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Abstract 23 

Members of the ammonium transporter family occur in all domains of life. However, 24 

they have been characterized, at the molecular level, mainly in bacteria and plants, 25 

whereas in animals their molecular characterization is limited to a few species. In marine 26 

invertebrates, recent studies have reported a multitude of physiological functions in 27 

which ammonium could take part. Among them, calcification is one for which very few 28 
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data are available. In scleractinian corals, it has been reported that external sources of 29 

ammonium and/or ammonium containing compounds enhance calcification. However, 30 

despite these physiological insights, the underlying transport mechanisms are still 31 

unknown at the molecular level. In this study, we performed a first molecular 32 

characterization of ammonium transporters in the scleractinian coral Stylophora 33 

pistillata. By performing differential gene expression analysis, through quantitative 34 

real-time PCR (qPCR), we show that S. pistillata ammonium transporters possess 35 

different tissue specificities. Most notably, one ammonium transporter, spiAMT1d, is 36 

specifically expressed in the coral tissue containing the calcifying cells. Furthermore, 37 

we determined spiAMT1d subcellular localization by immunostaining S. pistillata 38 

histological cross-sections and show that it localizes on the apical side of the calcifying 39 

cells and in their intracellular compartments. Taken together our results strongly suggest 40 

a role of ammonium transporters in coral calcification and lay the groundwork for many 41 

future studies aiming to better elucidate the potential role of ammonium in calcification.  42 

 43 

Introduction 44 

Ammonium/NH4+ is a central precursor of nucleic acids, proteins and other organic 45 

molecules, as well as a product of their catabolism (Campbell 1997). In aqueous 46 

solutions, NH4+ is in equilibrium with its non-ionic form – ammonia/NH3 – according 47 

to the following reaction NH4+ ⇌  NH3 + H+ (Biver et al. 2008). As more than 98% is 48 

in the form of ammonium/NH4+ at physiological pH (Graham and MacLean 1998), 49 

henceforward, the term “ammonium” will be used to describe both NH4+ and NH3, and 50 

if not otherwise specified.  51 
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In general, ammonia/NH3, as a small and uncharged molecule, can potentially diffuse to 52 

a certain extent across any membrane down its partial pressure gradient, either via 53 

membrane diffusion or via transporters, while ammonium/NH4+, cannot readily cross 54 

cell membranes by diffusion and requires transporters (Henry et al. 2012). 55 

These transporters include specific integral membrane proteins, called ammonium 56 

transporters, which belong to the AMT/MEP/Rh family (Ammonium 57 

transporter/Methylammonium Permease/Rhesus proteins) (Li et al. 2006; Ludewig et al. 58 

2007). The AMT/MEP/Rh family consists of three clades: the AMT, MEP and Rh. 59 

Representatives of at least one of these clades are found in single or multiple copies in 60 

almost all prokaryotic and eukaryotic lineages (McDonald and Ward 2016), the best 61 

characterized being Escherichia coli AmtB (Merrick et al. 2006). Prokaryotic genomes 62 

contain primarily MEP genes, contrary to plants and animals which can contain 63 

AMT/Rh/MEP and AMT/Rh genes, respectively. Notable exceptions are vertebrates, 64 

whose genomes contain only Rh genes (Huang and Peng 2005; McDonald and Ward 65 

2016).  66 

Ammonium transporters play distinct functions in different species. In bacteria and 67 

plants, ammonium transporters function to take up NH3/NH4+, which is an important 68 

nutrient for these organisms used in the synthesis of N-containing metabolites 69 

(McDonald and Ward 2016). Conversely, in animals, ammonium transporters generally 70 

function to excrete NH3/NH4+ since, although being continuously produced as an 71 

intermediate in many metabolic reactions, it exerts toxic effects when present at high 72 

concentrations (McDonald and Ward 2016). Studies on aquatic species representing 73 

various phyla of the metazoans have shown that accumulation of ammonium in the 74 



 4 

extracellular fluids determines numerous deleterious effects that can be caused by 75 

exposure to environmental conditions that prevent net ammonium excretion, e. g. 76 

exposure to High Environmental Ammonium (HEA) (Henry et al. 2012; Weihrauch and 77 

Allen 2018a). LC50 (i. e. lethal concentration killing 50% of the test animals) has been 78 

determined in several crustacean species after 96 h of exposure to HEA, including the 79 

Sao Paulo shrimp, Penaeus paulensis, at 19 μmol/L NH3 and 0.307 mmol/L total 80 

ammonia (i. e. NH3 + NH4+) (Ostrensky et al., 1992), in the crayfish, Orconectes nais, 81 

at 186 μmol/L NH3 (Hazel et al., 1982), in the red tail prawn, Penaeus penicillatus, at 82 

