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Supplementary Methods 60 

Sampling of Bathymodiolus mussels 61 

For proteome analyses, three B. thermophilus individuals (shell length 105-125 mm) were 62 

collected from the Tica vent field on the EPR at 9°50.39′N, 104°17.49′W in 2,511 m water depth 63 

on January 13th 2014 during the RV Atlantis cruise AT26-10 by the remotely operated vehicle 64 

Jason. Three B. azoricus specimens of 60-104 mm shell length were collected from the Menez 65 

Gwen vent field on the MAR at 37°50′41′′N, 31°31′10′′W in 860 m water depth during the RV 66 

Meteor cruise M82-3 on September 10th 2010 as described previously (Sayavedra et al., 2015). 67 

The bivalves were dissected on board, and gills and foot tissue samples were separately frozen 68 

immediately. Fluid temperature at the time of sampling was 3.5°C for the B. thermophilus 69 

specimens sampled (slightly above the ambient deep seawater temperature of 1.9°C) and 8.9°C 70 

for the B. azoricus specimens. As vent fluid temperature and sulfide concentrations are usually 71 

linearly correlated (Le Bris et al., 2006a; Le Bris et al., 2006b), higher temperatures around the B. 72 

azoricus specimens at MAR may point to higher sulfide concentrations, compared to the B. 73 

thermophilus specimens sampled at EPR.  74 

Enrichment of symbiont and host fractions 75 

For enrichment of symbiont and host fractions, gill tissue was homogenized in 1x PBS (Dulbecco’s 76 

Phosphate Buffered Saline, Sigma-Aldrich). In case of B. azoricus, a combination of differential 77 

pelleting and rate-zonal density gradient centrifugation was used to a) physically enrich and 78 

separate the thiotrophic and methanotrophic symbionts from host bacteriocyte components, and 79 

b) to separate the two symbiont types from each other (as described in detail in Ponnudurai et al., 80 

2016). To separate the thiotrophic symbiont fraction from host cell components in B. thermophilus, 81 

we used differential pelleting by centrifugation (Hinzke et al., 2018; additional density gradient 82 

centrifuation was not necessary in this case). Briefly, two batches of 2-3 g gill tissue from a single 83 

mussel specimen were homogenized by grating the gill tissue on a metal sieve and then 84 
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homogenizing the shreds in a Duall® homogenizer in 2 ml of 1x PBS. The homogenates were 85 

then combined and the total volume adjusted with 1x PBS so that gill homogenate to PBS ratio 86 

was 1:3 (~15 ml final volume). The homogenate was then slowly centrifuged in a swing-out rotor 87 

(5 min, 500 x g, 4 °C) to pellet host nuclei and gill tissue debris. The resultant pellet was subjected 88 

to another round of low-speed pelleting and the final pellet was discarded. The supernatant, which 89 

contained cytosolic host proteins, bacterial cells and host mitochondria, was transferred to a new 90 

15 ml centrifuge tube and, after brief mixing, distributed into 1.8 ml tubes and centrifuged at 91 

maximum speed (20 min, 15.000 x g, 4 °C) in a fixed-angle rotor. The resulting supernatants, 92 

which now only contained the enriched cytosolic proteins of the host, were combined into a single 93 

15 ml tube and frozen at -80 °C along with the pellets in the 1.8 ml cryo tubes, which putatively 94 

contained the enriched symbiont cells. After each step of this enrichment procedure for B. 95 

thermophilus, small subsamples (~5 µl) were taken from the gill homogenate, pellets, and host 96 

and symbiont enrichments for CARD-FISH analyses, fixed overnight at 4 °C in 1 ml of fixing 97 

solution (1-2% paraformaldehyde (PFA) in 1x PBS) and then stored at -80 °C. CARD-FISH 98 

subsamples of the B. azoricus enrichments were taken as described previously in Ponnudurai et 99 

al. (2016). 100 

CARD-FISH analyses 101 

PFA-fixed CARD-FISH subsamples of B. azoricus and B. thermophilus were analyzed under an 102 

epifluorescence microscope as described in Ponnudurai et al. (2016), based on the technique 103 

originally developed by Pernthaler and colleagues (2002), to verify the relative abundance of 104 

symbionts and host components in the different enrichments used for proteomic analyses. Briefly, 105 

fixed samples were filtered onto GTTP polycarbonate membrane discs with a pore size of 0.2 μm 106 

(Millipore, Germany). To visualize the thiotrophic symbionts, the general Gam42a probe tagged 107 

with a Cy3 tyramide (Biomers, Germany), along with the unlabeled BET42a as competitor probe 108 

(Manz et al., 1992) were hybridized to the thiotrophic symbiont’s 23S rRNA on the membrane 109 
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discs and amplified. Prior to microscopic evaluation, both the hybridized symbiont cells and host 110 

components were counterstained with 1 μg ml-1 4’,6-diamidino-2-phenylindole (DAPI, Sigma-111 

Aldrich). Imaging and counting of signals on the CARD-FISH filters were performed using a 112 

