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Abstract 35 

Symbiotic cnidarians such as corals and anemones form highly productive and biodiverse coral-36 

reef ecosystems in nutrient-poor ocean environments, a phenomenon known as Darwin’s 37 

Paradox. Resolving this paradox requires elucidating the molecular bases of efficient nutrient 38 

distribution and recycling in the cnidarian-dinoflagellate symbiosis. Using the sea anemone 39 

Aiptasia, we show that during symbiosis, the increased availability of glucose and the presence 40 

of the algae jointly induce the coordinated upregulation and re-localization of glucose and 41 

ammonium transporters. These molecular responses are critical to support symbiont functioning 42 

and organism-wide nitrogen assimilation through GS/GOGAT-mediated amino-acid biosynthesis. 43 

Our results reveal crucial aspects of the molecular mechanisms underlying nitrogen conservation 44 

and recycling in these organisms that allow them to thrive in the nitrogen-poor ocean 45 

environments. 46 

  47 
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The ability of corals to build one of the planet’s most biodiverse and productive ecosystems in 48 

the nutrient-poor seawater of the subtropics and tropics, often referred to as “ocean deserts”, has 49 

both fascinated and puzzled scientists since it was first noted by Darwin (1). The foundation of 50 

these ecosystems is the symbiotic relationship between cnidarian host animals and 51 

photosynthetic dinoflagellate algae (2, 3) of the family Symbiodiniaceae (4), which live in 52 

specialized vacuoles (known as “symbiosomes”) inside the gastrodermal cells that line the 53 

gastric cavity of the host. The hosts and algae, together with a diverse assemblage of 54 

microorganisms, form metaorganisms known as holobionts (5). Algal photosynthesis provides 55 

fixed organic carbon for energy and biosynthesis and covers the majority of the hosts' energy 56 

demands (2, 3). However, the provision of organic carbon is not the only important function 57 

attributed to the algal endosymbionts. Nitrogen is one of the primary growth-limiting nutrients in 58 

coral-reef ecosystems (2, 6), and the algae have been thought to be the main contributors to 59 

nitrogen acquisition and recycling (7-11) due to their high capacity for ammonium assimilation 60 

(12). However, some evidence has also suggested an active role for the host in nitrogen 61 

assimilation (13), a view supported by the recent realization that the host also possesses the 62 

enzymatic machinery to recycle ammonium via the glutamine synthetase / glutamate synthase 63 

(GS/GOGAT) system (14-16). 64 

The importance of photosynthetically fixed carbon and of nitrogen assimilation and conservation 65 

for the ecological success and productivity of these metaorganisms is well established. However, 66 

we still do not know how fixed carbon is moved from the algae to the various host cells as well 67 

as the respective contribution of the host and algae to nitrogen assimilation and conservation. 68 

Unraveling these mechanisms is critical for our understanding of holobiont functioning and 69 

ecological productivity. In this study, we used the sea anemone Aiptasia, which, like corals, 70 
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harbors symbiotic dinoflagellates in the family Symbiodiniaceae (17-19), to investigate these 71 

matters in detail in an experimentally tractable model system that has the advantage of allowing 72 

comparisons between symbiotic and non-symbiotic individuals. 73 

Results 74 

Modulation of gene expression by tissue type and symbiotic state   75 

To investigate nutrient fluxes within the cnidarian-algal symbiosis in the context of the spatial 76 

organization of the holobiont, we first isolated gastrodermal and epidermal tissues from both 77 

symbiotic and aposymbiotic anemones (thus, four tissue types in total) using laser 78 

microdissection (LMD; Fig. S1) and analyzed their transcriptomic profiles via RNA-Seq (Data 79 

S1). A principle-component analysis (PCA) showed that samples clustered by both tissue layer 80 

(PC1: ~24% of the variance) and symbiotic state (PC2: ~18% of the variance) (Fig. 1A). 81 

