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Abstract 24 

Few studies have thus far explored the microbiomes of glass sponges (Hexactinellida). The 25 

present study seeks to elucidate the composition of the microbiota associated with the glass 26 

sponge Vazella pourtalesii and the functional strategies of the main symbionts. We combined 27 

microscopic approaches with metagenome-guided microbial genome reconstruction and 28 

amplicon community profiling towards this goal. Microscopic imaging revealed that the host 29 

and microbial cells appeared within dense biomass patches that are presumably syncytial 30 

tissue aggregates. Based on abundances in amplicon libraries and metagenomic data, 31 

SAR324 bacteria, Crenarchaeota, Patescibacteria and Nanoarchaeota were identified as 32 

abundant members of the V. pourtalesii microbiome and their genomic potentials were thus 33 

analyzed in detail. A general pattern emerged in that the V. pourtalesii symbionts had very 34 

small genome sizes in the range of 0.5-2.2 Mb and low GC contents, even below those of 35 

seawater relatives. Based on functional analyses of metagenome-assembled genomes 36 

(MAGs), we propose two major microbial strategies: the “givers”, namely Crenarchaeota and 37 

SAR324, heterotrophs and facultative anaerobes, produce and partly secrete all required 38 

amino acids and vitamins. The “takers”, Nanoarchaeota and Patescibacteria, are anaerobes 39 

with reduced genomes that tap into the microbial community for resources, e.g., lipids and 40 

DNA, likely using pili-like structures. We posit that the existence of microbial cells in sponge 41 

syncytia together with the low-oxygen conditions in the seawater environment are factors that 42 

shape the unique compositional and functional properties of the microbial community 43 

associated with V. pourtalesii. 44 

Importance 45 

We investigated the microbial community of V. pourtalesii that forms globally unique, 46 

monospecific sponge grounds under low-oxygen conditions on the Scotian Shelf, where it 47 

plays a key role for its vulnerable ecosystem. The microbial community was found to be 48 

concentrated within biomass patches and is dominated by small cells (<1 µm). MAG 49 
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analyses showed consistently small genome sizes and low GC contents, which is unusual in 50 

comparison to known sponge symbionts. These properties as well as the (facultatively) 51 

anaerobic metabolism and a high degree of interdependence between the dominant 52 

symbionts regarding amino acid and vitamin synthesis are likely adaptations to the unique 53 

conditions within the syncytial tissue of their hexactinellid host and the low-oxygen 54 

environment. 55 

Introduction 56 

The fossil record shows that sponges (Porifera) have been essential members of reef 57 

communities in various phases of Earth’s history, and even built biohermal reefs in the mid-58 

Jurassic to early-Cretaceous (1). Today, extensive sponge aggregations, also known as 59 

‘sponge grounds’, are found throughout the World’s oceans from temperate to arctic regions 60 

along shelves, on ridges, and seamounts (2). They can be mono- to multispecific with a 61 

single or various sponge species dominating the benthic community, respectively. In sponge 62 

ground ecosystems, these basal animals play a crucial role in the provision of habitat, adding 63 

structural complexity to the environment and thereby attracting other organisms, ultimately 64 

causing an enhancement of local biodiversity (3–5).  65 

Studies on demosponges have shown that they harbor distinct and diverse microbial 66 

communities that interact with each other, their host and the environment in various ways (6, 67 

7). The microbial consortia of sponges are represented by diverse bacterial and archaeal 68 

communities with ≥63 prokaryotic phyla having been found in sponges so far (6, 8). These 69 

sponge microbiomes display host species-specific patterns that are distinctly different from 70 

those of seawater in terms of richness, diversity and community composition. Microbial 71 

symbionts contribute to holobiont metabolism (e.g., via nitrogen cycling and vitamin 72 

production) and defense (e.g., via secondary metabolite production), (reviewed in (7)). 73 

Sponges and their associated microbial communities (hereafter termed “holobionts”) further 74 

contribute to fundamental biogeochemical cycles like nitrogen, phosphorous, and dissolved 75 
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organic matter in the ecosystem, but the relative contribution of microbial symbionts remains 76 

mostly unresolved (1, 7, 9, 10).  77 

Sponges of the class Hexactinellida (glass sponges) are largely present and abundant in the 78 

mesopelagic realm below 400 feet. They can form extensive reefs of biohermal character 79 

and can dominate the sponge ground ecosystems (1, 11). Glass sponges are characterized 80 

by a skeleton of siliceous spicules that is six-rayed symmetrical with square axial 81 

proteinaceous filament (12). Much of the body is composed of syncytial tissue which 82 

represents extensive and continous regions of multinucleated cytoplasm (12, 13). Also 83 

nutrients are transported via the cytoplasmic streams of these trabecular syncytia (12). Some 84 

discrete cell types exist, including choanocytes and the pluripotent archaeocytes that are 85 

likely non-motile and thus not involved in nutrient transport in Hexactinellida (12). While the 86 

microbial symbiont diversity and functions are well studied in Demospongiae, much less is 87 

known about the presence and function of microbes in glass sponges. In fact, 88 

microorganisms have rarely been seen in glass sponges (12). A recent study of South Pacific 89 

sponge microbial communities has however shown that general patterns seen previously in 90 

shallow-water sponge microbiomes, such as host-specificity and LMA-HMA dichotomy, are 91 

generally applicable for these deep-sea sponge microbiomes as well, including those of 92 

glass sponges (14). Another study underlined the importance of ammonia-oxidizing archaea 93 

(family Nitrosopumilaceae, phylum Thaumarchaeota) in the deep-sea hexactinellid 94 