58 μmol/L NH3 and 1.39 mmol/L total ammonia (Chen and Lin, 1992), as well as in the 83 

symbiotic coral, Turbinaria peltata, at 5 μmol/L NH3, after 48 h of exposure to HEA 84 

(Udomsap et al. 2018). Deleterious effects following HEA exposure range from 85 

reduction of the total number of immune active hemocytes, as observed in the blue 86 

shrimp Penaeus stylirostris (Le Moullac and Haffner, 2000), to the disruption of ion 87 

regulatory functions, as observed in the crayfish Pacifastacus leniusculus (Harris et al., 88 

2001), and the disruption of the symbiotic association with dinoflagellates, as reported 89 

for Acropora corals (Hansuebsai et al. 2018).  90 

Ammonium transporters are part of the ammonium excretion system that is essential to 91 

maintain cellular functions and to keep cellular and body fluid ammonium levels within 92 

a tolerable range (Weihrauch et al., 2004). This range is usually low (50-400 μmol/L) in 93 

most species - including mammals (Cooper and Plum, 1987), fishes (Wood et al., 2002) 94 

and aquatic crabs (Cameron and Batterton, 1978; Weihrauch et al., 1999). It is 95 

noteworthy however that at lower concentrations, ammonium takes part in many 96 

physiological processes (Wright et al., 1995), and calcification is among them.  97 
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A physiological link between ammonium and calcification was first highlighted in 98 

mollusks and hens’ eggs by Campbell and Speeg (1969) (Campbell, James W. 1969). 99 

Indeed, they found that metabolic NH3 was released during calcification and suggested 100 

that it was provided through urea to neutralize H+ produced during calcium carbonate 101 

(CaCO3) precipitation, thus promoting the calcification reaction. Campbell and Boyan 102 

(1976) and Loest (1979) also supported this hypothesis, in mollusks, and further 103 

suggested the purine (nucleotides and nucleosides) deamination metabolism as an 104 

additional source of NH3 to neutralize H+ (Campbell, J. W. 1976; Loest 1979). Shortly 105 

afterwards the observation of Campbell and Speeg (1969), Crossland and Barnes (1974) 106 

elaborated a similar model on the role of metabolic nitrogen in coral calcification 107 

(Crossland and Barnes 1974). Their model was based on the observations that addition 108 

of nitrogen containing compounds (i. e. urea, glutamate, NH4Cl, citrulline, etc.) to 109 

external seawater enhanced the calcification rate in the symbiotic coral Acropora 110 

acuminata (Crossland and Barnes 1974). They suggested that nitrogen compounds 111 

might enhance calcification by increasing urea production in the bulk of the coral 112 

tissues, which would result in the release of NH3, following the action of urease, and 113 

thus H+ neutralization at the site of calcification. Recently, Biscéré et al., (2018) have 114 

observed an increase in calcification in the coral Stylophora pistillata when adding urea 115 

to external seawater (Biscéré et al. 2018). However, as both Acropora and Stylophora 116 

species, harbor photosynthetic unicellular dinoflagellates of the Symbiodiniaceae family 117 

(LaJeunesse et al. 2018) - mostly located in the gastrodermal cells of the oral tissue 118 

(Furla et al. 2005) - recent studies have argued whether ammonium affects calcification 119 

directly or indirectly. Studies in support of an indirect link between ammonium and 120 



 6 

calcification argue that the increased rates in calcification are probably due to a higher 121 

photosynthetic efficiency, accompanied by a higher carbon fixation in the symbionts, 122 

that could provide a higher number of organic molecules to sustain the synthesis of the 123 

coral skeletal organic matrix (Béraud et al. 2013; Fernandes de Barros Marangoni et al. 124 

2020; Roberty et al. 2020). However, the observation that external sources of 125 

ammonium enhance calcification also in the non-symbiotic coral species Dendrophyllia 126 

arbuscula rather suggests a direct link between ammonium and calcification (Biscéré et 127 

al. 2018).  128 

Currently the mechanisms through which metabolic and/or exogenous sources of 129 

ammonium increase coral calcification are still unclear at the molecular level, and the 130 

characterization of the coral proteins that contribute to ammonium transport - i. e. 131 

ammonium transporters - might contribute to a better elucidation of the process. So far, 132 

ammonium transporters have been characterized only in symbiotic dinoflagellates, in 133 

which transcriptomic and informatic/phylogenetic approaches identified a large 134 

diversity of these transporters (Aranda et al. 2016; Sproles et al. 2018). This is probably 135 

because symbionts are the primary site of ammonium assimilation in the coral-136 

dinoflagellate association (Burris 1983; Rahav et al. 1989; Grover et al. 2002; Pernice 137 

et al. 2012; Béraud et al. 2013; Rädecker et al. 2015; Tang et al. 2020).  138 

Therefore, to better elucidate the role of ammonium in coral calcification, we have 139 

characterized the genes encoding for the AMT/MEP/Rh family in S. pistillata, a coral 140 

for which both molecular and physiological data are available (Allemand et al. 2004; 141 