Symbiosis induced extensive changes in gastrodermal gene expression as well as significant 82 

(although more limited) changes in epidermal gene expression (Fig. 1B). Using a multi-factorial 83 

differential-expression analysis including both tissue identity and symbiotic state, we identified 84 

5,414 gene-expression signatures linked to one or both of these factors. Hierarchical clustering of 85 

these genes identified five modules showing distinct expression patterns (Fig. 1C; Data S2): 86 

genes in modules 1 and 2 were symbiosis-induced and -repressed, respectively; genes in module 87 

3 were symbiosis-induced and gastrodermis-specific; and genes in modules 4 and 5 were 88 

gastrodermis- and epidermis-specific, respectively. 89 

We next performed functional-enrichment analyses to identify the predominant functional 90 

categories of the genes within the modules (p < 0.05; Fig. S2). Module 1 was enriched for genes 91 

associated with both carbon (Table S1) and nitrogen (Table S2) cycling (including at least one 92 
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predicted glucose transporter and one predicted ammonium transporter) as well as protein post-93 

translational modifications (Table S3), presumably reflecting the metabolic changes induced by 94 

symbiosis in both tissue layers. Module 2 was enriched for genes involved in food digestion 95 

(Table S4), presumably reflecting the dependence of aposymbiotic animals on heterotrophic food 96 

sources. Not surprisingly, Module 3 (symbiosis- and gastrodermis-specific) was enriched for 97 

functions related to organization of the symbiosome (Table S5) and the transport of various key 98 

metabolites, such as glucose (Table S6) and cholesterol (Table S7), whereas the gastrodermis-99 

specific Module 4 included many digestion-related genes (Table S8), and the epidermis-specific 100 

Module 5 was enriched for genes involved in cnidocyte function (Table S9) and responses to 101 

mechanical stimuli (Table S10). 102 

 103 
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 104 

Fig. 1. Transcriptomic profiles of tissues and cells isolated from symbiotic and 105 

aposymbiotic Aiptasia. (A) Principal-component analysis of laser-microdissection RNA-Seq 106 

data generated from four biological replicates of each of four tissue types. Apo, aposymbiotic; 107 

Sym, symbiotic; Gas, gastrodermis; Epi, epidermis. (B) The numbers of differentially expressed 108 

genes (DEGs) identified in the pairwise comparisons (q value < 0.05).  (C) The five modules 109 

determined by hierarchical-cluster analysis on the expression levels (scaled z-scores) of the 110 

DEGs.  (D) Clustering of 2,698 Aiptasia cells into 12 clusters (each a different color) in t-SNE 111 

space based on their transcription profiles. Each dot represents one cell. (E) The same 12 clusters 112 
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with the symbiotic state of the source animal indicated for each cell. (F) The proportions of the 113 

12 cell clusters in the bulk-sequenced tissue-specific samples (four samples per tissue type). The 114 

cellular complexities of the tissue samples were characterized by MuSiC. (G) The expression 115 

patterns of three Cluster 11 marker genes across all cells.  116 

 117 

Given the central importance of the GS/GOGAT cycle in ammonium assimilation and the strong 118 

symbiosis-induced upregulation of the Aiptasia genes for both enzymes at the whole-organism 119 

level (Fig. S3A) (8, 14-16), we were surprised that these genes did not appear in either Module 1 120 

or Module 3. However, as we also did not find any appreciable difference between gastrodermis 121 

and epidermis in the expression levels of either GS or GOGAT (Fig. S3B), the most 122 

parsimonious interpretation is that the tissue-specific-expression data are somehow misleading in 123 

this case (see Discussion) and that GS and GOGAT in fact participate in enhanced ammonium 124 

assimilation by both major tissues of symbiotic anemones, consistent with the transporter-125 

localization and NanoSIMS data presented below. 126 

Cell-type-specific responses to symbiosis  127 

Although many of the DEGs identified in the analysis of tissue-specific expression had been 128 