Deltavision®RT Image restoration workstation (Applied Precision) with an IX71 microscope 113 

(Olympus). Relative abundance of symbiont cells and host cell components in the enriched 114 

fractions were estimated by counting the symbiont-specific probe signal against at least 500 DAPI 115 

signals per section. DAPI signals which did not overlap with the symbiont probe signals were 116 

counted as host cell components (nuclei). 117 

Sample types 118 

The following types of B. thermophilus samples were analyzed by proteomics (Supplementary 119 

Table S1a): The soluble proteome was extracted from 1) the symbiont-enriched pellet, 2) whole 120 

gill tissue and 3) whole foot tissue samples as described previously (Ponnudurai et al., 2016). 121 

Digested protein extracts were analyzed using an LTQ-Orbitrap Velos mass spectrometer 122 

(Thermo Fisher, Bremen, Germany, see below). In addition, to specifically identify membrane-123 

associated symbiont proteins likely to be involved in host-symbiont interactions, the membrane 124 

proteome of whole gill tissue samples was selectively extracted (as described by Eymann et al., 125 

2004) and analyzed in an LTQ-Orbitrap Classic mass spectrometer (Thermo Fisher, Bremen, 126 

Germany). All protein analyses were run in three biological replicates (n=3). For B. azoricus, we 127 

used the existing metaproteomic dataset from Ponnudurai et al. (2016), which included the 128 

following sample types: 1) The soluble proteome of the symbiont-enriched pellet was analyzed in 129 

three biological replicates (n=3) in an LTQ-Orbitrap Classic. Additionally, to increase protein 130 

identification rates, two of these three replicates were analyzed as technical replicates in the LTQ-131 

Orbitrap Velos. The soluble proteomes of 2) the enriched host fraction containing host cytosolic 132 

proteins, 3) whole gill tissue, and 4) whole foot tissue samples were analyzed in two biological 133 

replicates each (n=2) in an LTQ-Orbitrap Velos. The existing B. azoricus membrane proteome 134 
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data from Ponnudurai et al. (2016) obtained from 1) the enriched symbiont fraction and 2) whole 135 

gill tissue samples analyzed in an LTQ-Orbitrap Classic were also used to identify symbiont 136 

proteins potentially involved in surface-associated processes. In either case, two biological 137 

replicates were pooled into one sample for MS analysis. 138 

Protein extraction, LC MS/MS measurements and semi-quantitative data analysis 139 

Extracts of cytosolic proteins and membrane-associated proteins were separated using 1D-140 

PAGE. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) measurements were 141 

performed as described previously (Ponnudurai et al., 2016). In brief, an Easy-nLC II (Thermo 142 

Fisher Scientific, Waltham, U.S.) was coupled to an LTQ Orbitrap Velos or LTQ Orbitrap Classic 143 

mass spectrometer (Thermo Fisher Scientific, MA). Peptide separation was done with a 100 min 144 

binary gradient with buffer A (0.1% (v/v) acetic acid) and buffer B (99.9% (v/v) acetonitrile, 0.1% 145 

(v/v) acetic acid). The following MS settings were used for LTQ Orbitrap classic measurements: 146 

CID fragmentation of the 5 most abundant precursor ions (top5); survey scan resolution: R=30k; 147 

exclusion duration: 30 s. During LTQ Orbitrap Velos measurements, the following settings were 148 

applied: CID fragmentation of the 20 most abundant precursor ions (top20); survey scan 149 

resolution: R=30k; exclusion duration: 20 s.   150 

MS/MS spectra of all B. thermophilus and B. azoricus samples were searched against an in-151 

house compiled comprehensive target-decoy database containing protein sequences of 152 

Bathymodiolus symbionts and host (see below). MS results were visualized and filtered using the 153 

Scaffold framework (version 4.3.0, http://www.proteomesoftware.com/products/scaffold/) 154 

according to the following thresholds: i) 1% peptide false discovery rate (FDR) and 1% protein 155 

FDR and ii) at least two unique peptides for each identified protein or protein group. For relative 156 

semi-quantitative analysis of the identified proteins, percent normalized spectral abundance factor 157 

(%NSAF) values were calculated for each sample (Florens et al., 2006) and for each organism 158 

(%OrgNSAFs), i.e., for the respective symbiont(s) and the host (Mueller et al., 2010).  159 
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Compilation of the protein database 160 

To enable comparisons between the proteomes of the B. thermophilus symbiosis and the B. 161 

azoricus symbiosis, we used a single database containing sequences targeting all members of 162 

both consortia (see Supplementary Table S1c): For identification of host proteins of both 163 

Bathymodiolus species, amino acid sequences from B. azoricus EST libraries (Bettencourt et al., 164 

2010) in the publicly accessible DeepSeaVent database 165 

(http://transcriptomics.biocant.pt/deepSeaVent/) were used, since no dedicated 166 

genome/transcriptome for B. thermophilus exists as yet. B. thermophilus symbiont proteins were 167 

identified using the recently published B. thermophilus symbiont genome (NCBI accession 168 