Tambutté et al. 2011; Karako-Lampert et al. 2014; Voolstra et al. 2017). By performing 142 

differential gene expression of each family member, we identified one candidate gene 143 
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potentially involved in calcification, spiAMT1d, and investigated its cellular localization 144 

by immunolocalization.  145 

 146 

Material and Methods  147 

Biological materials Experiments were conducted on the symbiotic scleractinian coral 148 

S. pistillata grown in the long-term culture facilities at the Centre Scientifique de 149 

Monaco in aquaria supplied with seawater from the Mediterranean Sea (exchange rate 150 

2% h−1) under the following controlled conditions: semi-open circuit, temperature of 151 

25°C, salinity of 38, light exposure of 200 μmol photons m-2 s-1, and a 12 h:12 h 152 

light:dark cycle. Samples (n = 3) were prepared as nubbins suspended on monofilament 153 

threads and left to cicatrize for three weeks. These samples were taken from the same 154 

genet to reduce variance that can arise when working with different genets due to 155 

differences in genetics. 156 

 157 

Data mining Sequences of S. pistillata ammonium transporters were retrieved from the 158 

National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov). 159 

 160 

Sequence analysis Putative transmembrane helices, phosphorylation and N-161 

glycosylation sites were predicted by the Center for Biological Sequence Analysis 162 

Prediction Server (http://www.cbs.dtu.dk/services/). 163 

 164 

Oral fraction micro-dissection Micro-dissection was performed as indicated previously 165 

(Ganot et al. 2015). Briefly, coral nubbins were anesthetized with tricaine mesylate. 166 
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Then, technical micro-dissection under a binocular microscope allowed us to obtain oral 167 

fractions and total colony. RNA extraction was then performed on both fractions, 168 

according to the protocol of RNeasy® Mini Kit (Qiagen). RNA quantification was 169 

conducted on a microplate spectrophotometer Epoch using Gen5 2.03 software 170 

(Bioteck, VT, USA). RNA purity was verified based on the 260/280 ratio, while RNA 171 

integrity was examined through agarose gel (1%) electrophoresis, observed under UV-172 

exposure with Fusion Fx7 acquisition system (Vilber Loumart, Eberhardzell, 173 

Germany).” 174 

 175 

Real-time PCR (qPCR) cDNA synthesis and qPCR were performed as described 176 

previously (Capasso et al. 2021). Briefly, reverse transcription using SuperScript IV 177 

Reverse Transcriptase (Invitrogen) was performed on 2 µg of RNA, using PowerUpTM 178 

SYBRTM Green Master Mix for PCR amplification and QuantStudioTM3 (Applied 179 

Biosystems). Primer efficiency and relative gene expression were analyzed using 180 

Biogazelle qBase + 2.6TM software (Hellemans et al. 2008). Gene expression was 181 

normalized (relative mRNA quantification, Rq) to the expression of two reference 182 

genes, ubiquitin-60S ribosomal protein (L40) (Zoccola et al. 2016) and an acidic 183 

ribosomal phosphoprotein P0 (36B4) (Moya et al. 2008), after these genes were 184 

determined to have acceptably low M values and coefficients of variation (Hellemans et 185 

al. 2008). Primers were designed using SeqBuilder Pro software v 15 (DNAStar) 186 

(Burland 2000), according to the S. pistillata ammonium transporter sequences. Two 187 

duplexes of primers were designed for each transporter under study and the best duplex 188 

was selected from PCR and qPCR results. All primers used in this study had an optimal 189 
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annealing temperature between 54 and 56 °C. Full list of the primer sequences used in 190 

the present study is available in Table S4. qPCR experiments were repeated three times 191 

to ensure reliability. Each time similar results were obtained. 192 

 193 

Custom made antibody Polyclonal antibodies against SpiAmt1d were produced in 194 

rabbit by Eurogentec. Two out of ten rabbits sera (preimmune sera) were initially 195 

screened for absence of cross reactivity with S. pistillata and CHO cell proteins and 196 

selected for the Speedy 28-day program (Eurogentec). Then, antibodies were raised 197 

against the following peptides: PEIEEIGLDIPKHGE: amino acid 406-420, and 198 

SYGNGWSDPPSVPQS: amino acid 427-441. Each peptide was coupled to the carrier 199 

keyhole limpet hemocyanin (KHL), according to standard immunization protocols. 200 

These peptides, corresponding to spatially distinct regions of the target protein surface, 201 

were chosen due to their high antigenic potential, as determined by Lasergene software 202 