Lophophysema eversa using metagenomic data (15). 95 

Here we investigate the microbial community of Vazella pourtalesii (16), a glass sponge 96 

(class Hexactinellida) that forms globally unique, monospecific sponge grounds on the 97 

Scotian Shelf off Nova Scotia, Canada. This ecosystem is characterized by relatively warm 98 

and nutrient rich water with low oxygen concentrations (1, 17, 18). While there have been a 99 

number of studies on the distribution, biomarkers, and possible functional roles of V. 100 

pourtalesii in the ecosystem (1, 17, 19), little has been published to date on its associated 101 

microbiota (20). According to phylogenetic and fossil studies, sponges (including glass 102 
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sponges) originate from Neoproterozoic times when oxygen was limited (21). Moreover, 103 

laboratory experiments have shown that sponges can cope with low oxygen levels for 104 

extended periods of time (22–24). Due to the observed low-oxygen conditions at the 105 

sampling location, we explored whether the V. pourtalesii microbiome contains compositional 106 

as well as functional adaptations to the low oxygen environment. Microscopy, metagenome-107 

guided microbial genome reconstruction and amplicon community profiling were employed 108 

towards this goal. 109 

Results  110 

Site description  111 

On the Scotian Shelf off Nova Scotia, eastern Canada, highest densities of V. pourtalesii 112 

were observed and/or predicted in the Emerald Basin and the Sambro Bank areas (Figure 113 

1A). The water column of this region has a characteristic vertical structure with water masses 114 

of different temperatures and salinities gradually mixing and creating a distinct temperature-115 

salinity profile (Figure 1B). Main water masses influencing the sampling sites are from 116 

surface to deep sea: Cabot Strait Subsurface Water (CBS), Inshore Labrador Current (InLC), 117 

Cold Intermediate Layer of Cabot Strait Subsurface Water (CBS-CIL), Labrador Slope Water 118 

(LSW), Warm Slope Water (WSW). All V. pourtalesii samples of this study originate from a 119 

relatively warm (>10 °C) and nutrient rich water mass called Warm Slope Water (WSW) 120 

which originates from the Gulf Stream (18). Relatively low oxygen concentrations (<4 mL/L) 121 

were measured at the sampling locations and depths, that lay in the range of a mild hypoxia 122 

(25). 123 

Microscopic analyses of V. pourtalesii  124 

In contrast to other sponges, Hexactinellidae mainly consist of a single syncytium, a fusion of 125 

eukaryotic cells forming multinucleate tissue, that permeates the whole sponge (12). By SEM 126 

we observed that the overall amount of sponge biomass in V. pourtalesii was low and its 127 

distribution within the spicule scaffolds was patchy (Figure 2A,B). Closer inspection of such 128 
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biomass patches by light microscopy and by TEM microscopy (Figure 2C,D) revealed 129 

numerous host cells with their characteristic nuclei as well as high densities of microbial cells 130 

of various morphologies and with a dominance of comparatively small cell sizes (<1 µm). In 131 

addition, we frequently observed microbial cells that were attached to each other (Figure 132 

2E,F).  133 

MAG selection 134 

In total, 137 metagenome-assembled genomes (MAGs) of >50 % estimated completeness 135 

and <10 % redundancy were retrieved (Table S2). Proteobacteria followed by 136 

Patescibacteria were the dominant bacterial phyla according to amplicon analyses. In 137 

addition, LDA scores were obtained for MAGs based on their read abundance in the different 138 

metagenomic sample types (Figure S1): i) V. pourtalesii metagenomes vs. seawater 139 

metagenomes and ii) pristine V. pourtalesii vs. mooring V. pourtalesii vs. seawater 140 

metagenomes. Based on these assessments, we selected 13 representative V. pourtalesii-141 

enriched MAGs for detailed analyses (Table 1). Five MAGs belonged to the candidate 142 

phylum Patescibacteria, three to the candidate phylum SAR324, four to the phylum 143 

Crenarchaeota, and one to the phylum Nanoarchaeota. The selected MAGs are evidently not 144 

redundant representations of the same microbial genomes, which is visualized by the 145 

comparatively long branches in the phylogenomic tree (Microscopy of Vazella pourtalesii 146 

tissue. A) Scanning electron microscopy overview of spicule scaffolds (scale bar: 75 µm). B) 147 

SEM close-up image of a biomass patch (scale bar: 3 µm). C) Light-microscopy image (scale 148 

bar: 5 µm) and D) TEM image of the same biomass patch (scale bar: 1 µm). E) SEM close-149 

up presumably showing smaller microbes attached to larger ones by stalk- or filament-like 150 

structures (scale bar: 1 µm). F) TEM microscopy images of adjacent microbial cells (scale 151 

bars: 500 nm). Acronyms: sp= spicule, bp = biomass patch, hc = host cell, mic= microbes, p 152 

= potential pilus. 153 
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Figure 3). Additionally, the symbiont MAGs showed a maximum of 86.8 %, 93.2 %, and 88.3 154 

% similarity to each other in the ANI analysis for SAR324, Crenarchaeota and 155 

Patescibacteria, respectively (Table S4).  156 

Phylogenetic placement of the major players 157 

Three of the selected MAGs belong to the candidate phylum SAR324. The SAR324 clade 158 

was recently moved to the level of candidate phylum along with the publication of the whole 159 

genome-based classification of microbial genomes  (26). The three SAR324 MAGs clustered 160 

together outside of known orders with relatively long branches, showing that they are 161 

genomically distinct from published genomes of their closest relatives (Microscopy of Vazella 162 

pourtalesii tissue. A) Scanning electron microscopy overview of spicule scaffolds (scale bar: 163 