MIQH00000000.1, Ponnudurai et al., 2017). For identification of proteins of the B. azoricus 169 

thiotroph, we used the protein sequences from the BAZSymA (CDSC00000000.2), BAZSymB 170 

(CVUD00000000.2) and the Bathymodiolus sp. thiotroph (SouthMAR vent, JGI-IMG genome ID 171 

2518645510) genome assemblies. For the methanotrophic B. azoricus symbiont, the B. azoricus 172 

methanotroph genome assembly (FMJP00000000.1) and the Bathymodiolus sp. methanotroph 173 

assembly (NCBI BioProject PRJEB13047; Ponnudurai et al., 2016) were used. All sequences 174 

were added in a stepwise fashion while simultaneously removing redundant sequences using the 175 

CD-Hit-2D clustering program at 100% clustering threshold (Li et al., 2001). Amino acid 176 

sequences of common laboratory contaminants were also added to the database. To determine 177 

false discovery rates (FDR), the sequences were reversed and appended to the database as 178 

decoy sequences. 179 

Calculation of biomass contributions from hosts and symbionts 180 

Spectral counts of all identified proteins were summed up per organism, i.e., for host, thiotrophic 181 

symbiont and methanotrophic symbiont in each sample (Supplementary Table S8). The 182 

percentage of organism-specific spectral counts relative to all spectral counts in the respective 183 

sample corresponds to the respective organisms contribution to proteinaceous biomass in the 184 

http://transcriptomics.biocant.pt/deepSeaVent/
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sample (Kleiner et al., 2017). Our spectral data analysis pipeline (database search settings and 185 

filtering, see above) that produced the spectral count values for biomass calculation was validated 186 

using the test data set provided by Kleiner et al. (2017). As the B. thermophilus host does not 187 

have a dedicated genome database, B. thermophilus proteins were identified using the B. 188 

azoricus protein database (see above). Sequence dissimilarities between B. azoricus and B. 189 

thermophilus proteins could potentially cause under-identification of host-derived spectra in B. 190 

thermophilus, which would lead to an overall reduced number of identified B. thermophilus host 191 

proteins. However, for gill samples, spectral identification rates, i.e. the ratio of identified spectra 192 

to all recorded spectra per sample, were similar for B. azoricus and B. thermophilus, indicating 193 

that even though sequence dissimilarity may lead to loss of identification in B. thermophilus, the 194 

overall biomass estimates should not be affected (Supplementary Table S8d).   195 

Determination of protein orthologs 196 

To be able to compare symbiont protein abundances between the two Bathymodiolus symbioses 197 

(Supplementary Figure S4), all thiotrophic symbiont protein sequences identified from gill- and 198 

symbiont-enriched fractions of B. thermophilus were matched to their respective orthologs 199 

identified in gill and gradient pellet fractions of B. azoricus. This was done with the Proteinortho 200 

tool (Lechner et al., 2011) using an e-value threshold of 1e-5, 40% sequence coverage and 25% 201 

identity of best blast hits. All predicted orthologs were compiled into a single table with their 202 

%OrgNSAF values for further comparison using statistics (see below). Proteinortho was also used 203 

to identify orthologous attachment-related symbiont proteins (ARPs, Supplementary Table S6a) 204 

and phage defense-related symbiont proteins (Supplementary Table S7e) and their respective 205 

genes in thiotrophic symbionts of four Bathymodiolus host species (B. thermophilus, B. azoricus, 206 

B. septemdierum and Bathymodiolus sp.). 207 
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Statistical testing for significant expression differences between B. azoricus and B. thermophilus 208 

protein orthologs 209 

To identify significant differences in symbiont protein abundance between B. azoricus and B. 210 

thermophilus symbiont-enriched samples and in whole gill tissue samples, the protein orthologs 211 

table (see above) was filtered as follows: Cross-species identifications were excluded, i.e., B. 212 

thermophilus symbiont proteins identified based on B. azoricus thiotroph sequences were 213 

removed, and B. azoricus thiotroph proteins identified based on B. thermophilus sequences were 214 

removed (B. azoricus thiotroph proteins identified with sequences of the Bathymodiolus sp. 215 

thiotroph from SouthMAR vent, which were part of the B. azoricus database, were not considered 216 

cross-species identifications and were therefore not removed). The following sample groups were 217 

compared (see Supplementary Table S4c for an overview): Symbiont-enriched fractions of three 218 

B. thermophilus individuals (three biological replicates, Orbitrap Velos analysis) were compared 219 

against the symbiont-enriched fractions of a) two B. azoricus individuals measured by Orbitrap 220 

Velos analyses (Group A), b) three B. azoricus individuals measured by Orbitrap Classic analyses 221 

(Group B), and c) three B. azoricus individuals measured by Orbitrap Classic analyses (as 222 

biological replicates) and two B. azoricus individuals measured by Orbitrap Velos analyses (as 223 

technical replicates; Group C). Three biological replicates of B. thermophilus whole gill tissue 224 

were compared against three biological replicates of B. azoricus whole gill tissue (Group D). 225 