(DNAStar, Madison, WI, U.S.A). Boosters were given to the two previously selected 203 

rabbits at 14, 28, and 56 days after the first immunization. After 87 days, their total 204 

blood was collected and their sera were stored at -20°C. To test serum specificity, 205 

expression of recombinant proteins was performed by custom-made gene synthesis 206 

(Eurofins) followed by immunofluorescence and flow cytometry assays. Briefly, 207 

custom-made gene synthesis was performed by first submitting spiAmt1d sequence to 208 

GENEius for codon usage optimization to improve gene expression in CHO cells. A 209 

His-tag coding sequence was added at the 5’ end of the spiAmt1d gene. The synthetic 210 

gene was then subcloned in pIRES2-DsRed-Express (Clontech) and its sequence within 211 

the plasmid was verified by DNA Sanger sequencing. Then, CHO cells were transiently 212 
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transfected with the constructed plasmid using 213 

Lipofectamine® 2000 Transfection Reagent (Thermo Fisher Scientific). 214 

Immunofluorescence assay was performed using at a time pre-immune serum and the 215 

anti-SpiAMT1d on CHO cells, either transfected or non-transfected (Figure S1). 216 

Furthermore, a flow cytometry assay was performed on FACS Melody (Becton 217 

Dickinson). Inhibition of anti-SpiAMT1d was assayed by pre-incubating it with the two 218 

peptides used for immunization. Mouse anti-rabbit FITC was then used as secondary 219 

antibody (Figure S2). 220 

 221 

Immunolocalization Apexes (i. e. apical portions of coral colonies) were prepared for 222 

immunolocalization as described previously (Puverel et al. 2005; Zoccola et al. 2015), 223 

using anti-spiAMT1d (1:250 dilution, 1h at RT and overnight at 4°C in moist chambers) 224 

primary antibody and Alexa Fluor 555-conjugated secondary antibody (1:500 dilution, 225 

1h at RT). Samples were embedded in Pro-Long antifade medium (Molecular Probes) 226 

and observed with confocal laser-scanning microscope (Leica, SP5). Immunostaining 227 

experiment controls were performed with pre-immune serum for spiAMT1d and then 228 

treated with Alexa Fluor 555-conjugated secondary antibody. 229 

 230 

Statistical analysis Statistical analysis was performed using R v3.5.2 software. The 231 

normal distribution of the data was evaluated using Shapiro-Wilk’s test. Samples with 232 

a standard deviation ≥ 3 were excluded from the analysis. This was the case for 233 

spiAMTLike, spiAMT3a and spiRh1 whose qPCR results were unsignificant due to the 234 

high variation between replicates caused by technical issues (e. g. no qPCR signal and/or 235 
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high CT values, etc.). Student’s t-test was used to identify differentially expressed genes 236 

between S. pistillata fractions, with 2 Degrees of Freedom and a T-critical value of 237 

2.920. We considered p-values ≤ 0.05 as significant (*) and p-values ≤ 0.01 as highly 238 

significant (**). 239 

 240 

Results 241 

Data mining in the genome and transcriptome of S. pistillata (Karako-Lampert et al. 242 

2014; Voolstra et al. 2017) revealed sixteen genes belonging to the AMT/Rh/MEP 243 

family. According to our phylogenetic analysis (Figure 2A), the coral ammonium 244 

transporters fall within two clades, AMT and Rh, except for spiAMTLike which clusters 245 

apart.  246 

 247 

Sequence analysis of the AMT clade  248 

The AMT clade is composed of two subclades, AMT1 and AMT3 (Figure 2A). The 249 

AMT1 subclade includes five genes (spiAMT1a-e), encoding proteins whose lengths 250 

range from 441 to 530 amino acids and molecular weights between 47.4 and 57.5 kDa. 251 

The second subclade, AMT3, includes six genes (spiAMT3a-f), encoding proteins whose 252 

lengths range from 472 to 619 amino acids and molecular weights between 51.5 and 253 

67.6 kDa (Table S1). The ammonium transporter-like gene spiAMTLike encodes a 254 

longer protein (spiAMTLike) of 738 aa with a molecular weight of 80.4 kDa (Table S1). 255 

Both spiAMT1s and spiAMT3s are predicted to have 9 to 11 transmembrane segments 256 

(TMs), which is comparable to the 11 TMs identified for the E. coli homolog AmtB 257 

(Zheng et al. 2004). The TMs of spiAMT1s and spiAMT3s display high sequence 258 
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conservation to AmtB, in contrast to the higher variability observed at the N-terminus 259 

and C-terminus of the proteins (Figure 1 A.1-2).  260 

spiAMTs exhibit similarities to AmtB: spiAMT1s share 44-54% similarity, 29-37% 261 

identity to AmtB; and spiAMT3s share 25-29% identity, 43-47% of similarity to AmtB. 262 

