotting with anti-Nv-NF-κB antiserum. Of note, Nv’s NF-κB is present 723 
as two naturally occurring alleles, one of which migrates slightly lower (36) and can be observed 724 
as a separate band in clone Nv3. NF-κB protein levels were normalized to Ponceau staining and 725 
quantified using ImageJ, and the relative NF-κB protein levels are indicated for each anemone 726 
pair. Both naturally occurring alleles of Nv-NF-κB were accounted for during quantification. b, 727 
Starvation decreases Nv-NF-κB DNA-binding activity. 100 µg of protein extract was incubated 728 
with a 32P-labelled κB probe (GGGAATTCCC) and samples were analyzed by EMSA. Feeding 729 
status is labeled as follows: F, fed and S, starved. Where indicated, samples were also incubated 730 
with anti-NF-κB antiserum for super shifting. First lane denoted by ‘/’ is the probe with no protein 731 
extract. c, Western blotting of juvenile anemones. Forty-day old Nv that had been either fed 732 
ground Artemia or never fed, were pooled together (100 individuals for each feeding regimen), 733 
lysed directly in SDS buffer, and lysates were subjected to Western blotting. Protein levels were 734 
normalized to Ponceau staining and quantified using ImageJ, and NF-κB protein level is relative 735 
to that seen in fed animals. Both naturally occurring alleles of Nv-NF-κB were accounted for 736 
during quantification. d, Whole-mount immunofluorescence was performed on 40-day old polyps 737 
that were either fed for 30 days or never fed. Nv-NF-κB was detected with a custom antibody and 738 
visualized with Texas Red-labeled secondary antibody (red, left panels) and nuclei with DAPI 739 
(blue, middle panels). Scale bars, 100 μm. All images were taken on a Nikon C2 Si. Images are 740 
representatives of both feeding conditions (N = 6 for both treatments; Extended Data Table 2). 741 
Statistical significance was determined with an unpaired t test (p = 0.04). 742 
 743 
 744 
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 745 
Figure 4. Nv-NF-κB gene expression network analysis. a, Nv-NF-κB is able to bind three 746 
predicted κB-binding sites (1, 2, 3; see Extended Data Fig. S5) upstream of the TRAF3 TSS. 747 
Bacterially expressed GST-Nv-NF-κB (+) was incubated with 32P-labelled probes containing each 748 
predicted κB-binding site from the TRAF3 promoter and analyzed by EMSA. Labelled probes 749 
alone (-) were used as negative controls. b, Nv-NF-κB can activate an Nv-TRAF3 promoter 750 
luciferase reporter. HEK 293 cells were co-transfected with either an expression plasmid for Nv-751 
NF-κB or the empty vector and luciferase reporter containing either the wild-type TRAF3 promoter 752 
(TRAF3-WT) or a mutant TRAF3 promoter (TRAF3-Mut) in which all three NF-κB sites were 753 
mutated. Values are averages of triplicate samples and are presented as values relative to the 754 
respective empty vector control ± standard error. (**) indicates statistical significance as 755 
determined using the Student’s t test. c, Hierarchical clustered heatmap of “Green” module’s top 756 
50 genes ranked by membership score (kME). Colors indicate direction and magnitude of relative 757 
expression (blue, downregulated; red, upregulated). Colored squares at the top indicate feeding 758 
regime (purple, fed; black starved). Genes highlighted in red have one or more predicted Nv-NF-759 
κB-binding sites within 1,200 bp upstream of their TSS (see Extended Data Table S3). 760 
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