Expression ratios were averaged across all replicates for each sample type. Host proteins and 226 

methanotrophic symbiont proteins were excluded from this analysis. All data tables were loaded 227 

into Perseus version 1.5.6.0 (Tyanova and Cox, 2018). Proteins that did not have at least two 228 

expression values in at least one group were removed. All remaining values were multiplied by 229 

100. The resulting data matrix was centered-log-ratio- (CLR-) transformed as described in 230 

Fernandes et al. (2014). Briefly, this involved normalization of each value within a sample against 231 

the geometric mean of all values within that sample, followed by log2-transformation of all values 232 

within the entire dataset. Missing values produced by the CLR transformation were replaced by a 233 
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constant (one-tenth of the smallest value in the entire matrix). This CLR-transformed data matrix 234 

containing imputed missing values was then used for statistical testing and calculation of 235 

expression ratios. Expression ratios of a protein between two sample types (Figure 1) were 236 

obtained by subtraction of corresponding CLR-transformed values. A Welch’s t-test with 237 

permutation-based false discovery rate (FDR) of 5% was applied to detect proteins that differed 238 

significantly between symbionts of the two host species. The Welch’s test was performed using 239 

default settings (sample groupings were preserved for technical replicates during randomizations, 240 

both sides, 250 randomizations, s0 parameter: 0). As we aimed to identify major differences 241 

between the two thiotrophic Bathymodiolus symbionts, the use of three biological replicates was 242 

adequate, as it enables the observation of large effect sizes with small variance in a statistically 243 

significant manner. By applying a permutation-based false discovery rate of 5%, our statistical 244 

testing procedure corrected for the multiple hypothesis testing problem inherent in testing a large 245 

number of gene expression differences. 246 

Statistical testing to determine putative symbiosis-specific proteins in B. thermophilus 247 

To identify symbiosis-relevant host and symbiont proteins within B. thermophilus, pairwise 248 

statistical comparisons of different sample types were performed using Perseus v. 1.5.6.1 249 

(Tyanova and Cox, 2018) with Welch’s t-test and a permutation-based FDR of 0.05 as previously 250 

described (Ponnudurai et al., 2016). For an overview of all pairwise comparisons see 251 

Supplementary Tables S2b,c. Symbiont proteins that are secreted into the gill bacteriocytes or 252 

interact extracellularly with the host are more likely to be detected in whole gill tissue than in 253 

enriched symbiont cell fractions. These symbiont proteins with higher abundance in gill tissue 254 

than in symbiont-enriched fractions were included in Group A (secreted symbiont proteins). To 255 

determine surface-associated symbiont proteins that may be involved in physical interactions or 256 

exchange of metabolites with the host, we created a second group (Group B, symbiont cell surface 257 

proteins). Group B included i) all symbiont proteins with higher abundance in the gill membrane 258 
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proteome than in the soluble proteome of symbiont-enriched fractions, and ii) all symbiont proteins 259 

more abundant in the gill membrane proteome than in the soluble gill proteome. To identify 260 

symbiosis-related host proteins, all host proteins expressed in higher abundance in symbiont-261 

containing samples (whole gill soluble proteome, whole gill membrane proteome, soluble 262 

proteome of symbiont-enriched fraction) than in symbiont-free foot tissue were included in Group 263 

C (“symbiosis-specific” host proteins). Finally, we considered host proteins that are potentially 264 

involved in direct physical interactions with the symbionts, and that are therefore more abundant 265 

in the symbiont-enriched fraction than in whole gill samples as Group D (symbiont-attached host 266 

proteins). Statistical analysis of significant differences and calculation of expression ratios was 267 

performed using CLR-transformed %OrgNSAF values and the same method as described above. 268 

Assignment of metabolic categories, prediction of protein properties and reconstruction of 269 

metabolic pathways 270 

Assignment of COG/KOG metabolic categories, PFAM and TIGRFAM for the identified proteins 271 

was done using the online protein annotation pipeline Prophane (http://www.prophane.de/) at 272 

default settings. Proteins without a Prophane hit were queried directly against the COG and the 273 

PFAM database as described in Ponnudurai et al. (2017). Annotations were further consolidated 274 

by blasting protein sequences against the NCBI (nr) and UniProt databases. Proteins that had 275 

sparse hits in NCBI or were “hypothetical” in function were searched for structural homology using 276 

the HHpred server for remote protein homology detection using Hidden-Markov Models (Soding 277 

et al., 2005). Transmembrane helices were predicted using the TMHMM Server v. 2.0 (Krogh et 278 

al., 2001). For prediction of signal peptides, the SignalP 4.1 Server (Petersen et al., 2011b), 279 