75 µm). B) SEM close-up image of a biomass patch (scale bar: 3 µm). C) Light-microscopy 164 

image (scale bar: 5 µm) and D) TEM image of the same biomass patch (scale bar: 1 µm). E) 165 

SEM close-up presumably showing smaller microbes attached to larger ones by stalk- or 166 

filament-like structures (scale bar: 1 µm). F) TEM microscopy images of adjacent microbial 167 

cells (scale bars: 500 nm). Acronyms: sp= spicule, bp = biomass patch, hc = host cell, mic= 168 

microbes, p = potential pilus. 169 

Figure 3). In the amplicon analysis, this taxon was placed within the class 170 

Deltaproteobacteria, of which it posed the most abundant order (Figure S1 Linear 171 

discriminant analysis (LDA) Effect Size (LEfSe) plots of MAG abundance based on the 172 

abundance table calculated from read coverage data by the metaWRAP quant_bins module. 173 

Two sets of groups were analyzed: A) Vazella metagenomes vs. seawater reference 174 

metagenomes, and B) pristine Vazella-derived metagenomes (vazella_p) vs. mooring 175 

Vazella-derived metagenomes (vazella_m) vs. seawater reference metagenomes. An LDA 176 

score of 2 was selected as cut-off. 177 

Figure S2). 178 

Three crenarchaeal MAGs clustered with Cenarchaeum symbiosum A (GCA000200715.1) 179 

associated with the sponge Axinella mexicana (27). One MAG (CrenArch_101) was closely 180 
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related with Nitrosopumilus spp. isolated from Arctic marine sediment (28) and the deep-sea 181 

sponge Neamphius huxleyi (29). Crenarchaeota are not represented adequately in our 182 

amplicon data due to the sequencing primers bias towards bacteria. 183 

Three of the five V. pourtalesii-enriched Patescibacteria MAGs clustered together with 184 

genome GCA002747955.1 from the oral metagenome of a dolphin (30). This clade is a sister 185 

group to other families of the order UBA9983 in the class Paceibacteria. The other two 186 

patescibacterial MAGs belonged to the family Kaiserbacteriaceae. They were placed 187 

separate from each other and outside of known genera, where they cluster with two different 188 

groundwater bacteria (GCA_000998045.1 and GCA_002773335.1). Patescibacteria were the 189 

second most abundant phylum in the amplicon data with a dominance of the class 190 

Parcubacteria which showed high abundances in V. pourtalesii compared to controls (Figure 191 

S3). The majority of the Parcubacteria (73%) remain unclassified, while 27% are classified as 192 

order Kaiserbacteria. As this phylum has not been noticed as particularily abundant in 193 

sponge microbiomes before, we tested whether they are sponge specific by comparison with 194 

the reference database of the Sponge Microbiome Project (SMP) (8), (data not shown). The 195 

899 patescibacterial V. pourtalesii ASVs matched to 42 SMP OTUs (mostly listed as 196 

‘unclassified Bacteria’ due to an older Silva version). We identified three SMP OTUs 197 

matching V. pourtalesii Kaiserbacteria ASVs, namely OTU0005080, OTU0007201, and 198 

OTU0159142. These OTUs occurred in 45, 26, and 7 sponge species, respectively, in the 199 

SMP reference database showing a global distribution. 200 

The one Nanoarchaeota MAG NanoArch_78 belongs phylogenomically to the class 201 

Aenigmarchaeia, where it is placed together with MAG GCA_002254545.1 from a deep-sea 202 

hydrothermal vent sediment metagenome and outside of known families. Despite the primer 203 

bias towards bacteria in the amplicon analysis, the phylum Nanoarchaeota was among the 204 

most abundant microbial phyla in this analysis (Figure S1 Linear discriminant analysis (LDA) 205 

Effect Size (LEfSe) plots of MAG abundance based on the abundance table calculated from 206 

read coverage data by the metaWRAP quant_bins module. Two sets of groups were 207 

.CC-BY 4.0 International license(which was not certified by peer review) is the author/funder. It is made available under a
The copyright holder for this preprintthis version posted May 31, 2020. . https://doi.org/10.1101/2020.05.28.122663doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.28.122663
http://creativecommons.org/licenses/by/4.0/


analyzed: A) Vazella metagenomes vs. seawater reference metagenomes, and B) pristine 208 

Vazella-derived metagenomes (vazella_p) vs. mooring Vazella-derived metagenomes 209 

(vazella_m) vs. seawater reference metagenomes. An LDA score of 2 was selected as cut-210 

off. 211 

Figure S2). 212 

Genome sizes and GC contents 213 

With respect to genome size, the MAGs range from 0.46 Mb (Patesci_30) to 2.16 Mb 214 

(SAR324_126), including completeness values into the genome size estimations, with N50 215 

values between 3,080 (CrenArch_143) and 66,386 (Patesci_98) (Table 1). According to 216 

CheckM, between 53.2 % and 79.4 % of the genomes are covered and redundancies range 217 

from 0 % to 8.16 %. GC contents range from 24.3 % (NanoArch_78) to 40.38 % 218 

(CrenArch_90). We compared the MAGs to genomes of symbionts from other sponge 219 

species and of seawater-derived microbes of each respective phylum regarding their 220 

estimated genome sizes and GC contents (Figure 4, Table S3). Due to the lack of published 221 

genomes of SAR324 and Nanoarchaeota sponge symbionts, we included genome size and 222 