reported previously to be symbiosis-regulated (14, 15, 20), our analysis began to provide the 129 

spatial resolution needed to investigate their functions further. To gain higher-resolution spatial 130 

information, we next performed single-cell RNA-Seq on isolated cells using the 10x Genomics 131 

platform. We retrieved gene-expression information from 2,698 cells, of which 1,453 originated 132 

from aposymbiotic and 1,245 from symbiotic anemones. Following t-distributed stochastic-133 

neighbor-embedding (t-SNE) analysis, we grouped the cells into 12 clusters with distinct gene-134 
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expression profiles (Fig. 1D) and identified potential cell-type-marker genes (adjusted p < 0.01 135 

and average fold-change > 2; Data S3). Most of these clusters were shared between symbiotic 136 

and aposymbiotic animals, but some clusters were largely specific to one symbiotic state (Fig. 1E, 137 

Fig. S4). 138 

To investigate the tissue origins of the cells in the 12 clusters, we integrated our single-cell and 139 

tissue-specific data by performing a deconvolution analysis using MuSiC (21), which indicated 140 

that five of the cell clusters (1, 4, 5, 9, 12) were present at low abundance (< 10% of the total 141 

cells) in all of the tissue samples (Fig. 1F; see Discussion). The other seven clusters exhibited 142 

tissue- and/or symbiotic-state-specific associations (Fig. 1F). Cluster 11 was present exclusively 143 

in the epidermis, and its highly expressed marker genes are cnidocyte-specific, as identified in 144 

other cnidarian species (Fig. 1G, Table S11) (22-24), so that this cluster appears to represent 145 

cnidocytes. In contrast, Clusters 2, 7, and 10 were highly represented in the gastrodermal 146 

samples, with the latter two groups being specific to symbiotic animals (Fig. 1F). Many of the 147 

highly expressed marker genes for these clusters (Table S12) had been identified previously as 148 

displaying gastrodermis-specific expression in the sea anemone Nematostella (25), the stony 149 

coral Stylophora (26), and/or the soft coral Xenia (23), consistent with a gastrodermal origin for 150 

these cells. 151 

We then further examined the functions of the putative symbiotic gastrodermal cells through a 152 

gene-set-enrichment analysis of their marker genes (Data S4 and S5). Cluster 10 marker genes 153 

were enriched for ones associated with lysosomal organization and function (Table S13), glucose 154 

transport and its positive regulation (Table S14), and cholesterol homeostasis (Table S15), 155 

whereas Cluster 7 marker genes were enriched for functions associated with the extracellular 156 

matrix, cell adhesion, and cell-cell signaling (Table S16). Thus, cluster 10 appears to be 157 
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symbiotic cells, whereas cluster 7 may contain gastrodermal cells that are free of algal cells. 158 

Symbiosis induces elevated expression and relocalization of glucose and ammonium 159 

transporters  160 

To explore further the tissue- and cell-specific incorporation of carbon and nitrogen, we focused 161 

on the major glucose and ammonium transporters. At least six putative glucose transporters and 162 

two putative ammonium transporters showed significant changes in tissue- and/or cell-specific 163 

expression in response to symbiosis (Fig. 2, A and B; Tables S1, S2, S6, and S17), so we 164 

examined the functions and localizations of five of these transporters in more detail.  165 