PECAS (Cortazar et al., 2015) and Phobius (Kall et al., 2007) were used. Non-classically secreted 280 

proteins were identified using the SecretomeP online server (Bendtsen et al., 2005; 281 

http://www.cbs.dtu.dk/services/SecretomeP/). The PsortB online server 282 

(http://www.psort.org/psortb/) was used to predict the subcellular localization of each symbiont 283 

http://www.prophane.de/
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protein (Yu et al., 2010). Functions of hypothetical proteins were inferred using structural 284 

homology searches, such as Phyre (Kelley et al., 2015), and based on their genomic context 285 

using the RAST SEED viewer 2.0 (http:// rast.nmpdr.org/, Aziz et al., 2008; Overbeek et al., 2014) 286 

and the Artemis genome visualization tool (Carver et al., 2012). Using our protein expression data 287 

and the available genome assemblies, metabolic pathways were reconstructed by referring to the 288 

KEGG and MetaCyc pathway databases (Caspi et al., 2016). 289 

Genome comparisons 290 

For an overview of all genomes used in our comparative genome analysis see Supplementary 291 

Table S1b. Genome sequences of four thiotrophic Bathymodiolus symbionts (B. thermophilus 292 

thioautotrophic gill symbiont strain BAT/CrabSpa’14, acc. no. MIQH01; B. azoricus 293 

thioautotrophic gill symbiont strains BazSymA and BazSymB, acc. nos. CDSC02 and CVUD02; 294 

endosymbiont of B. septemdierum strain Myojin Knoll, acc. no. AP013042), of two thiotrophic 295 

giant clam symbionts („Candidatus Ruthia magnifica“ strain Cm, acc. no. CP000488; „Candidatus 296 

Vesicomyosocius okutanii“ strain HA, acc. no. AP009247), and of two free-living relatives 297 

(„Candidatus Thioglobus autotrophicus“ strain EF1, acc. no. CP010552; „Candidatus Thioglobus 298 

singularis“ isolate GG2, acc. no. CP008725) were downloaded from GenBank. An additional 299 

genome sequence of a thiotrophic Bathymodiolus symbiont was obtained from IMG 300 

(Bathymodiolus sp. South MAR chemoautotrophic symbiont, IMG Taxon ID 2518645510). 301 

Several scripts from the bac-genomics-scripts toolbox (Leimbach, 2016) were used to create 302 

artificially concatenated files of incomplete genomes („cat_seq.pl“) for the BLASTN analysis 303 

(version 2.7.1+, „-task blastn -evalue 2e-10 -dust no“; Altschul et al., 1990; Camacho et al., 2009) 304 

and for finding regions of difference (RODs) between the genomes („blast_rod_finder.pl“). The 305 

ROD threshold („-m 2400“) was set slightly smaller than the average contig size (3,088,407 306 

bp/1,281 ≈ 2,410.93 bp). The results were then visualized with the BLAST Ring Image Generator 307 

(BRIG; Alikhan et al., 2011). 308 



Ponnudurai et al. “Comparative proteomics of related symbiotic mussel species” – Supplementary Online Material 
 
 

13 
 

Determination of attachment-related genes and CRISPR repeats in Bathymodiolus symbionts 309 

Nucleotide sequences of the thiotrophic symbionts from B. thermophilus, B. azoricus (BAZSymA 310 

and BAZSymB), B. septemdierum and Bathymodiolus sp. (see Supplementary Table S1b for 311 

details) were uploaded to the eggNOG mapper server at http://eggnogdb.embl.de/#/app/emapper 312 

(Huerta-Cepas et al., 2016) and run in DIAMOND mode using default settings. All symbiont 313 

sequences were scanned for conserved domains using rps-BLAST against the Conserved 314 

Domains Database (CDD; ftp://ftp.ncbi.nih.gov/pub/mmdb/cdd; e-value: 0.01; Marchler-Bauer et 315 

al., 2010). For B. thermophilus and B. azoricus symbiont sequences, the functional annotations 316 

obtained from Prophane (see above) were also included. Genes were considered attachment- or 317 

toxin-related, if at least one of the annotation pipelines predicted a respective function (based on 318 

a text search for the keywords “virulence”, “cadherin”, “adhesion”, “integrin”, “lectin”, “binding”, 319 

“toxin”, “RTX”, “Rhs”, “Ig-like”, and “TPR”) in any of the gene orthologs (see Supplementary Table 320 

S6a). All orthologs of the same gene in the other symbiont genomes were then automatically 321 

assigned the same function. CRISPR repeats in the B. thermophilus symbiont and the thiotrophic 322 

B. azoricus symbiont were identified by scanning the respective genomes using the CRISPRfinder 323 

tool (Grissa et al., 2007). 324 

Phylogenetic analysis of symbiont adhesins and integrins 325 

To reconstruct the phylogenies of integrin and adhesion genes, we used the sequences of the B. 326 

thermophilus thiotroph, which showed highest abundance on the protein level, as query to obtain 327 

related sequences from the Refseq protein data base (e.g. OJA03427 for adhesins and OIR23680 328 

for integrins). Sequences were aligned with MAFFT (Katoh et al., 2002). The alignment was 329 

masked to use only those positions that were present in at least 75% of the sequences using 330 

Geneious V9 (http://www.geneious.com; Kearse et al., 2012), which resulted in an alignment of 331 