GC content data of unpublished symbionts of Phakellia spp. and Stryphnus fortis in this 223 

analysis. This comparison revealed that the genomes of V. pourtalesii-enriched microbes are 224 

exceptionally small with very low GC percentages. This trend is especially striking for 225 

Patescibacteria, SAR324 and Nanoarchaeota, as their values are not only low for sponge 226 

symbionts, but even below the levels of the respective related seawater microbes. While this 227 

is not the case for Crenarchaeota, the V. pourtalesii MAGs are, nevertheless, in the lower 228 

ranges regarding size and GC content in comparison to other sponge symbionts. 229 

Predicted lifestyle of the major players 230 

SAR324  231 

Metagenomic analysis of the three SAR324 MAGs from V. pourtalesii (Figure 5A) revealed 232 

the presence of a near-complete glycolysis pathway up to pyruvate (Pyr) along with the 233 

genes for the tricarboxylate acid (TCA) cycle and for conversions of the pentose phosphate 234 
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pathway (PPP) (see Text S1 for in-depth analysis of more complex SAR324 and 235 

crenarchaeal MAGs). Pyruvate is converted aerobically by the pyruvate dehydrogenase 236 

enzyme complex into acetyl-CoA, which fuels the completely annotated (thiamin dependent) 237 

TCA cycle. While SAR324 have the genes for a near-complete respiratory chain, their 238 

lifestyle appears to be facultatively anaerobic. We detected enzymes of the glyoxylate-239 

bypass (orange arrows within the TCA cycle in Figure 5A), which is required by bacteria to 240 

grow anaerobically on fatty acids and acetate (31). This is supported by the presence of a 241 

potential AMP-dependent acetyl-CoA synthetase to utilize acetate, whereas enzymes for 242 

fatty acids degradation were not found. SAR324 might gain additional energy by a cation-243 

driven p-type ATPase and possibly also anaerobic respiration (furmarate, nitrite/sulfide 244 

respiration) (also see Text S1). There is evidence for assimilatory sulfate reduction, but the 245 

pathway was not fully resolved.  246 

V. pourtalesii-associated SAR324 are able to take up di-and tricarboxylates using TRAP and 247 

TTT transporters, respectively. The imported substances can feed the TCA cycle under 248 

aerobic conditions or serve as energy source through fumarate respiration under anaerobic 249 

conditions (32, 33). The presence of lactate dehydrogenase (LHD) involved in fermentation is 250 

further supporting a facultatively anaerobic lifestyle (31).  251 

SAR324 symbionts are capable of synthesizing diverse amino acids and b-vitamins 252 

(riboflavin, coenzyme F420, folate, panthotheonate and thiamin from pyridoxal), using 253 

precursors from glycolysis, PPP and TCA cycle (summarized in Figure 5A, see Text S1 for 254 

more details). Additionally, the genomes are well equipped with several transporters enabling 255 

the import and export of diverse substances (e.g., sugars, amino acids, petides, ions), (Text 256 

S1). These transporters are involved in, e.g. osmo-regulation and/or toxic ion reduction 257 

(cobalt, fluoride), and in multidrug resistance/import. A p-type ATPase was annotated that 258 

may aid in the export of cations or may use an electrochemical gradient for ATP synthesis. 259 

Proteins can be secreted by tat- and sec-transport as well as type 1 (T1SS) and type 2 260 
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(T2SS) secretion systems probably involved in excretion of symbiosis-relevant molecules. 261 

We further identified autoinducer-2 (AI-2) and DNA-T family transporter (Text S1).  262 

Crenarchaeota 263 

The Crenarchaeota of V. pourtalesii (Figure 5B) are capable of glycolysis from glucose-6-264 

phosphate (G6P) to pyruvate (Pyr), which is likely anaerobically converted into acetyl-CoA 265 

using the enzyme pyruvate-ferredoxin oxidoreductase which suggests facultatively anaerobic 266 

metabolism. The TCA cycle was almost completely annotated. Genomic evidence for aerobic 267 

and anaerobic respiration (furmarate, nitrite/sulfide respiration) was detected (Text S1). 268 

Genes for autotrophic CO2 fixation in V. pourtalesii-associated symbionts were lacking, but 269 

assimilatory sulfate reduction was annotated completely. A PPase was annotated which 270 

might deliver phosphates to feed the ATP synthase) and in one MAG, a transporter to import 271 

dicarboxylates (fumarate, malate, succinate) was annotated, a feature we found in SAR324 272 

as well. These substances could feed the TCA cycle under aerobic conditions. Additionally 273 

supporting the hypothesis of a facultatively anaerobic lifestyle is the presence of the enzyme 274 

lactate dehydrogenase (LHD) that is involved in fermentation (31). The crenarchaeal 275 

genomes encode the synthesis of an even greater number b-vitamins than the SAR324 276 

genomes including riboflavin, coenzyme F420, folate, panthotheonate, pyridoxal, nicotinate 277 

and cobalmin (anaerobically) using precursors of central metabolism. Interestingly, they can 278 

synthesize thiamin from 5-phosphoribosyl diphosphate (PRPP), while SAR324 partially 279 

encode thiamin synthesis from pyridoxal which would need to be imported from an external 280 

source (e.g. from other community members).  281 

The crenarchaeal genomes are further well equipped with transporters that facilitate import 282 

and export of diverse substances, such as sugars, amino acids, petides, and ions among 283 

others (Text S1). These transporters are involved in e.g. osmo-regulation, reflecting the 284 

adaptation to a saline environment, and in multidrug resistance/import. A p-type ATPase was 285 

annotated in the genomes that may be involved in the export of cations (forced by ATP 286 