First, we conducted rescue experiments in yeast mutants to test the putative transporter activities 166 

of the gene products. Indeed, each one rescued the appropriate yeast mutant (27, 28), allowing its 167 

growth on the relevant selective medium (Fig. 2C; Fig. 2D, left), verifying that each indeed had 168 

the predicted glucose- or ammonium-transporter activity. 169 

 170 
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 171 

Fig. 2. Altered expression and relocalization of glucose and ammonium transporters during 172 
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symbiosis. (A, B) Expression patterns of mRNAs for glucose and ammonium transporters at the 173 

tissue (A) and cell (B) levels. (C) Rescue experiments on yeast mutant CFY07 (lacking all sugar 174 

transporters; see Materials and Methods) expressing one of the putative Aiptasia glucose 175 

transporters and spotted in a dilution series on medium containing glucose as the sole carbon 176 

source. (D) Rescue experiments on yeast mutant strain 31019b (lacking all ammonium 177 

transporters; see Materials and Methods) expressing Aiptasia AipAMT1 or AipRhGB1. The 178 

plate on the left contained 20 mM ammonium as the sole nitrogen source. The plate on the right 179 

contained 0.1% proline as a nitrogen source plus 200 mM of the toxic ammonium analogue 180 

methylammonium. (E – S) Immunofluorescence staining of glucose (E – M) and ammonium (N 181 

– S) transporters in tissue sections of aposymbiotic (E, H, K, N, Q) or symbiotic (F, I, L, O, R) 182 

anemones, as well as in cells isolated from symbiotic animals (G, J, M, P, S). Scale bars (all 183 

panels), 10 μm. 184 

We next generated antibodies specific for each of these five transporters (see Materials and 185 

Methods; Fig. S5; Table S18) and used these antibodies to examine their localizations by 186 

immunofluorescence staining. AipSLC2A8α (Fig. 2, E – G; Fig. S6, A – C) and AipGLUT1α 187 

(Fig. 2, H – J; Fig. S6, D – F) were detected primarily or exclusively in symbiotic gastrodermis 188 

as well as in isolated symbiotic cells. For AipGLUT1α (AIPGENE12082), the apparent 189 

discrepancy between these results and those on tissue-specific transcript levels (Fig. 2A; Table 190 

S17) may reflect a misleading feature of the latter, given that AIPGENE12082 transcript levels 191 

were substantially upregulated in the putatively gastrodermal Cluster 10 cells in the single-cell 192 

analysis (Fig. 2B; Table S14; see Discussion). Their localization patterns suggest that these 193 

transporters might serve mainly to move photosynthetically produced glucose (29) across the 194 

symbiosome membrane into the host-cell cytoplasm and/or from the symbiotic cells to the rest of 195 
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the organism. In contrast, AipGLUT8α, despite its high apparent tissue (Fig. 2A; Tables S6 and 196 

S17) and cell (Fig. 2B) specificity as seen by RNA-Seq, was detected both in the outer 197 

(seawater-facing) surface of the epidermis and the inner (body-cavity-facing) surface of the 198 

gastrodermis in aposymbiotic anemones (Fig. 2K; Fig. S6G), suggesting that in such animals it 199 

might have a role in the scavenging of environmental glucose. In symbiotic anemones, however, 200 

this localization was largely replaced by one in which the peripheries of the gastrodermal cells, 201 

or perhaps their symbiosomes (the images do not have sufficient resolution to tell), were heavily 202 

stained, along with substantial staining of the gastrodermis-epidermis boundary (Fig. 2, L and M; 203 

Fig. S6, H and I), suggesting a role for AipGLUT8α also in the dissemination of 204 

photosynthetically produced glucose. 205 

Localization of the two ammonium transporters also changed in response to symbiosis. 206 

AipRhBG1 was observed primarily at the outer surface of the epidermal cells in aposymbiotic 207 

animals (Fig. 2N; Fig. S6J), suggesting a role in the excretion of excess ammonium in the 208 

heterotrophic animals. In contrast, in symbiotic animals, although the protein was still observed 209 

in the outer layer of the epidermis, it was now most prominent around the gastrodermal cells and 210 

along the gastrodermis-epidermis boundary (Fig. 2, O and P; Fig. S6, K and L), suggesting that 211 

under these conditions, it functions in the uptake of ammonium for both animal and algal use. 212 

Consistent with the hypothesis that AipRhBG1 can transport ammonium both out of and into 213 