Also, several residues that compose the AmtB pore are conserved in spiAMTs (Figure 263 

1A.1-2), such as: F107, W148 and S219; F107 and F215; and H168 and H318.  264 

Sequence comparison of spiAMT1s and spiAMT3s showed similarities within members 265 

of the same subclade: for members of subclade AMT1, the percentage of similarity 266 

varies between 80-84% (sharing 67-70% of identity); whereas, for members of subclade 267 

AMT3, the percentage of similarity varies between 66-75% (sharing 54-63% of 268 

identity).  269 

With regard to post-translational modifications, several N-glycosylation and 270 

phosphorylation sites were predicted for spiAMT1s and spiAMT3s (Table S2).  271 

 272 

Sequence analysis of the Rh clade 273 

The Rh clade includes four genes (spiRh1, spiRh2a-c) encoding proteins whose lengths 274 

range from 397 to 493 amino acids and molecular weights between 42.6 and 53.3 kDa 275 

(Table S1). spiRhs are predicted to have 10 to 12 TMs, with highly conserved residues 276 

mostly located in the TMs (Figure 1 A.3). Members of the Rh clade share 62-85% of 277 

similarity and 41-73% of identity. When compared to bacterial AmtB, spiRhs exhibit 278 

similarity (41-43% of similarity, 25-28% of identity). Also, spiRhs possess conserved 279 

residues forming critical regions of ammonium transporter proteins (Figure 1 A.3), such 280 

as H168 and H318, and F107 and F215 that form a central twin-histidine-containing 281 
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pore and the phenylalanine gate in E.coli, respectively. A distinctive trait of spiRhs with 282 

respect to spiAmts is the lack of F107 and the substitution of S219-L and W148-G\A, 283 

that form the ammonium binding site in E.coli (Figure 1 A.3). With regard to post-284 

translational modifications, several phosphorylation but no N-glycosylation sites were 285 

predicted for spiRhs (Table S2).  286 

 287 

Tissue-specific gene expression of S. pistillata ammonium transporters 288 

To investigate the expression patterns of spiAMTs and spiRhs and to identify candidate 289 

genes for calcification, we used real-time PCR (qPCR) to assess their relative gene 290 

expression levels in the total colony (containing the calicoblastic epithelium) and the 291 

oral fraction (devoid of the calicoblastic epithelium) of S. pistillata. Results (Figure 2B 292 

and Table S3) showed that some members (spiAMT1a, spiAMT3c, spiAMT3e, 293 

spiAMT3f, spiRh2a and spiRh2b) are equally expressed in both coral fractions, while 294 

others (spiAMT1b, spiAMT1c, spiAMT1e, spiAMT3b, spiAMT3d and spiRh2c) are more 295 

highly expressed (0.01 < p-value < 0.05) in the oral fraction compared to the total 296 

colony. Interestingly, spiAMT1d is the only member of the ammonium transporter 297 

family with an eightfold difference in the expression level (p-value < 0.01) in the total 298 

colony compared to the oral fraction, suggesting a higher expression in the aboral tissue. 299 

 300 

SpiAMT1d localization  301 

To gain insights into the cellular localization of the candidate gene for calcification, 302 

spiAMT1d, we used a custom-made antibody raised against spiAMT1d peptides. 303 

Immunochemistry experiments on histological sections of S. pistillata showed that anti-304 
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spiAMT1d recognized the aboral tissue (Figure 3), in accordance with the gene 305 

expression results previously obtained by qPCR (Figure 2B). More specifically, the 306 

localization was restricted to the apical side of the calicoblastic cells and their 307 

intracellular compartments (Figure 3 C-D). Negative controls, using pre-immune on 308 

histological cross-sections of S. pistillata (Figure 3 A-B) and on CHO cells transiently 309 

expressing spiAMT1d (Figure S1) showed no labelling. CHO cells transiently 310 

expressing spiAMT1d and Red Fluorescent Protein, both encoded in a cloning vector, 311 

were transfected using Lipofectamine® 2000 Transfection Reagent (Thermo Fisher 312 

Scientific).   313 

 314 

Discussion  315 

In this study, we present a molecular characterization of the ammonium transporter 316 

family in the coral S. pistillata, which has never been provided before at this level. Our 317 

findings show that two clades, AMT (1 and 3) and Rh, are present in the S. pistillata 318 

genome and transcriptome, as previously reported in other metazoans (McDonald and 319 

Ward 2016). The transport mechanism, e. g. channel or transporter, as well as the 320 

chemical species transported, e. g. NH3 or NH4+, have not yet been clearly elucidated 321 

(Conroy et al. 2004; Khademi et al. 2004; Lamoureux et al. 2010; Pantoja 2012). Also, 322 

to our knowledge, no functional differences have ever been described between AMT-323 