utilization). Protein secretion can be realized by tat- and sec-transport, which might be 287 
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involved in transport of proteins, such as those necessary for membrane formation and 288 

maintenance (Text S1).  289 

Patescibacteria 290 

The V. pourtalesii-associated Patescibacteria (Figure 5C) showed similar metabolic capacity 291 

to published Patescibacteria from other environments: While we found several enzymes 292 

involved in glycolysis, we could not resolve the pathway completely. The genomes lack 293 

enzymes involved in oxidative phosphorylation (respiration) and the TCA cycle. The 294 

synthesis pathways of the important precursor PRPP and subsequent synthesis of purines 295 

and pyrimidines were only partially encoded. The biosynthesis of phenylalanine (Phe) from 296 

phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) is encoded, but biosynthesis 297 

pathways for other amino acids, co-factors or vitamins are missing. We found two p-type 298 

ATPases which might export ions or provide energy (ATP) using cation and/or proton 299 

gradients present in the environment (holobiont). An anaerobic lifestyle is likely due to the 300 

presence of a lactate dehydrogenase (LDH), an enzyme involved in lactate fermentation and 301 

the anaerobic acetyl-CoA synthesis using the enzyme pyruvate-ferredoxin oxidoreductase. 302 

Patescibacterial MAGs also encode for some transporters, albeit in lower numbers compared 303 

to above-described SAR324 and crenarchaeal genomes. These transporters may be 304 

involved in osmo-regulation, multidrug in- and efflux, sugar-, amino acids-, and ion uptake. 305 

Regarding further symbiosis-relevant features, we detected the autoinducer transporter AI-306 

2E. Additionally, we detected ComEC/Rec2 and related proteins which are involved in the 307 

uptake of single stranded DNA (34). This is supported by the presence of PilT, the motor 308 

protein which is thought to drive pilin retraction prior to DNA uptake, and the pilus assembly 309 

proteins PilM, PilO and PilC. Even though not the full machinery was annotated, 310 

Patescibacteria may be able to take up foreign DNA via retraction of type IV-pilin-like 311 

structures into the periplasm and via ComEC through the inner membrane. 312 

Nanoarchaeota 313 

The nanoarchaeal MAG (Figure 5D) shows the genomic potential to convert glycerate-3-314 

phosphate (G3P) to Pyr, which represents a shortened glycolysis pathway and results in 315 
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reduced potential for energy production (ATP synthesis). It could use an anaerobic pyruvate-316 

formate lyase (PFL) for acetyl-CoA production. Interestingly, an archaeal type III RuBisCo is 317 

encoded, which catalyzes light-independent CO2 fixation using ribulose-1,5-bisposphate and 318 

CO2 as substrates to synthesize G3P (35) to fill the only partially encoded glycolysis. All 319 

enzymes needed for respiration were absent supporting an anaerobic lifestyle. Energy might 320 

be gained using a cation-driven p-type ATPase. Like its published relatives (36, 37) the V. 321 

pourtalesii-associated nanorarchaeon lacks almost all known genes required for the de novo 322 

biosyntheses of amino acids, vitamins, nucleotides, cofactors, and lipids. The uptake of some 323 

amino acids and ions may be possible as few transporters were detected. Typical archaeal 324 

S-layer membrane proteins are encoded, which may be exported by an ABC-transporter 325 

(LolCDE) or by sec-transport. Other transporters are involved in osmo-regulation and in 326 

multidrug resistance and/or transport. We found a prepilin type IV leader peptidase encoded 327 

in the genome which is synthesized as a precursors before flagellin/pilin is incorporated into 328 

a  filament (38).  329 

Discussion 330 

Microbial associations in V. pourtalesii syncytia 331 

The glass sponge V. pourtalesii consists of a scaffold of spicules with cellular biomass 332 

concentrated in biomass patches that contain sponge as well as symbiont cells (Figure 2). 333 

We assume that the biomass patches were probably formed by dehydration of syncytial 334 

tissues during fixation resulting in higher biomass densities than in the in vivo situation (12). 335 

Surprisingly high numbers of microbial cells were found within the observed biomass 336 

patches, considering that microbes have rarely been noticed in glass sponges previously 337 

(12). In V. pourtalesii, the microbes appeared in various morphotypes indicating a 338 

taxonomically diverse microbial community. Microbial cells of strikingly small sizes (< 1µm) 339 

compared to those of shallow water demosponges (39) constituted a large fraction of the 340 

microbial community. Microbial cells were frequently seen in close association and even 341 

physically attached to each other (Figure 2E,F). These associations were observed between 342 
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equally sized cells, but also between cells of distinctly different sizes, where the smaller 343 

microbes were attached to larger ones by stalk- or filament-like structures (Figure 2E).  344 

Main players in the V. pourtalesii microbial community with small, low GC genomes 345 

While previously published sponge metagenomes and symbiont MAGs tended towards high 346 

GC contents (typically around 65-70%), the V. pourtalesii MAGs show lower GC levels in the 347 

range of 24-40% that are more similar to those of seawater metagenomes (40–42), (Figure 348 

4, Table S3). Also genome sizes are on the smaller side in comparison to previously 349 

published sponge symbiont MAGs (40, 42). The large genome sizes of demosponge 350 

symbionts may be attributed to the specific genomic toolbox they require to utilize the 351 

mesohyl matrix, such as CAZy enzymes and arylsulfatases. These genes are frequently 352 

found enriched in the sponge symbiont genomes compared to free-living relatives (42, 43). 353 