Aiptasia cells, yeast cells expressing AipRhBG1 as their sole ammonium transporter were 214 

relatively resistant to the toxic ammonium analog methylammonium (Fig. 2D, right panel), 215 

suggesting that this compound did not accumulate to high levels in the cells (30). In contrast, 216 

yeast cells expressing only AipAMT1 were much more sensitive to the drug (Fig. 2D, right 217 

panel), suggesting that this transporter functions only in ammonium uptake. Consistent with this 218 
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hypothesis, immunofluorescence staining found AipAMT1 diffusely localized in aposymbiotic 219 

animals (Fig. 2Q; Fig. S6O) but concentrated in the outer layer of the epidermis in symbiotic 220 

animals (Fig. 2, R and S; Fig. S6, P and Q).  221 

Effects of metabolism and symbiosis on gene expression and protein localization 222 

We next asked whether the symbiosis-specific changes in gene expression and transporter 223 

localization were triggered simply by the increased availability of glucose when algae are present 224 

or by some other aspect of algal presence. The data presented above suggested that both 225 

photosynthetically derived glucose and ammonium are distributed throughout the symbiotic 226 

animals, which might, in turn, induce a high expression of the central GS/GOGAT ammonium-227 

assimilation machinery in both epidermal and gastrodermal cells. To test this hypothesis, we 228 

provided aposymbiotic anemones with supplemental glucose and analyzed gene-expression 229 

changes in comparison to aposymbiotic and symbiotic anemones without added glucose. We 230 

found that glucose treatment indeed significantly altered the whole-organism transcriptomic 231 

profiles (Fig. 3A). In particular, the expression levels of the AipAMT1 ammonium transporter 232 

and of several key nitrogen-metabolism enzymes, including GS and GOGAT, were essentially 233 

the same in symbiotic and glucose-treated aposymbiotic animals (Fig. 3B). Thus, some aspects 234 

of a shift toward organism-wide assimilation of ammonium in symbiotic anemones appear to be 235 

a direct response to the increased availability of glucose. 236 

 237 
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 238 

Fig. 3. Expression changes of nitrogen-metabolism genes in response to glucose 239 

supplementation.  (A) Principal-component analysis of whole-animal Aiptasia RNA-Seq data 240 

from an experiment comparing expression in aposymbiotic anemones with added glucose (Apo + 241 

Gluc) to that in aposymbiotic and symbiotic anemones without added glucose. (B) Ternary plot 242 

showing relative expression levels of genes associated with "nitrogen-metabolism pathway" 243 

(KEGG ko00910) in Aiptasia. Each dot represents a gene with coordinates representing the 244 

relative proportion of its expression level in each condition relative to its overall expression 245 

across the three conditions. (C, D) Immunofluorescence staining of AipRhGB1 (C) and 246 

AipAMT1 (D) in aposymbiotic Aiptasia supplied with glucose. Scale bars (all panels), 10 μm. 247 

However, other observations suggest a more complicated picture. First, AipRhGB1 mRNA 248 

levels were not increased in glucose-treated aposymbiotic anemones (Fig. 3B). Moreover, 249 

immunofluorescence staining of AipRhGB1 and AipAMT1 in the glucose-treated aposymbiotic 250 
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anemones showed no obvious change in the localization of either protein (Fig. 3, C and D; Fig. 251 