Like protein, AMT1 and AMT3 proteins, whereas different substrate specificities have 324 

been reported between AMTs and Rhs. For instance, in the case of Rh proteins, the 325 

transport of CO2 or NH3, or perhaps both, has been proposed (Kustu and Inwood 2006).  326 
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Important progress in the understanding of ammonium transporters has been derived 327 

from the crystal structure of AmtB from E. coli (Khademi et al. 2004; Zheng et al. 2004), 328 

which provided the opportunity to generate models for Rh and AMT proteins using 329 

AmtB as a template (Conroy et al. 2005; Merrick et al. 2006; Lupo et al. 2007). Based 330 

on the AmtB structure, an extracellular ammonium binding site (F107, W148 and S219), 331 

a phenylalanine gate (F107 and F215) and a central twin-histidine-containing pore 332 

(H168 and H318) have been identified as functionally critical regions in ammonium 333 

transporter proteins. In addition, interpretation of the structural data strongly suggests 334 

that AMT and Rh proteins transport NH4+ and NH3, respectively (Baday et al. 2015). 335 

Our findings show that AmtB and spiAMTs share similar features at the protein level, 336 

including conserved amino acids of the three functional regions (Figure 1 A.1-2), which 337 

make them most likely capable of mediating ammonium transport. In S. pistillata 338 

homologs of Rh, these regions are also conserved, except for the extracellular 339 

ammonium binding domain, where two of the three residues are missing (Figure 1 A.3). 340 

This is common to all Rh animal proteins and support their much lower affinity for 341 

ammonium with respect to AMTs (Lupo et al. 2007). Furthermore, we investigated the 342 

tissue-specificity of the ammonium transporter family members and searched for 343 

candidate genes for role in calcification, using a  previously developed micro-dissection 344 

technique to separate the oral fraction from the total colony (Ganot et al. 2015). Since 345 

the oral fraction does not contain the calicoblastic epithelium, we compared the 346 

expression level of the ammonium transporter genes in the oral fraction versus the total 347 

colony to identify those potentially involved in calcification. Based on our results, the 348 

coral ammonium transporters were classified as ubiquitous, oral- and aboral-specific.  349 
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 The ubiquitous transporters are: spiAMT1a, spiAMT3c, spiAMT3e, spiAMT3f, 350 

spiRh2a and spiRh2b (Figure 2B and Table S3). This expression pattern suggests that 351 

they could be involved in homeostatic processes, such as the regulation of the NH3/NH4+ 352 

cytosolic concentration. Indeed, NH3/NH4+ is potentially toxic at high concentrations in 353 

coral cells - as previously reported in other animals (Martinelle and Häggström 1993) - 354 

and its extrusion might be mediated by these transporters. Another type of homeostatic 355 

process in which these transporters might be involved is the transport of NH3/NH4+ 356 

throughout the coral colony. This agrees with the finding that coral cells are able to 357 

uptake ammonium from outside sources and incorporate it into their tissues through their 358 

own enzymatic machinery (Yellowlees et al. 2008). 359 

 The oral-specific transporters are: spiAMT1b, spiAMT1c, spiAMT1e, spiAMT3b, 360 

spiAMT3d and spiRh2c (Figure 2B and Table S3). Their expression pattern suggests that 361 

they might play specific functions that take place in the oral tissue. In this tissue, 362 

especially in the oral gastrodermal cells, symbiotic dinoflagellates are highly abundant 363 

(Furla et al. 2005) and assimilate ammonium resulting from the host metabolism 364 

(Yellowlees et al. 2008). The oral-specific ammonium transporters could be located 365 

either on the plasma membrane of the oral cells, and/or the perisymbiotic membrane 366 

surrounding the symbionts. They could mediate the uptake of ammonium dissolved in 367 

seawater and/or favor the concentration of ammonium in the oral cells by preventing its 368 

dispersion throughout the other cell layers. Alternatively they could mediate ammonium 369 

uptake for the dinoflagellates, which use it as a nitrogen source (Muscatine 1978). It is 370 

worth mentioning that a role of spiRh2c in CO2 transport is equally valid, where it could 371 

facilitate the CO2 uptake in the oral cells, as previously suggested for the symbiotic 372 
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Anemonia viridis Rh homolog (Av_RhAG1), which is also preferentially expressed in 373 

the gastrodermal cells (Ganot et al. 2011).  374 

The aboral-specific transporter is spiAMT1d (Figure 2B and Table S3). This result is in 375 

accordance with Levy et al. (2021), who also identified, by single-cell sequencing, an 376 

ammonium transporter gene specifically expressed in the calicoblastic cells of S. 377 

pistillata (Levy et al. 2021). The presence of only one aboral-specific ammonium 378 

transporter homolog in S. pistillata, suggests that spiAMT1d may be involved in 379 

specialized functions. This could be a particular case of sub-functionalization, by which 380 

individual family members acquire specialized functions (Conant and Wolfe 2008; 381 