1,037 amino acid positions for integrins and 3,604 amino acids for adhesins. Maximum-likelihood 332 

phylogenetic reconstructions were done with RAxML (Stamatakis, 2014) with bootstrap support 333 

http://eggnogdb.embl.de/#/app/emapper
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calculated from 100 replicates. The phylogenetic trees (Supplementary Figures S1a,b) were 334 

edited with iTOL (Letunic and Bork, 2016). 335 

Electron microscopy 336 

B. thermophilus gill tissue for electron microscopy was sampled during Atlantis cruise AT37-12 to 337 

the EPR in 2017. After recovery, the animals were stored at 4 °C in seawater before dissection 338 

(no longer than 4 h). Individual gill tissue sections were separately fixed in fixative containing 4% 339 

paraformaldehyde, 50 mM HEPES, 10% sucrose and 1% glutaraldehyde (GA, added directly 340 

before use) for 1-1.5 h at room temperature. Samples were then stored at 4 °C until further 341 

processing. Fixed samples were washed three times with washing buffer (100 mM cacodylate 342 

buffer [pH 7.0], 1 mM calcium chloride, 0.09 M sucrose) for 10 min each step and treated with 1% 343 

osmium tetroxide in washing buffer for 1 h at room temperature. After washing, samples were 344 

dehydrated in a graded series of ethanol (30%, 50%, 70%, 90%, and 100%) on ice for 30 min 345 

each step. Afterwards, the material was infiltrated with the acrylic resin LR White in a stepwise 346 

fashion as described by Hammerschmidt et al. (2005). Sections were cut with a diamond knife on 347 

an ultramicrotome (Reichert Ultracut, Leica UK Ltd, Milton Keynes, UK), stained with 4% aqueous 348 

uranyl acetate for 5 min and finally examined with a transmission electron microscope LEO 906 349 

(Carl Zeiss Microscopy GmbH, Oberkochen, Germany) at an acceleration voltage of 80 kV. All 350 

micrographs were edited using Adobe Photoshop CS6. 351 

 352 

 353 

 354 
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Supplementary Results and Discussion 355 

I. Total protein identifications and biomass contributions  356 

Our in-depth proteomic analyses of the thiotrophic B. thermophilus symbiosis from the East 357 

Pacific Rise (EPR) yielded a total of 3,474 protein identifications (thiotrophic symbiont: 1,523 358 

proteins, host: 1,951 proteins; Supplementary Table S2a). For the dual B. azoricus symbiosis 359 

from the Mid-Atlantic Ridge (MAR) we identified 4,572 proteins (thiotrophic symbiont: 1,154, 360 

methanotrophic symbiont: 441, host: 2,977; Supplementary Table S3; for an overview of protein 361 

identification numbers in all sample types analyzed in this study see Supplementary Table S1d). 362 

Based on these host and symbiont spectral identifications, we calculated the relative proportion 363 

of symbiont biomass in both hosts and found that B. thermophilus harbored a notably larger 364 

symbiont population than B. azoricus (see main text, Figure 2, Supplementary Table S8). 365 

Although a previous study estimated symbiont biomass per gram wet weight in B. azoricus gills 366 

to be similar to symbiont biomass in B. thermophilus (Martins et al., 2008), this is not necessarily 367 

in disagreement with our results, but could be attributed to dissimilar biomass assessment 368 

methods.  369 

II. Expression of carbonic anhydrase differs greatly between the two host species  370 

We detected the host enzyme carbonic anhydrase (CA) in approximately 100-fold higher 371 

abundance in B. azoricus samples compared to B. thermophilus samples (main text). In the 372 

absence of a dedicated B. thermophilus host genome sequence, all B. thermophilus host proteins 373 

had to be identified using B. azoricus host EST sequences. As eukaryotic CAs can be quite 374 

diverse (Le Roy et al., 2014), we cannot exclude the possibility that an unknown B. thermophilus-375 

specific CA may have escaped identification. It seems, however, unlikely that this could account 376 

for the enormous difference observed in CA abundances between B. azoricus and B. 377 

thermophilus, because 1) not just one, but all B. thermophilus CAs would have to be completely 378 
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different from those in B. azoricus. 2) Even if their overall sequences differ, proteins of the same 379 

function can be expected to share at least some of their peptides and can thus be identified, 380 

particularly if they are highly abundant. 3) Overall identification rates of B. thermophilus host 381 

proteins in our data set were not notably lower than those for B. azoricus. Therefore, database 382 

specificity seems to play a minor role in the observed differences in CA abundance. Instead, we 383 

suggest that in B. azoricus, CA could “trap” methanotroph-derived CO2 by conversion into the 384 

non-diffusible HCO3
-. This would create a concentrated but immobilized pool of CO2, which can 385 

be successively released for carbon fixation by the thiotrophic symbionts in B. azoricus (see main 386 

text). It remains to be elucidated in future studies how the trapped bicarbonate can be shuttled 387 

between the two symbionts in B. azoricus. CA abundance in B. azoricus and B. thermophilus 388 

might also be regulated in response to other factors, such as external CO2 concentrations, sulfide 389 

availability and symbiont carbon fixation rates (Scott, 2003; Scott and Cavanaugh, 2007). 390 