This is, however, not the case in V. pourtalesii MAGs. On the contrary, here we see GC 354 

contents and genome sizes similar to and even below the ones of free-living marine 355 

microbes of the same respective phyla (Figure 4). Trophic specialization and avoidance of 356 

DNA replication cost have been proposed as hypotheses for genome reduction in free-living 357 

marine bacteria, e.g., of the genera Idiomarina (44) and Pelagibacter (45). For the V. 358 

pourtalesii-associated microbial community, the Black Queen hypothesis may best explain 359 

the apparent genomic streamlining: if some members carry out tasks that are beneficial to 360 

the whole microbial community, most other members will lose the ability to carry out these 361 

(often costly) tasks (46). The small sizes and low GC contents of the V. pourtalesii MAGs 362 

could, thus, be a sign of adaptation to generally nutrient-limiting environmental conditions 363 

(e.g. reviewed in (47)) and specialization on nutrient sources that are available within the 364 

sponge host environment, such as ammonia. 365 

The “givers” and “takers” hypothesis 366 

Formerly placed within the Thaumarchaeota, the Crenarchaeota are well known and 367 

widespread sponge symbionts (48–51). Different genera have recently been observed in 368 

South Pacific Hexactinellida and Demospongiae (14). Also Nanoarchaeota and 369 
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Patescibacteria have recently been noticed as members of sponge microbial communities 370 

including glass sponges, but no sponge-associated nanoarchaeal genome has been studied 371 

to date and - likely due to their low abundance in other sponge species – patescibacterial 372 

symbiont genomes have not been studied in detail (14, 52, 53). No sponge-derived genomes 373 

are available for the phylum SAR324 so far. The genomes of V. pourtalesii symbionts lack a 374 

number of properties that we know from typical shallow-water sponge symbionts (7), such as 375 

the potential for the production of secondary metabolites and arylsulfatases, and they are not 376 

enriched in genes encoding carbohydrate-active enzymes (CAZy). This underlines the 377 

above-stated hypothesis that these sponge symbionts do not need a diverse toolbox of 378 

genes to make use of a complex mesohyl like symbionts of Demospongiae. On the contrary, 379 

they seem to possess streamlined genomes to save resources and likely rely on each other 380 

for essential substances, such as certain amino acids and vitamins. 381 

Based on the functional genetic content of the four symbiont phyla that we analyzed in 382 

greater detail, we propose two major strategies: “the givers”, namely SAR324 and 383 

Crenarchaeota and with comparatively larger, more complex genomes, and likely bigger in 384 

cell size, and “the takers”, Patescibacteria and Nanoarchaeota and with reduced genomes 385 

and likely smaller cell sizes. We posit that the givers – being genomically well equipped – 386 

could be producing and partly secreting all required amino acids and vitamins drawing 387 

energy from various aerobic as well as anaerobic processes (Figure 6). Regarding their 388 

metabolic repertoire, the here described Crenarchaeota are rather similar to the SAR324 389 

bacteria, namely in their facultatively anaerobic lifestyle, the reactions of the central 390 

metabolism, and their ability for amino acid and vitamin biosynthesis. At the same time, while 391 

published sponge-associated or free-living Crenarchaeota have the genomic repertoire to fix 392 

carbon (e.g., (37, 50, 54–56)), such pathways appear to be absent in V. pourtalesii-393 

associated Crenarchaeota. These findings indicate that the symbionts are specifically 394 

adapted to the conditions within their respective host sponge and the surrounding 395 

environment, e.g. low-oxygen conditions in this case.  396 
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Supporting our hypothesis of genome streamlining in the sense of the Black Queen 397 

hypothesis, the two “givers” also seem to depend on each other metabolically: 398 

Crenarchaeota can produce several b-vitamins, which might be used by members of 399 

SAR324. One example is pyrioxidal provided by Crenarchaeota to SAR324, which would 400 

thus be able to produce thiamin. Their genomic similarity, their difference to close relatives 401 

from other environments, and their metabolic interdependence reinforces our hypothesis that 402 

they are, in fact, symbionts specifically adapted to life within their V. pourtalesii host. Beyond 403 

the scope of the microbial community, microbial vitamin production may also have an 404 

important role in the animal host metabolism, such as the respiratory chain, the synthesis of 405 

coenzyme A, protein, fatty acid, nucleic acid and carbohydrate metabolism, and co-factor 406 

synthesis. As previously hypothesized for Demospongiae symbionts (7), the capacity for 407 

vitamin synthesis by microbes associated to V. pourtalesii might be an important factor in 408 

maintaining the symbiosis with the animal host.  409 

It is tempting to speculate that the takers – reduced in size and functional potential – would 410 

scavange from their neighbors. Marine Patescibacteria are known (and named) for their 411 

reduced genomes and metabolic capacities (57–59) and also Nanoarchaeota are known for 412 

their dependence on a crenarchaeal host, although in very different marine environments 413 

such as hydrothermal vents (60, 61). Regarding the exchange of substances between 414 

microbes, we propose that the nanoarchaeal symbionts “ride” on the crenarchaeal 415 

symbionts, analogous to what is described for Nanoarchaeum equitans and Ignicoccus 416 

hospitalis (37, 62), which use pili for attachment and possibly also for metabolite uptake. 417 

Jahn et al. (62) showed that Nanoarchaeum equitans may get large amounts of lipids (and 418 

possibly other substances) from its associated Ignicoccus hospitalis. We hypothesize that the 419 

nanoarchaeum in V. pourtalesii might be likewise directly associated with the abundant 420 