Katju 2012). When looking at spiAMT1d subcellular localization, its presence on the 382 

apical side of the calicoblastic cells suggests a function related to calcification (Figure 383 

3C-D). The calicoblastic cells promote calcification by exerting biological control over 384 

the extracellular calcifying medium (ECM), located between the apical side of the 385 

calicoblastic cells and the skeleton. Such biological control involves both the synthesis 386 

and secretion of the skeletal organic matrix proteins (SOMPs), as well as the up-387 

regulation of pH in the ECM (pHECM) (Tambutté et al. 2011; Venn et al. 2011). For 388 

many years, physiological (e. g. pharmacological experiments using inhibitors) 389 

(Tambutté et al. 1996; Furla et al. 2000) and molecular (e. g. micro-dissection together 390 

with differential gene expression experiments) (Zoccola et al. 2015; Capasso et al. 2021) 391 

approaches have contributed to the identification of several calcification-related genes 392 

(e. g. Ca2+-ATPase, SLC4ɣ) that could be involved in such biological control exerted by 393 

the calcifying cells. Also, when used in combination with other techniques, such as 394 



 18 

immunohistochemistry, it has been possible to validate the specific localization of these 395 

transporters in the calcifying epithelium (Zoccola et al. 2015).  396 

In this study, we combined both molecular and biochemistry techniques to better 397 

investigate the potential role played by spiAmt1d in coral calcification. Also, to provide 398 

a basis for future studies and discussions, we integrated the gained information regarding 399 

the tissue-specific expression and cellular localization of spiAMT1d into a simplified 400 

scheme (Figure 4). Although the spiAMT1d transport direction is unknown in corals, 401 

two directions are possible: either spiAMT1d transports NH4+ from the calicoblastic 402 

cells to the ECM, or it transports NH4+ from the ECM to the calicoblastic cells. In case 403 

spiAMT1d transports NH4+ from the calicoblastic cells to the ECM, spiAMT1d might 404 

aid the conformational stability of SOMPs by supplying NH4+ that links to the charged 405 

side chains of the SOMPs acidic amino acids. Whereas, in case spiAMT1d transports 406 

NH4+ from the ECM to the calicoblastic cells, spiAMT1d might participate in the pHECM 407 

regulation by removing H+ in the form of NH4+ (NH3 + H+ ® NH4+). Although the 408 

transport direction could be only assessed by further experiments (e. g. patch-clamp), 409 

we can assume the direction of spiAMT1d transport based on the predicted location of 410 

coral residues involved in the ammonium binding site. From Ecoli AmtB and spiAmt1d 411 

protein alignment (Figure 1.A), we have identified the conserved residues involved in 412 

the ammonium binding site in spiAMT1d (spiF105, W146 and S234) which, using in 413 

silico prediction, were predicted to be located outside the cell membrane (S234) and 414 

inside a TM (F105 and W146). Therefore, given the localization of spiAmt1d (i. e. apical 415 

side of the polarized calcifying cells) and the predicted location of the ammonium 416 

binding site (i. e. outside the cell membrane), we suggest that between the two 417 
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hypotheses (i. e. SOMPs precipitation and pH regulation), the second one (i. e. pH 418 

regulation) is the most likely. In this case, spiAmt1d could contribute to H+ removal 419 

from the site of calcification by binding NH3 in the ECM. However, it remains to be 420 

defined how the NH3 is delivered to the site of calcification. For this purpose, we suggest 421 

that other proteins, such as Rh homologs, might be involved, as previously suggested 422 

by Thies et al. (Thies et al. 2021).  423 

Also, according to the most recent model for coral calcification (Sun et al. 2020), it has 424 

been suggested that the same transmembrane transporters that are located on the apical 425 

side of the calicoblastic cells are also active in the vesicle membranes, in which firs steps 426 

of CaCO3 formation occur. Indeed, as these transporters originate from the same 427 

phospholipid membrane of the calicoblastic cells they are also found on the intracellular 428 

vesicles. This is in accordance with our immunolocalization results which show that 429 

spiAmt1d is also localized in intracellular compartments, that perhaps correspond to 430 

intracellular vesicles involved in CaCO3 formation.  431 

While no direct evidence is provided in this study, the NH4+ buffering mechanism has 432 

been previously suggested in several coral species (Crossland and Barnes 1974; Biscéré 433 

et al. 2018). Also, it is noteworthy that in other marine species - the octopus Octopus 434 

vulgaris and the American horseshoe crab Limulus polyphemus - ammonium 435 

transporters maintain, through bidirectional transport, high ammonia concentration in 436 

their hemolymph for acid-base regulation (Hu et al. 2017; Hans et al. 2018; Weihrauch 437 