III. The provision of host intermediates may allow for symbiont population control 391 

In Bathymodiolus, the CO2 reservoir established by carbonic anhydrase (see main text and above) 392 

could not only fuel bacterial CO2 fixation, but may also support the generation of oxaloacetate by 393 

the host enzymes phosphoenolpyruvate carboxykinase and pyruvate carboxyltransferase 394 

(Supplementary Figure S2). Thiotrophic Bathymodiolus symbionts seem to lack the genetic 395 

potential to replenish their oxaloacetate pool autonomously (Ponnudurai et al., 2016, this study), 396 

and likely rely on their hosts to compensate for this deficiency. This may have important 397 

implications for the suggested cycling of amino acids between Bathymodiolus symbionts and 398 

hosts (Figure 3B, main text): The transamination of host glutamate in the symbiont requires the 399 

presence of oxaloacetate as the amino group donor in the symbiont cell. In light of the 400 

Bathymodiolus thiotrophs’ apparent inability to produce oxaloacetate, this suggests that the host 401 

needs to provide both, glutamate and oxaloacetate in order to receive amino acids from its 402 

symbiont. This would enable the host not only to directly control the symbiont’s amino acid 403 
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metabolism, but also to exert population control by supporting the symbiont with essential 404 

dicarboxylates. 405 

IV. Symbiont attachment-related proteins (ARPs) – genome comparison and phylogenetic 406 

analysis 407 

With 22, 3 and 10 ARP-encoding genes, the genomes of the B. azoricus, B. septemdierum and 408 

Bathymodiolus sp. thiotrophs, respectively, contain a much smaller attachment-related protein 409 

repertoire than the B. thermophilus symbiont genome (266 genes). Moreover, many of the B. 410 

thermophilus symbiont’s ARPs are encoded in genome regions, which have no homologs in any 411 

of the related Bathymodiolus symbiont genomes, nor in the genomes of two thiotrophic clam 412 

symbionts or two free-living thiotrophs (“regions of difference” = RODs in Supplementary Figure 413 

S5). This finding is supported by our phylogenetic analysis of two B. thermophilus symbiont ARPs, 414 

an FG-GAP domain-containing adhesin and an integrin (containing an integrin Alpha domain). 415 

Both, the integrin and the adhesin, showed very few homologs in related Bathymodiolus 416 

symbionts (Supplementary Figure S1). The B. thermophilus symbiont’s adhesins clustered almost 417 

exclusively with each other and the whole group displayed highest similarity to proteins of the 418 

free-living Chlorobium limicola and Aureimonas frigidaquae. Likewise, most B. thermophilus 419 

symbiont integrins showed highest similarity to each other, but not to integrins of related bacteria, 420 

suggesting that these genes are the result of multiple gene duplication events and may originally 421 

have been acquired by horizontal gene transfer. The most closely related proteins from other 422 

organisms were integrins of other Bathymodiolus thiotrophs and of free-living cyanobacteria and 423 

Rhodobacterales. 424 
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V. Possible functions of Bathymodiolus symbiont ARPs 425 

Attachment-related proteins were particularly abundant in the thiotrophic B. thermophilus 426 

symbiont, and may have several possible functions, which are discussed below (see also main 427 

text).  428 

a) Colonization of host tissue 429 

In the gill filaments of adult Bathymodiolus mussels, new symbionts are constantly taken up into 430 

growing, uncolonized tissue (Won et al., 2003; Wentrup et al., 2014). However, although the gill 431 

tissues analyzed in our study included actively growing regions, it seems questionable whether 432 

the entire ARP abundance we observed could solely be attributed to symbiont colonization of 433 

these very small host tissue areas. Also, this would not explain the immense differences we 434 

observed in symbiont ARP abundance between B. thermophilus and B. azoricus. More likely, 435 

ARPs may perform additional essential functions in colonized gill tissue.  436 

b) Nutrient transfer 437 

We detected a multitude of digestive host proteins, i.e. proteases, peptidases, and carbohydrate 438 

degradation enzymes in both Bathymodiolus hosts (Supplementary Table S6b and c). In B. 439 

thermophilus, total abundance of these digestive host proteins was substantially higher in gill 440 

samples compared to symbiont-free foot samples, indicating that these proteins may be involved 441 

in digestion of symbionts or symbiont-derived nutrients (see Supplementary Figure S3 for a TEM 442 

image of symbiont digestion). In B. azoricus, on the other hand, total digestive protein abundance 443 

was only slightly higher in gill tissue, compared to foot tissue, which may indicate that many of 444 

these proteins are not specifically involved in digestion of symbiont-derived substrates. This is in 445 

accordance with the assumption that B. thermophilus may rely relatively more on its symbionts 446 

for nutrition, while B. azoricus may retrieve a larger part of its diet from filter-feeding (see main 447 

text). It might be speculated that highly abundant B. thermophilus symbiont ARPs present a 448 
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proteinaceous substrate that is secreted by the symbiont and digested by the host. However, as 449 

total abundances of protein degradation-specific host proteins were almost equal in B. 450 

thermophilus (2.46 %OrgNSAF) and B. azoricus gills (2.41 %OrgNSAF), this hypothesis will 451 

require further investigations. 452 

c) Protection from phages or from host immunity and apoptosis 453 

We detected various phage defense-related proteins and mobile genetic elements of the 454 

