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SUMMARY 21 

Sponges are important components of marine benthic environments and are associated 22 

with microbial symbionts that carry out ecologically relevant functions. Stylissa carteri is an 23 

abundant, low-microbial abundance (LMA) species in the Red Sea. We aimed to achieve the 24 

functional and taxonomic characterization of the most actively expressed prokaryotic genes in 25 

S. carteri. Prokaryotic mRNA was enriched from sponge total RNA, sequenced using 26 

Illumina HiSeq technology, and annotated using the MG-RAST pipeline. We detected high 27 

expression of archaeal ammonia oxidation and photosynthetic carbon fixation by members of 28 

the genus Synechococcus. Functions related to stress response and membrane transporters 29 

were among the most highly expressed by S. carteri symbionts. Unexpectedly, gene functions 30 

related to methylotrophy were highly expressed by gammaproteobacterial symbionts. The 31 

presence of seawater-derived microbes is indicated by the phylogenetic proximity of organic 32 

carbon transporters to orthologs of members from the SAR11 clade. In summary, we revealed 33 

the most expressed functions of the S. carteri-associated microbial community and linked 34 

them to the dominant taxonomic members of the microbiome. This work demonstrates the 35 

applicability of metatranscriptomics to explore poorly characterized symbiotic consortia and 36 

expands our knowledge of the ecologically relevant functions carried out by coral reef sponge 37 

symbionts.  38 
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Introduction 39 

 40 

The use of “omics” to investigate gene expression at RNA and at protein level, 41 

respectively metatranscriptomics and metaproteomics, has significantly increased our 42 

understanding of microbial community functions in various habitats, including seawater 43 

(Frias-Lopez et al., 2008; Teeling et al., 2012), soil (Leininger et al., 2006; Urich et al., 2008), 44 

marine invertebrates (Kleiner et al., 2012; Liu et al., 2012; Radax et al., 2012b; Sanders et al., 45 

2013), and the human gut (Verberkmoes et al., 2009; Gosalbes et al., 2011). In comparison 46 

with proteomics, the RNA-based work has the advantage of using high-throughput 47 

sequencing technologies and it is less technically challenging with respect to molecule 48 

extraction, separation, and function identification (Moran, 2009). Because the mRNA 49 

represents a small portion of the total RNA, a common strategy is to physically remove the 50 

rRNA fraction prior to sequencing and to removing annotated rRNA reads from sequence 51 

data (Poretsky et al., 2009; Stewart et al., 2010; Stewart, 2013). 52 

Sponges (phylum Porifera) are important components of marine benthic ecosystems 53 

and play important roles in reef consolidation as well as coupling of benthic and pelagic 54 

environments. The latter is largely due to their immense filter-feeding capacities and 55 

consequent impacts upon coastal food webs and biogeochemical cycles (Bell, 2008; de Goeij 56 

et al., 2013). Many sponges harbor a great diversity of symbiotic microorganisms from the 57 

three domains of life, i.e. Archaea, Bacteria, and Eukaryota, within their mesohyl tissues. To 58 

date, representatives from more than 28 bacterial phyla (including candidate phyla such as 59 

Poribacteria) and two archaeal lineages were identified from marine sponges (Hentschel et al., 60 

2012; Schmitt et al., 2012; Simister et al., 2012b). The sponge-associated microbial 61 
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communities are enriched in specific lineages (Webster et al., 2010), which have been termed 62 

“sponge-specific” (Hentschel et al., 2002) or more recently “sponge-enriched” (Moitinho-63 

Silva et al., 2014), and which are rare in non-sponge environments (Taylor et al., 2013). The 64 

vast majority of sponge-associated microbes remains uncultivated and is thus functionally 65 

largely uncharacterized (Taylor et al. 2007).  66 

There is increasing evidence that some of the functional roles of sponges in benthic 67 

environments are carried out by the associated microorganisms, as inferred from the detection 68 

of metabolic processes related to carbon, nitrogen, and sulfur; and the apparent production of 69 

chemical defenses by these microbes (Taylor et al., 2007; Hentschel et al., 2012; Wilson et 70 

al., 2014). Most of these metabolic capabilities were investigated by detecting functional 71 

genes and/or by measuring the substrates and the products of key enzymatic reactions. Few 72 

studies verified whether these functional genes were actually expressed in situ, either by 73 

assessing the expression levels of mRNA (Mohamed et al., 2008; Radax et al., 2012a; Radax 74 

et al., 2012b) or by detecting the encoded proteins (Liu et al., 2012). Only two reports so far 75 

employed metaproteomic or metatranscriptomic approaches to characterize the expressed 76 

gene repertoire of the whole sponge-associated microbial community without prior targeting 77 

of a given pathway (Liu et al., 2012; Radax et al., 2012b).  78 

This study aimed to characterize the functional gene repertoire that was expressed in 79 

situ by the microbial consortium associated with the Red Sea sponge Stylissa carteri. The Red 80 

Sea is a unique ecosystem that is characterized by very high salinities and high temperatures 81 

(Ngugi et al., 2012). The sponge S. carteri was chosen because its microbiome is already well 82 

characterized based on 16S rRNA gene clone library and amplicon sequencing (Lee et al., 83 

2011; Giles et al., 2013; Moitinho-Silva et al., 2014). In spite of a large number of bacterial 84 

and archaeal ribo-types recovered from S. carteri individuals (Lee et al., 2011), the 85 
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community was dominated by only a few lineages (Giles et al., 2013; Moitinho-Silva et al., 86 

2014). These lineages were transcriptionally active in situ, as inferred from the analysis of 87 

16S rRNA transcripts, and belonged mainly to the Gammaproteobacteria and to the genera 88 

Synechococcus and Nitrospira (Moitinho-Silva et al., 2014). The present study aimed to 89 

explore the dominant, actively transcribed prokaryotic functions within S. carteri. A protocol 90 

to enrich prokaryotic mRNA from total sponge RNA was developed towards this goal. The 91 

microbial community mRNA was sequenced using Illumina HiSeq technology, annotated 92 

using the MG-RAST pipeline (Meyer et al., 2008), and bioinformatically analyzed with 93 

respect to taxonomy and function. The results presented here expand our knowledge of the 94 

functional roles of microorganisms in sponges, with possible implications for reef ecology.  95 

 96 

 97 

Results 98 

 99 

Metatranscriptome annotation 100 

  101 

Approximately 132.78 million paired-end Illumina reads from three S. carteri 102 

metatranscriptomes (mean of 44.26 ± 3.75 million reads per sample) were submitted to the 103 

MG-RAST pipeline (Table 1). The number of reads was reduced to a mean of 11.16 ± 1.53 104 

million reads per biological replicate after quality control steps (Table 1). From these quality-105 

controlled sequences, a mean of 5.94 ± 0.87 million predicted transcriptional features 106 

(corresponding to protein features in MG-RAST) and a mean of 2.95 ± 0.36 million rRNA 107 
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features were obtained per replicate sample. This process resulted in a mean of 1,001,730 ± 108 

230,368 transcriptional features identified per replicate. After a series of feature selections 109 

based on taxonomic classifications (see Experimental procedures and Table 1 for details), 110 

prokaryotic transcriptional features were functionally annotated based on SEED subsystems, 111 

resulting in a mean of 121,732 ± 26,208 per biological replicate. In order to assess the 112 

dissimilarity between biological replicates, the functional profiles of the three S. carteri 113 

metatranscriptomes were compared based on annotated prokaryotic transcriptional feature 114 

counts rarefied to the minimal number of features identified in a given replicate, this being 115 