and Allen 2018b). This suggests that the NH4+ buffering mechanism could be a 438 

widespread mechanism in aquatic invertebrates with a role in calcification for corals and 439 

potentially other calcifying organisms. 440 
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Functional analyses, such as reverse-genetic methods (e. g. knockout or knockdown of 441 

genes of interest), would need to be further performed to validate the potential role of 442 

spiAMT1d in coral calcification. Nevertheless, apart from few efforts in some cnidarian 443 

species - the sea anemone Nematostella vectensis and the hydrozoan Hydractinia 444 

echinata and the coral Acropora millepora -, the limited availability of mastering gamete 445 

production to generate zygotes represents an obstacle to applying these techniques to 446 

corals (Cleves et al., 2018). More feasible experiments, such as heterologous expression, 447 

electrophysiology techniques or analysis of the ammonium transporter gene expression 448 

profile under elevated environmental ammonia conditions, could be carried out in the 449 

future to obtain a comprehensive characterization of these transporters and a better 450 

understanding of the role that they might play in this ecologically important group of 451 

marine animals. 452 
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 646 
 647 
Figure legends  648 

Figure 1: A.1 Multiple-sequence alignment of E. coli AmtB and S. pistillata AMT1 649 

proteins. Shading indicates residues identical (blue) or similar (grey). Amino acids 650 
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identified as constitutive of the pore in E. coli AmtB are marked at the top of the 651 

sequences in black squares. Blue lines, at the top of the amino acidic sequences, 652 

represent eleven transmembrane segments of E. coli AmtB. A.2 Multiple-sequence 653 

alignment of E. coli AmtB and S. pistillata AMT3 proteins. A.3 Multiple-sequence 654 

alignment of E. coli AmtB and S. pistillata Rh proteins.   655 

Figure 2: A. Maximum likelihood (Phyml, LG + I + G) phylogenetic tree of E. coli 656 

(Eco) and S. pistillata (Spi) ammonium transporters. B. Gene expression of ammonium 657 

transporters in the coral S. pistillata. Blue bars correspond to the total colony and grey 658 

bars to the oral fraction. Error bars represent the standard deviation for a set of three 659 

biological replicates (n=3). Asterisks indicate statistical difference (* p-value < 0.05; ** 660 

p-value < 0.01) between total colony and oral fraction.  661 

Figure 3: A Transmitted light image of a cross-section of S. pistillata showing the oral 662 

tissue (OT), the aboral tissue (AT) and the gastrovascular cavity (coelenteron, Co). B 663 

Immunofluorescence staining of embedded cross-section of S. pistillata tissues with pre-664 

immune serum (A and B) and anti-spiAMT1d (C and D). Nuclei are labelled in blue in 665 

the first column (DAPI), Alexa Fluor 555 appears in orange in the second column and 666 

merge is shown in the third column. Rows (A) and (C) are views of the two tissues 667 

composing the coral. Rows (B) and (D) are magnifications of the aboral tissue. AGa = 668 

Aboral Gastrodermis; Ce = Calicoblastic Epithelium; AT = Aboral Tissue; Co = 669 

Coelenteron; OT = Oral Tissue; Sk = Skeleton; Sw= Seawater. 670 

Figure 4: Model representing the potential role of spiAMT1d in calcification. Only 671 

enzymes (CA=carbonic anhydrase) and transporters (PMCA=Ca+2 ATPase; 672 

SCL4γ=bicarbonate transporter), on the apical side of the calicoblastic cells, involved 673 
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in pHECM regulation are shown (Zoccola et al. 2004; Moya et al. 2008; Bertucci et al. 674 

2011; Zoccola et al. 2015). Abbreviations: in = inside of the cell; out = outside of the 675 

cell; ECM = extracellular calcifying medium; SJ = septate junctions.  676 

Figure S1: Immunofluorescence staining of CHO cells transfected with a pIRES2-677 

DsRed-Express (Clonotech) co-expressing spiAMT1d and Red Fluorescent Protein 678 

(RFP) with (A, C) pre-immune serum and (B, D) anti-spiAMT1d. Rows (C) and (D) are 679 

magnifications of the cells identified by a square in rows (A) and (B), respectively. 680 

Immunofluorescence staining with pre-immune serum showed no labelling (Figure S1 681 

A and C), whereas when using anti-spiAMT1d, spiAMT1d accumulated at the cell 682 

membrane and co-localized with RFP (Figure S1 B and D). Controls using pre-immune 683 

and anti-spiAMT1d on CHO cells not transfected showed no labelling (not shown). 684 

Nuclei are labelled in blue in the first column (DAPI), RFP is shown in red in the second 685 

column, Alexa Fluor 488 fluorescence appears in green in the third column and merge 686 

is shown in the fourth column.  687 
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