S7; cf. Fig. 2, N and Q). Thus, both the symbiosis-induced increase in AipRhBG1 expression and 252 

the changes in the localization of both ammonium transporters (see above) appear to depend on 253 

the actual presence of the algae. Thus, although the metabolic response to assimilate ammonium 254 

via the GS/GOGAT pathway appears to depend only on the increased availability of glucose, a 255 

separate, algae-dependent mechanism appears to exist for the regulation of nitrogen provision to 256 

the algae.  257 

Coordinated incorporation of carbon and nitrogen in both gastrodermis and 258 

epidermis of symbiotic animals 259 

The data presented above suggest that symbiosis induces the organism-wide distribution of 260 

photosynthetically produced glucose and the assimilation of ammonium. To test this idea further, 261 

we incubated animals with 13C bicarbonate and 15N ammonium and quantified the assimilation of 262 

carbon and nitrogen in the gastrodermis and epidermis using nanoscale-secondary-ion mass 263 

spectrometry (NanoSIMS). The 13C-labeled glucose should provide both gastrodermal and 264 

epidermal cells with both the ATP and the carbon backbones required for the assimilation of 265 

ammonium into amino acids, nucleic-acid bases, and other compounds. Thus, we expected a 266 

strong spatial correlation of the 13C and 15N signals in both major host tissues in symbiotic 267 

animals. As expected, the assimilation of both 13C and 15N was low in both tissues of 268 

aposymbiotic animals (Fig. 4, A and B), and 13C and 15N assimilation were not well correlated 269 

(Fig. 4E). In contrast, symbiotic anemones incorporated significantly more of both isotopes in 270 

both major tissue layers (Fig. 4, C and D). Importantly, we also found a strong and statistically 271 

significant spatial correlation of the 13C and 15N signals in symbiotic anemones (at a spatial 272 
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resolution of 88 nm: Fig. 4E, Fig. S8), suggesting that these elements might be co-incorporated 273 

into similar biosynthetic products in both major tissue layers. 274 

To further assess the contribution of ammonium assimilation by the host tissue layers to the 275 

overall nitrogen assimilation by the holobiont, we extracted absolute 15N signals from animal 276 

tissues and algal cells, respectively (marking method: Fig. S8B). The host tissues (excluding 277 

algae) contained 35 to 41% of the total 15N signal in symbiotic anemones (Fig. 4F), and no 278 

statistically significant difference for the absolute 15N signals was found between host and algae 279 

(paired t-test, p = 0.41).  Remarkably, the epidermis actually incorporated significantly more 15N 280 

than the corresponding gastrodermis (paired t-test, p = 0.02). Thus, both gastrodermis and 281 

epidermis of the host contribute substantially – on a par with the algae – to overall holobiont 282 

nitrogen incorporation. 283 

 284 
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 285 

Fig. 4. Carbon and nitrogen incorporation into gastrodermis and epidermis in 286 

aposymbiotic and symbiotic Aiptasia. (A - D) Representative images showing the distributions 287 

of 13C/12C (A, C) and 15N/14N (B, D) ratios in aposymbiotic (A, B) and symbiotic (C, D) Aiptasia. 288 

The ratios are displayed as Hue Saturation Intensities in which blue indicates the natural-289 

abundance isotope ratio, with a shift toward magenta indicating an increasing 13C or 15N 290 

incorporation level. Scale bars, 10 μm. The black lines are a feature of the NanoSIMS display 291 

without biological significance. (E) The correlations between 13C/12C and 15N/14N ratios in 292 
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epidermis and gastrodermis from aposymbiotic and symbiotic anemones. 13C/12C and 15N/14N 293 

ratios were quantified at the pixel level (spatial resolution, 88 nm) for regions of interest (see Fig. 294 

S8) across whole tentacle sections. Dots in the scatter plot represent the individual bins 295 

calculated, and the trendlines were estimated based on a generalized linear model. Box-and-296 

whisker plots show the distributions of 13C/12C and 15N/14N ratios for each tissue layer; Greek 297 

letters indicate statistically significant (p < 0.001) differences between tissue layers as calculated 298 

using one-way ANOVA with Games-Howell post hoc tests. (F) Total absolute 15N signal in 299 

animal tissue layers and algal cells of symbiotic anemones. The marking method shown in Fig. 300 

S8 was used to separate animal tissue and algal cells for each section. The total 15N signal was 301 

then calculated by summing raw pixel values collected from the 15N channel as shown in Fig. 302 