92,630 for sample 3. Accordingly, low variation was observed between replicates as inferred 116 

by low Bray-Curtis index values (0.12 ± 0.016). 117 

According to MG-RAST-based LCA classification of the S. carteri 118 

metatranscriptomes, 66.5 ± 1.4% of the functionally annotated prokaryotic transcriptional 119 

features were assigned to Bacteria, 4.6 ± 1.3% were assigned to Archaea, 28.9 ± 1.1% were 120 

considered as unidentified prokaryotic and 1.9 x 10
-4

 ± 4.7 x 10
-5

 were assigned as 121 

“unclassified sequences” (Figure 1). At phylum level, the majority of the features were 122 

assigned to Proteobacteria (36.2 ± 0.73%). Most of the proteobacterial transcriptional features 123 

were classified as Gammaproteobacteria (9.1 ± 0.69%), Alphaproteobacteria (8.7 ± 0.26%) 124 

and Betaproteobacteria (1.6 ± 0.25%). Approximately half of the proteobacterial 125 

transcriptional features could not be assigned to a given class (16.5 ± 0.20%). Other abundant 126 

bacterial phyla in S. carteri metatranscriptomes were Cyanobacteria (8.5 ± 2.04%) and 127 

Bacteroidetes (3.1 ± 0.30%). A large proportion of the transcriptional features were assigned 128 

to Bacteria only at the domain level (16.5 ± 0.39%). Among the archaea, the Thaumarchaeota 129 

displayed most assigned prokaryotic transcriptional features (3.3 ± 0.72%). The remaining 130 

features were scattered among various prokaryotic phyla that individually represented less 131 
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than 1.5% of the total prokaryotic features (See Supplementary Table 1 for a complete list of 132 

taxonomic assignments at phylum and class level for each biological replicate). 133 

 134 

Taxonomic assignment of expressed gene functions 135 

 136 

A total of 4,111 gene functions were identified in S. carteri metatranscriptomes, which 137 

were classified into 28 categories (Figure 2A). The most abundant categories were in the 138 

order identified: Clustering-based subsystems (17.2% of annotated prokaryotic transcriptional 139 

features), Carbohydrates (14.8%), and Amino acids and derivatives (12.2%). The most 140 

abundant subcategories (Figure 2B) were in the order identified: protein biosynthesis (5.8%), 141 

central carbohydrate metabolism (5.6%), and electron transport/ photophosphorylation 142 

(3.3%). 143 

The top 100 most abundant gene functions (representing 38.7 ± 1.9% of annotated 144 

prokaryotic transcriptional features) were analyzed considering the taxonomic affiliation of 145 

the assigned transcriptional features. The most expressed gene functions of S. carteri 146 

metatranscriptiomes were: fap unknown function protein (1.32%), bacterial proteasome-147 

activating AAA-ATPase (PAN) (1.06%) and ammonia monooxygenase (0.96%) (Table 2, 148 

Figure 3A). For some gene functions, the taxonomic affiliation of most of the features 149 

remained unresolved at the domain level. These functions were ribulose bisphosphate 150 

carboxylase large chain (Figure 3B, index 22), ribokinase (index 25), branched-chain amino 151 

acid ABC transporter, amino acid-binding protein (index 58), 5-carboxymethyl-2-152 

hydroxymuconate delta-isomerase (index 65) and photosynthesis-related genes (indexes 75-153 

78), respiration (indexes 88, 90-92), as well as clustering-based subsystems (index 45). 154 
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Most of the highly expressed gene functions were assigned to Bacteria (Figure 3B, 155 

Supplementary Table 2). Archaea were responsible for only few, but highly expressed 156 

functions in the S. carteri metatranscriptomes (see Figure 3B), which were related to 157 

membrane transport of proteins (see Figure 3B, category 10), such as fap unknown function 158 

protein (Figure 3B, index 62) and type III secretion protein HrpG (index 61). However, 159 

further inspection of the HrpG nucleotide consensus sequence revealed that the transcripts 160 

were likely misannotated and represents rather an uncharacterized archaeal protein. Active 161 

archaeal ammonia oxidation was indicated by the high expression of archaeal ammonia 162 

monooxygenase (index 64) and copper-containing nitrite reductase (figure index 68). 163 

Additionally, the heat shock protein 60 family chaperone GroEL (index 72), ferredoxin (index 164 

51), and the probable iron binding protein from the HesB_IscA_SufA family (index 39) were 165 

highly expressed by the archaeal population. More specifically, all these functions were 166 

assigned to the phylum Thaumarchaeota, with exception of ammonia monooxygenase of 167 

which assignment was only until the domain level (see Figure 3C). 168 

The top expressed gene functions assigned to bacteria were inspected at phylum level, 169 

where Proteobacteria was the most prominent phylum (Figure 3C). Most of the highly 170 

transcribed proteobacterial gene functions were related to carbon metabolism and transport. 171 

Proteobacterial gene functions related to single-carbon (C1) metabolism were particularly 172 

highly transcribed, as indicated by the expression of proteobacterial formate dehydrogenase-173 

O, major subunit (Figure 3C, index 52) and methanol dehydrogenase large subunit protein 174 

(index 94). Other carbohydrate related gene functions highly expressed by Proteobacteria 175 

included ferredoxin-like protein FixX (index 23). Furthermore, periplasmatic transporters of 176 

low molecular weight carbon compounds were highly expressed by Proteobacteria in S. 177 

carteri metatranscriptomes, including Acetate permease ActP (cation/acetate symporter) 178 
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(index 18), TRAP-type C4-dicarboxylate transport system components (indexes 47 and 48) 179 

and glycerol-3-phosphate ABC transporter components (indexes 28 and 29). Other highly 180 

expressed, transport-related functions included the putative TEGT family carrier/transport 181 

protein (index 46), the various polyols ABC transporter/ periplasmic substrate-binding protein 182 

(index 99), the high-affinity leucine-specific transport system/ periplasmic binding protein 183 

LivK (index 59), and ABC transporter/ periplasmic spermidine putrescine-binding protein 184 

PotD (index 2). The proteobacterial glutamate synthase [NADPH] large chain (index 8) and 185 

glutamine synthetase type I (index 9 were detected among the highly expressed S. carteri 186 

bacterial gene functions related to amino acids metabolism (see Figure 3C, category 1).  187 

Proteobacterial gene functions related to stress were among the top expressed 188 

functions in S. carteri metatranscriptomes. These included rubrerythrin (index 100) and 189 

components of chaperone systems, such as the chaperone protein DnaK (index 88), the heat 190 

shock protein 60 family co-chaperone GroES (index 87), and the chaperone auxiliary protease 191 

ClpB protein (index 50). Gene functions related to intracellular degradation, including the 192 

ATP-dependent Clp protease ATP-binding subunit ClpA (index 37) and the bacterial 193 

proteasome-activating AAA-ATPase (PAN) (index 45), were also highly transcribed by 194 

Proteobacteria. Lastly, other gene functions expressed by proteobacterial populations were 195 

abundant in S. carteri metatranscriptomes, including gamma-carotene hydroxylase (index 56), 196 