Crenarchaeota and receive, e.g., lipids and DNA via cell attachment and using pili-like 421 

structures to maintain cell-cell contact (see, e.g., small cells attached to larger cells in Figure 422 

2E), (37, 60, 63). Patescibacteria could take up required nutrients from their 423 
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microenvironment, also utilizing pili equipped with a pilT motor protein and comEC enabling 424 

the uptake of DNA for the recycling of nucleotides (64) that they cannot build themselves. 425 

Interestingly, we detected copies of the luxS gene, the proposed autoinducer-2 (AI-2) 426 

synthetase, in patescibacterial and SAR324 genomes. There is strong evidence that Al-2E 427 

family homologues function as an AI-2 exporter in E. coli cells to control biofilm formation. AI-428 

2 is a proposed signaling molecule for interspecies communication in bacteria (reviewed in 429 

(65)). Autoinducer production plays a crucial role in Vibrio fischeri colonization of (and 430 

maintenance in) the light organ of the host squid Euprymna scolopes (66) and was recently 431 

detected in sponge-associated Vibrio species (67). Microbial quorom sensing processes 432 

(such as biofilm formation, bioluminescence, motility, virulence factor secretion, antibiotic 433 

production, sporulation and competence for DNA uptake) (68) may display symbiosis-434 

relevant features additional or alternative to the ones described before for sponge-associated 435 

microbes (e.g., arylsulfatases, TPRs, CRISPR-Cas). 436 

Conclusions 437 

The present study aimed to characterize the diversity and function of microbes residing in the 438 

glass sponge Vazella pourtalesii. A general pattern emerged in that the V. pourtalesii 439 

symbionts displayed smaller genome sizes and lower GC contents than bacterial relatives 440 

from seawater or from demosponge symbionts. Genomic analysis revealed two putative 441 

functional strategies: the “givers” (SAR324 and Crenarchaeota) producing and most likely 442 

providing required amino acids and vitamins to the microbial community and the “takers” 443 

(Patescibacteria and Nanoarchaeota) depending on the provision of compounds like lipids 444 

and DNA that they likely take up via pili-like structures. Their localization within biomass 445 

patches together with the environmental low-oxygen conditions could serve as explanation 446 

for the unique compositional and functional properties of the microbial community of V. 447 

pourtalesii. 448 

Material and Methods 449 
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Sampling and assessment of microbial community composition 450 

Sampling was performed on a cruise to the Scotian Shelf off Nova Scotia, eastern Canadain 451 

August-September 2017 onboard CCGS Martha L. Black (MLB2017001). Here, we selected 452 

a subset of all samples received during this cruise (Table S1) to study the lifestyle strategies 453 

of the dominant members of the microbial community (for details on sampling, DNA 454 

extraction, and amplicon sequencing see (20)), where we cover the complete dataset to 455 

study the microbial diversity inside V. pourtalesii in response to anthropogenic activities). 456 

Briefly, sponge individuals were collected for this study from pristine areas by the remotely 457 

operated vehicle ROPOS (Canadian Scientific Submersible Facility, Victoria, Canada) and 458 

tissue subsamples were taken, rinsed in sterile filtered seawater and frozen at -80°C. 459 

Samples were collected at an average sampling depth of 168 m (min=161 m, max=183 m) 460 

which coincides with the base of the euphotic zone. Oceanographic data such as 461 

temperature, salinity and oxygen were collected using CTD casts (sensors by Sea-Bird 462 

Electronics SBE 25). Water samples were taken during CTD casts and using Niskin bottles 463 

of the ROPOS ROV. Additionally, samples were collected from an Ocean Tracking Network 464 

(OTN) acoustic mooring located approximately 10 km northwest of the Sambro Bank Sponge 465 

Conservation Area on the Scotian Shelf (20). The mooring was anchored ~ 5 m above the 466 

seabed and was deployed for ~ 13 months (15th of August 2016 - 5th of September 2017) 467 

prior to its recovery. 468 

DNA was extracted using the DNeasy Power Soil Kit (Qiagen). After quantification and 469 

quality assessment by NanoDrop spectrophotometer and by PCR, the V3V4 variable regions 470 

of the 16S rRNA gene were amplified in a dual-barcoding approach (69) using a one-step 471 

PCR with the primers 5'-CCTACGGGAGGCAGCAG-3' (70) and 5'-472 

GGACTACHVGGGTWTCTAAT-3' (71).  Samples were sequenced on a MiSeq platform 473 

(MiSeqFGx, Ilumina) with v3 chemistry. The raw sequences were quality-filtered using 474 

BBDUK (BBMAP version 37.75 (72)) with a Q20, a minimum length of 250 nt. Sequences 475 

were processed in QIIME2 (versions 2018.6 and 2018.8 (73)) implementing the DADA2 476 

algorithm (74) to determine Amplicon Sequence Variants (ASVs). Sequences were denoised 477 
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and chimeras, chloroplast and mitochondrial sequences were removed. Taxonomy was 478 

assigned using a Naïve Bayes classifier (75) trained on the Silva 132 99% OTUs 16S 479 

database (76). An ASV-based phylogeny was generated using the FastTree2 plugin (77). 480 

The plots were produced with R (version 3.0.2 (78)), Inkscape (version 0.92.3 (79)), QGIS 481 

(version 2.18.4 (80)), and MATLAB (version R2016b including Gibbs Seawater toolbox (81)). 482 