S8B. 303 

Discussion 304 

For a century and a half after it was first noted by Darwin (1), the apparent paradox of highly 305 

productive and species-rich coral reefs thriving in nutrient-poor ocean waters remained a mystery. 306 

The first major step in resolving this paradox was the discovery that most of the organic carbon 307 

required by the coral animals for energy and biosynthesis is provided through photosynthesis by 308 

their endosymbiotic dinoflagellate algae (2, 3). A second major step was the recognition that the 309 

problem of limiting nitrogen in marine environments (2, 6) was solved, in part, by nitrogen 310 

conservation and/or recycling within the coral holobiont (8, 11). However, these pioneering 311 

studies left many critical questions unanswered. In what form, and how, is the photosynthetically 312 

fixed carbon passed from the algae to the host gastrodermal cells and then distributed to the other 313 

host cells and tissues? How is excess nitrogen (when present) disposed of, and how is available 314 

nitrogen acquired from the environment when needed? What are the respective roles of the 315 
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animal and its algal partner in the conservation and/or recycling of nitrogen within the holobiont? 316 

And what aspect(s) of algal presence trigger the adjustments in gene expression and metabolism 317 

that the host must make for an effective symbiosis? In this study, we addressed these questions 318 

through a combination of whole-animal, tissue-specific, and single-cell analyses of gene-319 

expression levels; functional characterization and immunolocalization of glucose and ammonium 320 

transporters; NanoSIMS analysis to localize the sites at which new carbon and new nitrogen are 321 

incorporated into the holobiont; and experiments in which exogenous glucose was provided to 322 

aposymbiotic animals to mimic the supply of glucose from the algae in symbiotic animals. It 323 

should be noted that beyond their use here in helping to answer the questions noted above, the 324 

extensive datasets on tissue-specific and cell-type-specific gene expression should also be a 325 

valuable resource for a variety of future studies. In this regard, however, we do also note the 326 

caveat that the (mostly) tentacle-derived data on tissue-specific expression may not in all cases 327 

reflect the situation in the rest of the animal. 328 

Previous experiments using rapid tracking of the fate of 13C-bicarbonate supplied to symbiotic 329 

animals had indicated that newly fixed carbon is transferred from the algae to the host 330 

gastrodermal cells primarily as glucose (29). Consistent with this hypothesis, we have now 331 

shown that the expression of at least six glucose transporters is upregulated in symbiotic relative 332 

to aposymbiotic gastrodermal cells. Moreover, the localizations of three such transporters 333 

examined are consistent with their putative roles in the transport of glucose across the 334 

symbiosome membrane into the cytoplasm of the gastrodermal cells, across the plasma 335 

membranes of the gastrodermal cells into the adjacent tissue, or both. Although the resolution of 336 

the immunofluorescence images is not sufficient to discriminate among these possibilities, the 337 

hypothesis that glucose is trafficked from the gastrodermal cells to the epidermal (and other) 338 
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cells is also supported by the observations (i) that at least two of the glucose transporters are also 339 

significantly upregulated in symbiotic relative to aposymbiotic epidermal cells and (ii) that at 340 

least one of the glucose transporters (AipGLUT8α) appears to be localized, in part, to the 341 

gastrodermis-epidermis boundary. 342 

Similarly, our analysis of the expression and localization of ammonium transporters suggests that 343 

in animals with few or no algal symbionts, the excess ammonium generated by heterotrophic 344 

metabolism (8, 13, 16, 31) is excreted to the environment at least in part through the bidirectional 345 

transporter AipRhBG1 in the epidermal-cell outer membranes. In contrast, when the supply of 346 

algal-derived glucose allows abundant incorporation of ammonium into organic compounds, thus 347 

reducing intracellular ammonium concentrations (32), both the unidirectional transporter 348 