DNA-directed RNA polymerase b subunit (indexes 96 and 97), fap unknown function protein 197 

(index 62), and translation elongation factor G (index 83). 198 

The phylum Cyanobacteria was second with respect to the top expressed bacterial 199 

gene functions in the S. carteri metatranscriptomes. The highly expressed cyanobacterial gene 200 

functions (Figure 3C) were related to (i) photosynthesis, such as components of the 201 

photosystem II (indexes 75-76), photosystem I (indexes 77-78), phycobilisome (79-81), and 202 
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ATP synthase chains (indexes 89 to 91); and (ii) CO2 fixation, including transketolase (index 203 

21) and ribulose bisphosphate carboxylase large chain (index 22). The highest expressed 204 

photosynthetic functions were the alpha and beta chains of phycoerythrin (indexes 80 and 81). 205 

Other highly expressed cyanobacterial functions in S. carteri included ferredoxin (index 51), 206 

thioredoxin (index 67), the fap unknown function protein (index 62), SSU ribosomal protein 207 

S1p (index 40), the translation elongation factor G (index 83), the bacterial proteasome-208 

activating AAA-ATPase (PAN) (index 45), DNA-directed RNA polymerase beta subunit 209 

(index 96), and polyribonucleotide nucleotidyltransferase (index 35). 210 

With respect to the Bacteroidetes, the most prominent gene functions included: 211 

translation elongation factor G (Figure 3C, index 83), DNA-directed RNA polymerase 212 

subunits (indexes 96 and 97), bacterial proteasome-activating AAA-ATPase (PAN), (index 213 

45), and TonB-dependent receptor (index 57). A single gene function was highly expressed 214 

by Actinobacteria, the DNA gyrase subunit A (index 42). While the DNA gyrase subunit B 215 

was among the one hundred most transcribed functions in S. carteri metatranscriptomes, most 216 

of the transcriptional features were classified to Proteobacteria (index 43) rather than 217 

Actinobacteria. There is no clear explanation why some genes are co-expressed 218 

(phycoerythrin subunits (indices 80, 81); photosystem I subunits (77, 78) and others are not 219 

(42,43). The gene functions from other prokaryotic phyla contributed individually < 0.02% to 220 

the top annotated functions. 221 

 222 

Phylogenetic analysis of highly expressed key gene functions 223 

 224 
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To obtain better phylogenetic resolution on the taxonomic assignments, the expressed 225 

gene functions that were among the most highly expressed and recognized indicator enzymes 226 

of primary metabolism were selected for each of the three most abundant community 227 

members (Archaea, Proteobacteria, and Cyanobacteria). These selected gene functions were 228 

related to archaeal nitrogen metabolism (ammonia monooxygenase and copper-containing 229 

nitrite reductase), proteobacterial carbon transport (acetate permease ActP and TRAP-type 230 

C4-dicarboxylate transport system, periplasmic component) and C1 metabolism (formate 231 

dehydrogenase-O, major subunit and methanol dehydrogenase large subunit protein), and 232 

cyanobacterial photosynthesis (the alpha and beta chains of phycoerythrin). For each gene 233 

function, the representative sequence was retrieved from the consensus nucleotide sequence 234 

of the assembly with the greatest number of reads (Table 3). The proportion of reads 235 

assembled into a given representative sequence in relation to the total reads of the given gene 236 

function varied, ranging from 0.88 to 0.05, in the case of ammonia monooxygenase and 237 

TRAP-type C4-dicarboxylate transport system, periplasmic component, respectively. While 238 

in the first case, the majority of sequences were highly conserved and apparently affiliated 239 

with one organism, in the latter case, there appeared to be a higher diversity of transcripts. 240 

Furthermore, the mean identity of the assembled sequences to the respective consensus 241 

sequence was high (> 96.3%), indicating good agreement between the consensus sequences 242 

and reads (Table 3). 243 

The representative sequence of each selected gene function was used for phylogenetic 244 

analysis. Overall, the taxonomic assignments of these gene functions were confirmed up to 245 

genus level by this approach (Figure 4), where the representative sequences were 246 

phylogenetically related to orthologs from Archaea, from Proteobacteria, and from 247 

Cyanobacteria. The representative sequences of ammonia monooxygenase (Figure 4A) and 248 
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copper-containing nitrite reductase (Figure 4B) were placed in well supported clades 249 

containing sequences from Crenarchaeota and Thaumarchaeota, but the placement into any 250 

specific phylum was not supported. The representative sequences of carbon transporters 251 

(Figure 4C-D) were closely related to alphaproteobacterial sequences, falling into a well-252 

supported clade that included sequences from the alphaproteobacterial genus Pelagibacter 253 

and uncultured alphaproteobacteria. The representative sequences related to C1 metabolism, 254 

particularly the formate dehydrogenase-O, major subunit (Figure 4E), were closely related to 255 

orthologs from Gammaproteobacteria. The representative sequence of methanol 256 

dehydrogenase large subunit protein (Figure 4F) was closely related to an ortholog from the 257 

Gammaproteobacterium Thiorhodococcus drewsii and fell into a major clade that contained 258 

gammaproteobacterial orthologs as well as a well-supported internal cluster of 259 

betaproteobacterial orthologs. Finally, both cyanobacterial phycoerythrin subunits were more 260 

similar to orthologs from the genus Synechococcus than to other cyanobacterial orthologs 261 

(Figure 4G-H). 262 

 263 

Discussion 264 

 265 

Omics-based approaches have been very successful in revealing important insights 266 

into the functional basis of the sponge-microbe association, including primary (Radax et al., 267 

2012b; Kamke et al., 2013) and secondary microbial metabolism (Wilson et al., 2014), as well 268 

as into putative mechanisms at the physical sponge-symbiont interphase (Thomas et al., 2010; 269 

Nguyen et al., 2013). In the present study, we analyzed the functional and taxonomic 270 

classification of prokaryotic transcribed genes derived from the Red Sea sponge S. carteri. 271 
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The most abundant transcripts were related to recycling of metabolites, such as ammonia and 272 

CO2, originating from the host sponge. Our findings expand the current knowledge of relevant 273 

functions of the sponge microbiome by revealing known (i.e. archaeal ammonia oxidation, 274 

cyanobacterial carbon fixation, stress-related functions) and novel (i.e. methylotrophy) 275 

functions of tropical reef sponge symbionts. 276 

S. carteri is a low-microbial abundance (LMA) sponge (Giles et al. 2013), whose 277 

microbiome is rich but uneven, in the sense that a high number of ribotypes was identified of 278 

which only few were abundant (Lee et al., 2011; Moitinho-Silva et al., 2014). The LMA 279 

sponges represent less complex models for the study of microbial function in comparison to 280 

the high-microbial abundance (HMA) sponges, which contain dense and diverse microbial 281 

communities (Weisz et al., 2007; Kamke et al., 2010; Schläppy et al., 2010; Ribes et al., 2012; 282 

Schmitt et al., 2012; Giles et al., 2013). On the other hand, the study of LMA microbiomes 283 

can be challenging due to the difficulties in obtaining sufficient microbial biomass. For 284 

example, only 6% of the volume of the LMA sponge Dysidea avara was occupied by 285 

microbes (Ribes et al., 2012). Our strategy for enrichment of prokaryotic mRNA consisted of 286 

subtracting eukaryotic mRNA and rRNA from total host-symbiont RNA, which allowed us to 287 

produce metatranscriptomes that were enriched in prokaryotic functional gene transcripts. 288 