CRISPR-Cas and restriction-modification (R-M) systems in the Bathymodiolus thiotrophs 455 

(Supplementary Table S7, Supplementary Figure S4), implying that exposure to phages is 456 

common in these symbioses. Phages are abundant in diffuse-flow vent fluids (Ortmann and 457 

Suttle, 2005) and phage infections can easily be detrimental to the entire symbiont population in 458 

a bacterial “monoculture” such as the Bathymodiolus symbiosis. Considering that many of the 459 

symbiont ARPs (9 %OrgNSAF in B. thermophilus gill tissue, Supplementary Table S6b) contain 460 

domains that have been implicated in virus interactions (Ig-like, fibronectin Type 3, 461 

immunoglobulin superfamily and C-type lectins Fraser et al., 2006; Barr et al., 2013), a putative 462 

extracellular ARP matrix may therefore function as a barrier that prevents phage intrusion. 463 

Supporting this idea of a protective proteinaceous biofilm, Ig-like proteins, adhesins and other 464 

attachment-related proteins have been associated to biofilm formation in pathogens (De Gregorio 465 

et al., 2015; Fong and Yildiz, 2015). 466 

ARPs in thiotrophic Bathymodiolus symbionts may furthermore play a yet to be determined role 467 

in assisting the bacteria to evade host immune cells, apoptotic factors or digestion by 468 

phagocytosis (Supplementary Figure S3), enabling the symbionts to stably persist within the host 469 

tissue. We identified various immune-related host proteins (carbohydrate-binding proteins, 470 

lectins, and immunoglobulins), and apoptotic factors (mostly caspases, Supplementary Table S6b 471 

and c). Many of them were enriched in symbiont-containing tissue compared to foot tissue, 472 

indicating that these host immunity proteins are involved in interactions with (or against) the 473 
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symbionts. The Bathymodiolus innate immune system is known to exhibit phagocytic activities 474 

(Bettencourt et al., 2010; Martins et al., 2014; Tame et al., 2015), and apoptotic factors were 475 

supposed to play crucial roles in inducing symbiont death in a putative host-induced symbiont 476 

population control mechanism (Guezi et al., 2013; Wong et al., 2015; Sun et al., 2017; Zheng et 477 

al., 2017; Piquet et al., 2019). The symbionts may therefore have developed strategies to 478 

counteract or avoid this potential threat. In pathogens, ARPs were shown to interact with 479 

phagocytes of infected host cells, enabling the bacteria to circumvent the host’s innate immune 480 

response (Baorto et al., 1997; Pizarro-Cerdá and Cossart, 2006). In the squid symbiont Vibrio 481 

fischeri, a hitherto unknown signal that is secreted through an outer membrane porin prevents 482 

adhesion of symbionts to host hemocytes, thus allowing the bacteria to escape phagocytosis 483 

(Nyholm et al., 2009). The B. thermophilus symbiont ARPs might have a similar signal function. 484 

As previously suggested for toxin-like proteins in Bathymodiolus symbionts (Sayavedra et al., 485 

2015), ARPs in Bathymodiolus thiotrophs may thus represent “tamed”, beneficial versions of their 486 

pathogenic counterparts that play crucial roles in host-microbe interactions. 487 

We hypothesize that Bathymodiolus symbionts may secrete ARPs through their outer membrane-488 

associated porins (Omps), which show high structural homology to the above mentioned V. 489 

fischeri porin OmpU (Omp1: 98.5% structural homology, 15% sequence similarity; Omp2: 97.5% 490 

structural homology, 14% sequence similarity). Omp1 and Omp2 were furthermore extraordinarily 491 

abundant in the B. thermophilus symbiont (compared to the B. azoricus thiotroph, Figure 1), 492 

possibly because the high abundance of ARP effector proteins in this symbiont necessitates high 493 

abundance of pores for ARP secretion. 494 

Further in-depth studies will be required to test these hypotheses. These follow-up studies could 495 

include heterologous overexpression of individual ARPs, which would provide the basis for 496 

functional assays, as well as for structural biological analyses, which may identify specific 497 

functional domains. Moreover, purified enrichments of these heterologously expressed proteins 498 
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could be tested for their ability to form complexes with host proteins (e.g. in host tissue 499 

homogenate) in pull-down assays, and specific antibodies raised against selected regions of 500 

heterologously expressed ARPs could allow localization of these proteins in host tissue or even 501 

in individual host cell compartments using electron microscopy. 502 
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