AipAMT1 and a substantial fraction of the AipRhBG1 are found at the outer surface of the 349 

epidermis, and thus in position to take up environmental ammonium. In addition, another 350 

substantial fraction of the highly upregulated AipRhBG1 is found around the gastrodermal cells 351 

and at the epidermis-gastrodermis boundary, as also observed in the coral Acropora yongei (33), 352 

and thus in position to distribute both retained and acquired ammonium from the epidermis to the 353 

gastrodermal cells and their resident algae. 354 

Despite longstanding appreciation of the importance of conservation and/or recycling of nitrogen 355 

for symbiotic cnidarians (8, 11, 13, 15, 16, 31, 34), it has remained unclear which element(s) of 356 

the holobiont are responsible for these activities. Our results suggest that not only the algae but 357 

also both major host tissues are involved. First, our transporter studies suggest that algal-derived 358 

glucose and environmental ammonium are both available to both the gastrodermal and epidermal 359 

cells of the host as well as to the algae. Second, in agreement with earlier studies of GS 360 

enzymatic activities (8) and of GS and GOGAT mRNA levels (14-16), we found both mRNAs to 361 
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be highly upregulated at the whole-organism level in symbiotic animals, while no significant 362 

difference was found between gastrodermis and epidermis in this regard, suggesting that both 363 

major host tissues participate in ammonium incorporation by the GS/GOGAT system during 364 

symbiosis. Finally, the NanoSIMS data show a robust and highly coordinated incorporation of 365 

both 13C and 15N in both major tissues of the host, with a total incorporation on a par with that in 366 

the algae. These findings are consistent with a recent metabolomic study showing that carbon 367 

and nitrogen are significantly co-integrated into amino acids by different symbiotic cnidarians, 368 

including Aiptasia and the coral  Stylophora pistillata (32). Moreover, the observation that the 369 

total 15N incorporation was actually greater in the epidermis than in the gastrodermis argues 370 

against the possibility that the organic-nitrogen compounds are all synthesized in the algae and 371 

then passed to the host.  372 

It had seemed possible that the provision of glucose by the algae to the host was all that was 373 

needed to trigger the entire suite of changes in gene expression, metabolic function, and cellular 374 

organization that distinguish a symbiotic anemone from an aposymbiotic one. Indeed, when we 375 

provided exogenous glucose to aposymbiotic animals, some changes in gene expression (and 376 

presumably in the metabolic pathways governed by those gene products) mimicked those in 377 

symbiotic animals. Most notably, the upregulation of GS and GOGAT was essentially identical 378 

in the two cases, indicating that the metabolic response to incorporate more ammonium needs 379 

only an abundant supply of glucose to be triggered. However, many other changes in gene 380 

expression that are seen in symbiotic animals (notably the upregulation of the AipRhBG1 381 

ammonium transporter), as well as the relocalization of ammonium transporters, were not 382 

reproduced in the aposymbiotic animals provided with exogenous glucose. Thus, the algae must 383 

provide at least one other signal to the host that promotes the additional responses needed for an 384 
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effective symbiosis. Disruption of such a signal(s) under stress conditions might affect the 385 

expression (35) and/or localization of symbiosis-associated nutrient transporters and thus disrupt 386 

the coordinated incorporation of carbon and nitrogen (36), leading to the breakdown of nutrient 387 

cycling and symbiosis. Hence, it will clearly be of great interest to determine the nature of this 388 

signal(s). 389 

In summary, we have used a combination of genomic, genetic, cell-biological, physiological, and 390 

biophysical methods to clarify several previously obscure but very important aspects of the 391 

interaction between the host and the algae in the cnidarian-dinoflagellate symbiosis. Most 392 

notably, our data indicate that both major host tissues and the symbiotic algae all participate in 393 

the critical conservation and recycling of nitrogen, a resource that is typically limiting for growth 394 

in the coral-reef environment. 395 

 396 
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