This strategy is similar to the protocol from (Hampton-Marcell et al., 2013), and it should be 289 

applicable for the isolation of any host-associated microbial metatranscriptomes. Furthermore, 290 

the isolated eukaryotic mRNA would be suitable for sequencing, making it possible to obtain 291 

complementary host and symbiont transcriptome pairs. 292 

At higher taxonomic levels, the composition of the S. carteri metatranscriptomes was 293 

in good agreement with previous data based on 16S rRNA gene sequencing in that it showed 294 

a dominance of Proteobacteria as well as an abundance of Cyanobacteria, Bacteroidetes, 295 
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Nitrospirae, Actinobacteria (Lee et al., 2011; Giles et al., 2013; Moitinho-Silva et al., 2014), 296 

and Crenarchaeota (Lee et al., 2011), which were recently renamed to Thaumarchaota 297 

(Brochier-Armanet et al., 2008). Of these, only Nitrospirae transcripts were present at rare 298 

abundances in the S. carteri metatranscriptomes. While Gammaproteobacteria is the most 299 

prominent proteobacterial class in the S. carteri microbiome by 16S rRNA amplicon 300 

sequencing (Lee et al., 2011; Giles et al., 2013; Moitinho-Silva et al., 2014), the analysis of 301 

the metatranscriptomes resulted in similar proportions of Alphaproteobacteria and 302 

Gammaproteobacteria, each representing ~9% of the transcriptional features. These 303 

percentages should however not be overinterpreted as about half of the proteobacterial reads 304 

could not be placed into a given class (Fig. 1). Furthermore, approximately 40% of the 305 

putative prokaryotic transcriptional features were functionally annotated (Table 1). The partial 306 

identification and shallow depth of the taxonomic assignment was previously observed in the 307 

Geodia barretti metatranscriptome (Radax et al., 2012b). This is likely a consequence of the 308 

lack of reference genomes and limited sequence length, where greater lengths are expected to 309 

provide better taxonomic resolution (Huson et al., 2007). 310 

   311 

Ammonia oxidation 312 

 313 

Nitrogen metabolism is a major theme in sponge microbiology (Taylor et al., 2007). 314 

Ammonia is a common metabolic waste of marine invertebrates (Wang and Douglas, 1998; 315 

Davy et al., 2002) and serves as a source of nutrients and energy to sponge symbionts. 316 

Accordingly, archaeal ammonia monooxygenase was among the most highly expressed 317 

features in the S. carteri metatranscriptomes. These results are in agreement with previous 318 
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findings that archaea dominate the expression of ammonia monooxygenase in different 319 

environments, including soil (Leininger et al., 2006), seawater (Shi et al., 2011), and cold 320 

water marine sponges (Radax et al., 2012a; Radax et al., 2012b). The archaeal population of 321 

S. carteri further highly expressed copper-containing nitrite reductase, similar to what has 322 

been observed in G. barretti where a homologous enzyme was found to be highly transcribed 323 

(Radax et al., 2012b). The expression of these genes is in good agreement with the proposed 324 

pathway for ammonia oxidation in archaea (Stahl and de la Torre, 2012), where the reduction 325 

of nitrite by a copper-dependent nitrite reductase produces NO serves as electron source for 326 

the ammonia monooxygenase. Therefore, archaeal ammonia oxidation in S. carteri appears 327 

most likely, although the inference of this reaction based solely on the ammonia 328 

monooxygenase gene homology and expression may not necessarily be correct (Mussmann et 329 

al., 2011; Sayavedra-Soto et al., 2011). 330 

In marine sponges, archaeal ammonia oxidation is commonly reported in association 331 

with bacterial nitrite oxidation, in a process known as nitrification (Diaz and Ward, 1997; 332 

Jiménez and Ribes, 2007; Bayer et al., 2008; Schläppy et al., 2010). Members of the 333 

Nitrospira, a genus from the nitrite-oxidizing bacterial phylum Nitrospirae, were previously 334 

reported to be abundant, enriched, and transcriptionally active in S. carteri (Moitinho-Silva et 335 

al., 2014). However, only a minor portion of the prokaryotic transcriptional features were 336 

assigned to Nitrospirae (< 0.03; Supplementary Table 1) in this study. Interestingly, low 337 

abundances of Nitrospirae transcripts were also observed in sludge microbial communities 338 

where Nitrospirae genes were abundant (Yu and Zhang, 2012). While the low contribution of 339 

Nitrospirae to the S. carteri metatranscriptiome may indicate low in situ activity, it may also 340 

reflect the overall transcriptional capacity of this particular phylum. Alternatively, if the 341 
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proteins or mRNAs are very stable in Nitrospirae, a low transcriptional level may be 342 

observed. 343 

 344 

Methylotrophy  345 

 346 

The high expression of formate dehydrogenase-O and methanol dehydrogenase 347 

subunits in the S. carteri metatranscriptomes indicates the capability of S. carteri symbionts 348 

for methylotrophy, which is defined as the ability to acquire energy through the oxidation of 349 

reduced C1 compounds (Chistoserdova et al., 2009). Phylogenetic analyses placed the 350 

formate dehydrogenase-O, major subunit and methanol dehydrogenase large subunit protein 351 

transcripts close to gammaproteobacterial orthologs, members of which have been previously 352 

identified as symbionts of S. carteri (Lee et al., 2011; Giles et al., 2013; Moitinho-Silva et al., 353 

2014). The encoded enzymes oxidize formate and methanol and carry out important reactions 354 

of methylotrophic metabolism (Anthony, 2004; Chistoserdova et al., 2007; Chistoserdova et 355 

al., 2009). Accordingly, the high expression of the decarboxylase and methylmalonyl-CoA 356 

mutase in S. carteri metatranscriptomes (Figure 3, indexes 26 and 27), that are classified in 357 

the C1 assimilatory serine-glyoxylate cycle (Supplementary Table 2), provides strong 358 

evidence for methylotrophic metabolism of the S. carteri symbionts. Hence, with the 359 

exception of formaldehyde metabolism genes which were identified at low percentage (< 0.2 360 

%) (Supplementary Figure 1), the components of all methylotrophy-related modules 361 

(Chistoserdova, 2011) were present among the most transcribed functions of the S. carteri 362 

metatranscriptomes. To date, the association between sponges and methylotrophic bacteria 363 

was only described for deep-sea carnivorous sponges (Vacelet et al., 1995; Vacelet and 364 
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Boury-Esnault, 2002). Our results provide the first evidence of C1 oxidizing symbionts in 365 

sponges from a tropical reef. If experimentally confirmed, this novel finding would expand 366 

our understanding of the sponge-microbial symbionts, which may have implications for 367 

carbon fluxes in the reef ecosystem.  368 

 369 

Membrane Transporters 370 

 371 

The gene functions related to transporter systems of low molecular weight compounds 372 

were highly expressed by the proteobacterial population in S. carteri. These genes were 373 

previously found to be overrepresented in the metagenome of the sponge Cymbastela 374 

concentrica (Thomas et al., 2010), and the related proteins were observed in high abundance 375 

in the C. concentrica metaproteome, including the LivK from high-affinity leucine-specific 376 

transport system and the glycerol-3-P ABC-type transporter UgpB (Liu et al., 2012). The high 377 

expression of genes encoding for transporter systems supports the importance of nutrient 378 

uptake by sponge symbionts. Indeed, an efficient uptake of dissolved organic matter has been 379 

demonstrated in sponges (Reiswig, 1974; Yahel et al., 2003; Weisz et al., 2007; Ribes et al., 380 

2012; de Goeij et al., 2013). 381 

 382 

Environmental stress 383 

 384 

Marine sponges and their microbial symbionts are likely submitted to various 385 

environmental stressors, such as changes in temperature (Webster et al., 2008; Cebrian et al., 386 
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2011), UV irradiation (Batel et al., 1998), exposure to reactive oxygen species originating 387 

from symbiont photosynthesis (Regoli et al., 2000), disease (Webster, 2007; Luter et al., 388 

2010; Angermeier et al., 2011), and anthropogenic effects, such as increased nutrient and 389 

heavy metal concentrations (Simister et al., 2012a). Furthermore, stress related to the 390 

sampling strategy cannot be excluded, due to the rapid turnover of mRNA inventories in 391 

response to environmental conditions as reviewed by (Moran et al., 2013). Our results suggest 392 

that the proteobacterial symbionts of S. carteri have mechanisms in place to cope with stress. 393 

The S. carteri proteobacterial population showed a high expression of rubrerythrin, which was 394 

proposed to be involved in an anaerobic detoxification pathway for oxidative stress 395 

(Sztukowska et al., 2002; Weinberg et al., 2004). Furthermore, the high expression by S. 396 

carteri proteobacterial symbionts of the DnaK/DnaJ and GroES/GroEL chaperone systems, 397 

and gene functions related to intracellular protein degradation suggest the capacity to deal 398 

with stress-induced protein misfolding (Mogk et al., 2011). In agreement with our results, a 399 

high abundance of stress-related genes was found in the metagenome and metaproteome of C. 400 

concentrica (Thomas et al., 2010; Liu et al., 2012). Sponges were collected at water 401 

temperatures of 30 
o
C, which is above the average winter temperature for this location 402 

(Raitsos et al., 2013), thus the expression of stress-related genes might also be related to 403 

environmental conditions.  404 

 405 

Photosynthesis and CO2 fixation 406 

 407 

Most of the abundant gene functions assigned to Cyanobacteria in S. carteri 408 

metatranscriptomes were related to photosynthesis and CO2 fixation. The majority of 409 
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Cyanobacteria possess phycobilisomes, which are supramolecular light-harvesting complexes 410 

that serve as the primary antenna of photosystem II (Ting et al., 2002). Phycobiliproteins, e.g. 411 

phycocyanin and phycoerythrin, are components of the phycobilisomes (Six et al., 2005) and 412 

were highly expressed by the cyanobacterial population of S. carteri. Phylogenetic analysis of 413 

the representative sequences of alpha and beta chains of phycoerythrin (standing for 18% and 414 

15% of the sequences assigned to the respective genes) revealed a close proximity of the 415 

expressed genes to orthologs of members from the genus Synechococcus. Members of the 416 

Synechococcus clade were found to be abundant and transcriptionally active in S. carteri 417 

sponges and in the surrounding seawater (Moitinho-Silva et al., 2014). Our results corroborate 418 

the proposed primary symbiotic role of sponge cyanobacteria as sources of fixed carbon for 419 

their hosts (Wilkinson, 1983; Arillo et al., 1993; Taylor et al., 2007). 420 

 421 

Other functions encoded by symbionts 422 

 423 

A TonB-dependent receptor was among the highly transcribed genes affiliated with 424 

the phylum Bacteroidetes. TonB-dependent receptors are a family of energy-dependent outer 425 

membrane transport proteins (Bradbeer, 1993; Ferguson and Deisenhofer, 2002). Their 426 

substrates include iron siderophores, cobalamins (vitamin B12), copper ions, maltodextrin and 427 

sucrose (Schauer et al., 2008). TonB-dependent receptors genes are abundant in Bacteroidetes 428 

genomes (Fernández-Gómez et al., 2013), and the high expression of these genes observed in 429 

S. carteri metatranscriptomes confirms their relevance for members of this phylum. With 430 

regard to Actinobacteria, most of the features were classified as DNA gyrase subunit A, the 431 

relevance of which remains to be investigated. 432 
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 433 

Functions encoded by seawater bacteria 434 

 435 

It was previously estimated that one quarter of the total recovered 16S rRNA gene 436 

sequences from S. carteri specimens were derived from seawater bacteria (Moitinho-Silva et 437 

al., 2014). Therefore bacterioplankton transcripts were to be expected in the S. carteri 438 

metatranscriptomes. As an example, the phylogenetic placement of the acetate permease ActP 439 

(6% of the reads assigned to the function) and TRAP-type C4-dicarboxylate transport system, 440 

periplasmic component (5%) sequences close to orthologs from alphaproteobacterial lineages, 441 

including members of the Pelagibacter genus, which are part of the highly abundant marine 442 

clade SAR11 (Morris et al., 2002), were identified. These findings suggest that seawater 443 

microorganisms may continue to be functionally active when inside sponges. 444 

 445 

Conclusions 446 

 447 

The most expressed gene functions of the S. carteri microbiomes were characterized 448 

at the transcriptional level and with respect to their taxonomic affiliation. Our analysis 449 

revealed the functional processes of sponge symbionts, such as ammonia oxidation by 450 

Archaea and photosynthetic carbon fixation by Cyanobacteria, under in situ conditions. A 451 

high expression of previously reported functions relating to stress and membrane transport 452 

was further observed in the S. carteri microbiomes. Unexpectedly, methylotrophy-related 453 

gene functions were highly expressed by S. carteri symbionts and were phylogenetically 454 
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associated with the dominant gammaproteobacterial population. Our work demonstrates the 455 

usefulness of metatranscriptomics to unravel microbial functions within the sponge 456 

microcosm.  457 

 458 

 459 

Experimental procedures 460 

 461 

Sample collection 462 

 463 

Stylissa carteri specimens (three biological replicates) were collected by SCUBA 464 

diving at Fsar reef (22°23’N; 39°03’E), Saudi Arabia. The collection occurred on the morning 465 

of 2
nd

 November 2010, at 13-14 meters depth, and at a water temperature of 30 °C. Sponges 466 

were collected and processed individually as described by (Moitinho-Silva et al., 2014). 467 

Freshly collected sponge pieces (5 mL) were incubated in falcon tubes containing 30 mL 468 

RNAlater (Ambion, USA) overnight at 4 °C, according to the manufacturer’s instructions, 469 

and stored at -80 °C. 470 

 471 

Nucleic acids extraction and prokaryotic mRNA enrichment 472 

 473 

Total DNA and RNA were co-extracted from sponge pieces that had been preserved in 474 

RNAlater. Sponge pieces of 200 mg wet weight were added to Lysing Matrix E tubes (MP 475 
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Biomedicals, USA) containing 600 µL of 1% 2-mercaptoethanol RLT buffer (Qiagen, 476 

Germany). In order to obtain sufficient amounts of RNA, 10-15 extractions were carried out 477 

per replicate. The cells were mechanically disrupted by use of the homogenizer FastPrep® 478 

Instrument (MP Biomedicals, USA) for 30 seconds at a speed setting of 5.5. Total nucleic 479 

acids isolation, nuclease treatment, and analyzes were performed according to (Moitinho-480 

Silva et al., 2014). The isolated RNA was maintained in nuclease-free water with the RNAse 481 

inhibitor SUPERase-In (1 U/µL) (Ambion, USA). The integrity of total RNA was inferred 482 

using the Experion System (Bio-Rad, USA). Isolated RNA that showed signs of degradation 483 

was excluded from further processing. RNA resulting from multiple extractions was pooled 484 

per biological replicate according to Poly(A)Purist™ MAG Kit (Ambion, USA) instructions. 485 

To allow comparison with other metatranscriptomic studies (Moitinho-Silva 486 

unpublished data) two internal standards were added to the lysing tubes (15 ng each) prior to 487 

cell disruption. The internal standards were artificial mRNAs produced by in vitro 488 

transcription of two vectors (Moran et al., 2013; Satinsky et al., 2013), pTXB1 Vector (New 489 

England Biolabs, USA) and pFN18A HaloTag T7® Flexi® Vector (Promega, USA).  490 

In order to enrich for prokaryotic mRNA, eukaryotic mRNA and rRNA were 491 

subtracted from total RNA using two RNA sorting protocols based on magnetic beads: 492 

Poly(A)Purist™ MAG Kit (Ambion, USA) and the universal rRNA-subtraction protocol 493 

developed by (Stewart et al., 2010). In the first protocol, the eukaryotic mRNA was subtracted 494 

from total RNA (100 µg) by two rounds of purification using the Poly(A)Purist™ MAG Kit 495 

(Ambion, USA). After each round of magnetic beads capture, the non-poly(A) RNA fraction 496 

(the fraction that contained rRNA and prokaryotic mRNA) was recovered from the Binding 497 

Solution using the RNeasy MinElute Cleanup Kit (QIAGEN, Germany). The recovered RNA 498 

served as starting RNA template for the second protocol, which aimed at the removal of the 499 
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rRNA subunits of eukaryotes (18S and 28S), bacteria (16S and 23S), and archaea (16S and 500 

23S) according to (Stewart et al., 2010). For this purpose, co-extracted DNA from the three 501 

biological replicates was pooled in a single tube. The pooled DNA was used as template for 502 

PCR amplification of rRNA subunit genes with DreamTaq DNA Polymerase (Fermentas, 503 

Germany). PCR was performed individually for each rRNA subunit gene. The amplified 504 

rRNA genes were used as template for synthesis of biotin-labeled anti-sense RNA. The 505 

subtraction of rRNA was performed by hybridization to biotin-labeled anti-sense RNA (800 506 

ng of each probe per 400 ng of starting RNA template) followed by streptavidin-coated 507 

magnetic bead binding and magnetic separation. The enriched prokaryotic mRNA (8.5 ng) 508 

was amplified with MessageAmp II-Bacteria kit (Ambion, USA) according to manufacturer’s 509 

recommendations. Amplified enriched prokaryotic mRNA was reverse-transcribed to cDNA 510 

and sequenced by the KAUST Genomics Core Lab using Illumina HiSeq 2000 standard 511 

protocols. The sequencing resulted in paired-end reads (101 bp) with an estimated mean insert 512 

size of 280 bp. Mate-pair information was not considered during the annotation pipeline. Raw 513 

Illumina reads were deposited under the NCBI SRA accession number SRP033297. 514 

 515 

 516 

Taxonomic and functional annotation of transcripts 517 

 518 

The raw Illumina reads containing low quality bases (Phred score < 20, which 519 

correspond to error probability 0.01) were truncated to the first base below the cut-off. 520 

Sequencing adapters, including partial adapters, were trimmed from raw reads. Resulting read 521 

pairs were removed using custom java scripts when containing short reads (< 16 bp). 522 
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Processed reads were submitted to MG-RAST v 3.3.6.1 (Meyer et al., 2008) for further 523 

processing and annotation using the standard pipeline, with addition of the options for 524 

removal of low quality reads (Phred score < 20) and artificial replicates (Gomez-Alvarez et 525 

al., 2009). Processed Illumina reads and analyses input files are accessible at MG-RAST 526 

under the project ID mgp3802 (static link 527 

http://metagenomics.anl.gov/linkin.cgi?project=3802). The quality-processed, dereplicated, 528 

and screened nucleotide sequences (screen.passed.fna files) were mapped against the two 529 

internal standards (see previous section of Experimental procedures) using Geneious v 6.0.6 530 

(http://www.geneious.com/) with default parameters. Reads mapped against any of the 531 

internal standards were flagged for removal in this study but will be useful for comparison to 532 

additional metatranscriptomic datasets that have been generated (Moitinho-Silva, 533 

unpublished). Identified protein features (hereafter named “transcriptional features”) were 534 

annotated based on their md5 values (identifier for a database hit) that resulted from BLAT 535 

searches. For that, the possible md5 values annotations to a given domain of life (Eukaryota, 536 

Bacteria, Archaea) were first retrieved from MG-RAST workbench, using M5NR as 537 

annotation source, with stringency parameters set to minimum values (maximum e-value of 1, 538 

a minimum identity of 1%, and a minimum alignment length of 1). Transcriptional features 539 

were taxonomically classified into a domain of life according to the best BLAT hit (e-value < 540 

0.001) against all MG-RAST protein databases (superblat.expand.protein files). In case of 541 

annotation conflicts between databases, the accepted classification was the one supported by 542 

the majority of the databases. Transcriptional features that resulted in two or more domains 543 

with the same number of supporting databases were classified as tied between these domains. 544 

Transcriptional features classified to Bacteria, to Archaea or as tied between Bacteria and 545 

Archaea were retained for taxonomic classification as provided by the MG-RAST based on 546 
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the lowest common ancestor (LCA). The MG-RAST-based LCA classification of 547 

transcriptional features was only considered when supported by at least 4 hits (BLAT e-value 548 

< 0.001, superblat.expand.lca files). Transcriptional features that were taxonomically 549 

classified as eukaryotes or as viruses, or whose reads were flagged as internal standards, were 550 

removed. Features that were not classified by MG-RAST-based LCA were considered as 551 

unidentified prokaryotic features. Functional classification of prokaryotic transcriptional 552 

features was done based on SEED subsystems (BLAT e-value < 0.001, 553 

“superblat.expand.ontology” files) (Overbeek et al., 2005). For that, the possible annotations 554 

of md5 values to SEED subsystems were retrieved from MG-RAST workbench using the 555 

minimum stringency values. Transcriptional features matching the gene function “Retron-type 556 

reverse transcriptase” were removed, because they were regarded as putative rRNA sequences 557 

that had been misannotated (Tripp et al., 2011). The remaining prokaryotic transcriptional 558 

features were considered for analysis. 559 

A matrix containing the gene functions and their prokaryotic transcriptional feature 560 

counts in each S. carteri replicate was used to calculate Bray-Curtis dissimilarity index (Bray 561 

and Curtis, 1957) as in (Moitinho-Silva et al., 2014). 562 

 563 

Phylogeny of selected key gene functions 564 

 565 

For each gene function selected, the original screened reads were retrieved 566 

(screen.passed.fna files) and de novo assembled using Geneious v 6.0.6 created by Biomatters 567 

(http://www.geneious.com). Assembly was carried out using standard parameters, which 568 

allowed for 15% maximum gaps per read, a maximum gap size of 2, and 30% of maximum 569 
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mismatches per read. Match word length was 14 bases and index word length was set to 12. 570 

To check for the possibility of chimera assembly, contigs were also assembled under stringent 571 

pararmeters (i.e. no gaps allowed, 1% of maximum mismatches per read and 100% of overlap 572 

between the reads). While this procedure gave similar results, less reads could be assigned. 573 

Furthermore, reduced bootstrap values for phylogenetic association were computed, 574 

indicating that our analysis is not prone to chimera assembly (data not shown).  575 

The representative nucleotide consensus sequence was recovered from the contig that 576 

contained the greatest number of reads. Deduced amino acid sequences were generated by 577 

translating the representative sequences using the frame indicated by the BLASTX best hit 578 

against NCBI non-redundant protein database. Orthologous amino acid sequences were 579 

retrieved from best BLAST hits against UniProt Knowledgebase (http://www.uniprot.org). 580 

For copper-containing nitrite reductase and methanol dehydrogenase large subunit protein, 581 

orthologous sequences of selected taxa were also retrieved (Bacteria for the first; and Alpha-, 582 

Beta- and Gammaproteobacteria for the latter). Multiple alignments of representative 583 

sequences and orthologs were generated using MUSCLE (Edgar, 2004) and cured using 584 

Gblocks (Castresana, 2000) as implemented in Phylogeny.fr (Dereeper et al., 2008). 585 

MUSCLE was used in its full mode and Gblocks was performed using the less stringent 586 

settings in Phylogeny.fr. Substitution models were selected using ModelGenerator v 0.85 587 

(Keane et al., 2006). Maximum-likelihood phylogenetic trees were constructed using PhyML 588 

v 3.0 (Guindon et al., 2010). Bootstrap values were calculated with 1,000 replicates. 589 

Phylogenetic trees were edited using FigTree v 1.4 (http://tree.bio.ed.ac.uk/software/figtree/) 590 

and Inkscape v 0.48.4 (http://www.inkscape.org/). 591 

 592 
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TABLES 814 

 815 

Table 1. Summary of sequencing and annotation of S. carteri metatranscriptomes. 816 

 Sample 1 Sample 2 Sample 3 

Processing of raw sequences    

Raw sequences (paired) 55,384,652 58,715,998 65,978,474 

Sequence length of raw sequences 101 101 101 

MG-RAST pipeline results    

Submitted sequences 42,787,876 41,471,392 48,520,574 

Mean sequence length of submitted sequences 77 ± 22 77 ± 22 77 ± 22 

Artificial duplicate sequences 27,213,061 23,350,760 29,756,474 

Quality-controlled sequences 9,410,780 12,252,851 11,840,019 

Mean sequence length after quality control 87 ± 14 88 ± 14 87 ± 14 

Predicted protein features 4,954,546 6,613,923 6,257,089 

Predicted rRNA features 2,539,789 3,102,289 3,221,147 

Identified protein features 979,442 1,242,433 783,317 

Protein features annotated by MG-RAST* 568,907 667,826 436,448 

Putative prokaryotic transcriptional features
§
 330,094 325,489 252,986 

Functionally annotated prokaryotic transcriptional 

features    

Total 129,094 143,472 92,630 

Bacteria (%) 65.44 65.96 68.09 

Archaea (%) 6.02 3.83 3.85 

Unidentified prokaryotic (%) 28.54 30.20 28.06 

Unclassified sequences (%) 0.024 0.015 0.019 

 817 

Numbers represent sequence or feature counts. Sequence lengths are reported in base pairs. 818 

*Features with at least one BLAT hit (e-value < 0.001) against any of the MG-RAST protein databases 819 
§
Protein features that were classified to Bacteria and/or to Archaea based on best BLAT hit (e-value < 0.001) 820 

against any of the MG-RAST protein databases. These features were retained for taxonomic classification as 821 

provided by the MG-RAST based on the lowest common ancestor (LCA). 822 

823 
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Table 2. The 15 most transcribed gene functions in S. carteri metatranscriptomes. 824 

 825 

*Feature abundance is reported as the percentage of prokaryotic transcriptional features assigned to a given gene 826 

function in relation to the total identified prokaryotic features per dataset (n=3, ± standard deviations). 827 

828 

Rank Functional classification Functional description Feature 

abundance 

(%)* 

Figure 

3 index 

1 Membrane Transport fap unknown function protein 1.32 ± 0.20 62 

2 Clustering-based 

subsystems 

bacterial proteasome-activating AAA-ATPase (PAN) 1.06 ± 0.13 45 

3 Membrane Transport ammonia monooxygenase 0.96 ± 0.27 64 

4 Clustering-based 

subsystems 

DNA gyrase subunit A (EC 5.99.1.3) 0.91 ± 0.18 42 

5 Photosynthesis photosystem II protein D1 (PsbA) 0.91 ± 0.39 76 

6 Fatty Acids, Lipids, and 

Isoprenoids 

gamma-carotene hydroxylase 0.86 ± 0.16 56 

7 Carbohydrates ribokinase (EC 2.7.1.15) 0.86 ± 0.20 25 

8 Clustering-based 

subsystems 

TRAP-type C4-dicarboxylate transport system, 

periplasmic component 

0.84 ± 0.1 48 

9 Protein Metabolism chaperone protein DnaK 0.80 ± 0.12 88 

10 Carbohydrates acetate permease ActP (cation/acetate symporter) 0.77 ± 0.18 18 

11 Nitrogen Metabolism copper-containing nitrite reductase (EC 1.7.2.1) 0.77 ± 0.22 68 

12 Cofactors, Vitamins, 

Prosthetic Groups, Pigments 

formate dehydrogenase-O, major subunit (EC 1.2.1.2) 0.76 ± 0.12 52 

13 RNA Metabolism DNA-directed RNA polymerase beta subunit (EC 

2.7.7.6) 

0.75 ± 0.02 

 

96 

14 Protein Metabolism translation elongation factor G 0.74 ± 0.05 83 

15 Amino Acids and 

Derivatives 

glutamine synthetase type I (EC 6.3.1.2) 0.70 ± 0.02 

 

9 
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Table 3. Description of representative assembled reads of selected gene functions. 829 

Taxon Description 

Total abundance 

rank 

Taxon 

abundance 

rank 

Reads 

assembled 

(n) 

Percenta

ge of 

reads
§
 

Assembly 

length (bp) 

Mean 

identity (%)* 

Archaea        

 ammonia monooxygenase 3rd 1st 3140 88 628 98.87 ± 1.85 

 

copper-containing nitrite 

reductase 11
th

 4
th

 1464 50 676 99.50 ± 1.01 

Proteobacteria        

 

acetate permease ActP 

(cation/acetate symporter) 10
th

 1
st
 182  6 1462 96.30 ± 4.42 

 

TRAP-type C4-

dicarboxylate transport 

system, periplasmic 

component 
8

th
 9

th
 

172 5 941 97.95 ± 3.55 

 formate dehydrogenase-O 12
th

 2
nd

 281 10 1330 98.39 ± 2.44 

 

methanol dehydrogenase 

large subunit 24th 3nd 1370 72 1717 99.68 ± 1.02 

Cyanobacteria        

 phycoerythrin alpha chain 26
th

 1
st
 312 18 541 99.08 ± 1.46 

 phycoerythrin beta chain 25
th

 2
nd

 275 15 531 98.73 ± 2.33 
 830 

Ranks are based on the number of transcriptional features. The total abundance rank refers to the position of a 831 

given gene function in relation to all identified gene functions. The taxon abundance rank refers to the position 832 

of a given gene function in relation to all identified functions in the selected taxon. 833 

*Standard deviations are shown.
 

834 
§
Percentage of reads is in relation to the assigned reads to a given gene function. 835 

 836 

 837 

838 
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FIGURE LEGENDS 839 

 840 

Figure 1. Taxonomic assignment of S. carteri metatranscriptomes. Classification was 841 

performed according to MG-RAST-based lowest common ancestor (LCA). Different levels of 842 

taxonomic assignment are shown. Taxa representing more than 1.5% of the annotated reads 843 

are named. A detailed list of taxonomic assignments at phylum and class level is found in the 844 

Supplementary Table 1. 845 

 846 

Figure 2. Functional categories of the S. carteri metatranscriptomes. Functional 847 

classification of prokaryotic transcriptional features was done based on SEED subsystems. 848 

Bars represent percentage of features (n=3, mean ± standard error) that were classified into 849 

(A) the first and (B) the second functional category levels. Only the most abundant functions 850 

are shown at the second functional category level. 851 

 852 

Figure 3. Taxonomic assignment of the most expressed gene functions in S. carteri 853 

metatranscriptomes. The top 100 most expressed gene functions were sorted according to 854 

their annotation into 21 categories. Prokaryotic transcriptional feature abundance represents 855 

the mean percentage between biological replicates (n=3). The list of genes is found in the 856 

Supplementary Table 2. 857 

 858 

Figure 4. Phylogeny of the highly expressed key gene functions of the most abundant 859 

taxa in S. carteri metatranscriptomes. Maximum-likelihood trees were constructed from 860 
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representative sequences and orthologs that are related to nitrogen metabolism in Archaea: 861 

(A) ammonia monooxygenase (AMO) and (B) copper-containing nitrite reductase (CuNiR); 862 

to carbon transport in Proteobacteria: (C) acetate permease ActP (ActP) and (D) TRAP-type 863 

C4-dicarboxylate transport system, periplasmic component (TRAP-type C4); to C1 864 

metabolism in Proteobacteria: (E) formate dehydrogenase-O, major subunit (FDH-O) and (F) 865 

methanol dehydrogenase large subunit protein (MDH); and to photosynthesis in 866 

Cyanobacteria, the (G) alpha and (H) beta chains of phycoerythrin (PEa and PEb). Branches 867 

were collapsed for a simplified view and named according to the lowest common ancestor 868 

taxon. Bootstrap values were calculated based on 1000 replications. The scale bars represent 869 

the average number of amino acid substitution per site. A list of the orthologous sequences 870 

used in the phylogenetic trees is found in the Supplementary Table 3. 871 

 872 

Supplementary Figure 1. Expressed gene functions involved in methylotrophy. The 873 

percentage of features (n=3, mean ± standard error) that were assigned to methylotrophy-874 

related genes are represented by two bars, one for total features and another for 875 

Proteobacteria. The background is colored according to the major methylotrophy modules 876 

according to (Chistoserdova, 2011): (i) primary methylated substrate oxidation (red); (ii) 877 

formaldehyde handling (blue); (iii) formate dehydrogenase (yellow); and (iv), assimilatory 878 

module (serine-glyoxylate cycle), (green). 879 

 880 

Supplementary Table 1. Taxonomic assignment of S. carteri metatranscriptomes at 881 

phylum and class levels. Percentages in relation to the total annotated prokaryotic 882 

transcriptional features are shown for each S. carteri biological replicate. 883 
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 884 

Supplementary Table 2. Functional and taxonomic classification of the top 100 most 885 

expressed gene functions in S. carteri metatranscriptomes. Percentages in relation to the total 886 

annotated prokaryotic transcriptional features are shown (mean, n=3).  Standard deviations 887 

are shown for the "Transcriptional feature" column. 888 

 889 

Supplementary Table 3. Orthologs used for phylogenetic tree construction of selected 890 

key gene functions. 891 

 892 

 893 

 894 
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Taxonomic assignment of S. carteri metatranscriptomes. Classification was performed according to MG-
RAST-based lowest common ancestor (LCA). Different levels of taxonomic assignment are shown. Taxa 

representing more than 1.5% of the annotated reads are named. A detailed list of taxonomic assignments at 

phylum and class level is found in the Supplementary Table 1.  
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Functional categories of the S. carteri metatranscriptomes. Functional classification of prokaryotic 
transcriptional features was done based on SEED subsystems. Bars represent percentage of features (n=3, 
mean ± standard error) that were classified into (A) the first and (B) the second functional category levels. 

Only the most abundant functions are shown at the second functional category level.  
186x83mm (300 x 300 DPI)  
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Taxonomic assignment of the most expressed gene functions in S. carteri metatranscriptomes. The top 100 
most expressed gene functions were sorted according to their annotation into 21 categories. Prokaryotic 

transcriptional feature abundance represents the mean percentage between biological replicates (n=3). The 

list of genes is found in the Supplementary Table 2.  
174x198mm (300 x 300 DPI)  
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Phylogeny of the highly expressed key gene functions of the most abundant taxa in S. carteri 
metatranscriptomes. Maximum-likelihood trees were constructed from representative sequences and 

orthologs that are related to nitrogen metabolism in Archaea: (A) ammonia monooxygenase (AMO) and (B) 

copper-containing nitrite reductase (CuNiR); to carbon transport in Proteobacteria: (C) acetate permease 
ActP (ActP) and (D) TRAP-type C4-dicarboxylate transport system, periplasmic component (TRAP-type C4); 

to C1 metabolism in Proteobacteria: (E) formate dehydrogenase-O, major subunit (FDH-O) and (F) 
methanol dehydrogenase large subunit protein (MDH); and to photosynthesis in Cyanobacteria, the (G) 

alpha and (H) beta chains of phycoerythrin (PEa and PEb). Branches were collapsed for a simplified view and 
named according to the lowest common ancestor taxon. Bootstrap values were calculated based on 1000 
replications. The scale bars represent the average number of amino acid substitution per site. A list of the 

orthologous sequences used in the phylogenetic trees is found in the Supplementary Table 3.  
166x219mm (300 x 300 DPI)  
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Expressed gene functions involved in methylotrophy. The percentage of features (n=3, mean ± standard 
error) that were assigned to methylotrophy-related genes are represented by two bars, one for total 

features and another for Proteobacteria. The background is colored according to the major methylotrophy 

modules according to (Chistoserdova, 2011): (i) primary methylated substrate oxidation (red); (ii) 
formaldehyde handling (blue); (iii) formate dehydrogenase (yellow); and (iv), assimilatory module (serine-

glyoxylate cycle), (green).  
159x263mm (300 x 300 DPI)  
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