Scanning Electron Microscopy 483 

Tissue subsamples of three sponge individuals (Table S1) were fixed for scanning electron 484 

microscopy (SEM) onboard ship in 6.25% GDA in PBS (FisherScientific) in two technical 485 

replicates each. Samples were then washed 3x 15 min in PBS, post-fixed for 2 h in 2% 486 

osmiumtetroxide (Carl Roth, Germany) and washed again 3x 15 min in PBS. Samples were 487 

dehydrated in an ascending ethanol series (ROTIPURAN® Carl Roth, Germany): 1x15 min 488 

30% EtOH, 2x15 min 50% EtOH, 2x15 min 70% EtOH, 2x15 min 80% EtOH, 2x15 min 90% 489 

EtOH, 1x15 min 100% EtOH. Subsequent dehydration was continued with carbon dioxide in 490 

a Critical Point Dryer (BalzersCPD 030). After critical point drying, the samples were 491 

manually fractionated and sputter coated 3 min at 25 mA with gold/palladium (Balzers SCD 492 

004). The preparations were visualized using a Hitachi S-4800 field emission scanning 493 

electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) with a 494 

combination of upper and lower detector at an acceleration voltage of 3 kV and an emission 495 

current of 10 mA. 496 

Transmission Electron Microscopy and Light Microscopy 497 

Tissue samples of three sponge individuals (Table S1) were fixed onboard ship in 2.5% 498 

glutaraldehyde in 0.1 M natriumcacodylate buffer (pH 7.4; Science Services GmbH) for 499 

transmission electron microscopy (TEM) and light microscopy in two technical replicates 500 

each. Samples were then rinsed 3x with buffer at 4°C, post-fixed for 2 h in 2% 501 

osmiumtetroxide (Carl Roth) and washed with buffer 3x 15 min at 4°C. Samples were 502 

partially dehydrated with an ascending ethanol (ROTIPURAN® Carl Roth) series (2x15 min 503 

30% EtOH, 1x15 min 50% EtOH, up to 70% ethanol). Samples were stored at 4°C overnight 504 
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before desilicification with 4% suprapure hydrofluoric acid (Merck; incubation of 505 

approximately 5 hours). Afterwards, samples were washed 8x15 min in 70% EtOH (with an 506 

overnight storage at 4°C in between washings). Dehydration was continued with a graded 507 

ethanol series (1x15 min 90% EtOH and 2x15 min 100% EtOH) followed by gradual 508 

infiltration with LR-White resin (Agar Scientific) at room temperature (1x1 h 2:1 Ethanol:LR-509 

White; 1x1 h 1:1 Ethanol:LR-White; 1x1 h 1:2 Ethanol:LR-White; 2x2 h pure LR-White). 510 

Samples were incubated in pure LR-White resin at 4°C overnight before being transferred 511 

into fresh resin and polymerized in embedding capsules at 57°C for 2 days. 512 

Semithin sections (0.5 µm) were cut (in technical replicates) sing an ultramicrotome 513 

(Reichert-Jung ULTRACUT E), equipped with a diamond knife (DIATOME, Switzerland), and 514 

afterwards stained with Richardson solution (ingredients from Carl Roth; prepared as 515 

described in (82)). Semithin sections were then mounted on SuperFrost Ultra Plus® 516 

microscopy slices (Carl Roth; using Biomount medium produced by Plano) and visualized 517 

with an Axio Observer.Z1 microscope (Zeiss, Germany). Ultrathin sections (70 nm) were cut 518 

(in technical replicates) with the same ultramicrotome, mounted on pioloform coated copper 519 

grids (75 mesh; Plano) and contrasted with uranyl acetate (Science Services; 20 min 520 

incubation followed by washing steps with MilliQ water) and Reynold´s lead citrate 521 

(ingredients from Carl Roth; 3 min incubation followed by washing steps with MilliQ water). 522 

The ultrathin preparations were visualized at an acceleration voltage of 80 kV on a Tecnai 523 

G2 Spirit Bio Twin transmission electron microscope (FEI Company). 524 

Microbial functional repertoire 525 

For metagenomic sequencing, DNA was extracted from the seven sponge samples (four 526 

from natural Vazella grounds and three from the mooring to optimize for differential coverage 527 

binning) and five seawater controls (Table S1) with the QiagenAllPrep DNA/RNA Mini Kit. 528 

Two washing steps with buffer AW2 were employed during DNA extraction. DNase and 529 

protease-free RNase A (Thermo Scientific) was used to remove remnant RNA from the DNA 530 

extracts. For seawater controls, DNA was extracted from one half of a PVDF membrane filter 531 
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(seawater filter – SWF; see above). The DNA was concentrated by precipitation with 100 % 532 

ethanol and sodium acetate buffer and re-eluted in 50 µl water. For all extracts, DNA quantity 533 

and quality were assessed by NanoDrop measurements and Qubit assays, and 30 µl (diluted 534 

in water, if necessary) were sent for metagenomic Illumina Nextera sequencing (HiSeq 4000, 535 

2x150 bp paired-end) at the Institute of Clinical Molecular Biology (IKMB) of Kiel University. 536 

Sequence quality of all read files was assessed with FastQC (83). 537 

The raw reads were trimmed with Trimmomatic v0.36 (ILLUMINACLIP:NexteraPE-538 

Pe.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36) and co-539 

assembled with megahit v1.1.3 (84). The metaWRAP v1.0.2 pipeline was implemented for 540 

binning as follows (85): Initial binning was performed with metabat, metabat2, and maxbin2 541 

(86–88) within metaWRAP. The bins were refined with the metaWRAP bin_refinement 542 

module and further improved where possible with the reassemble_bins module. This module 543 

uses the genome assembler SPAdes v3.12.0 (89) on two sets of reads mapped to the 544 

original bin with strict and more permissive settings and then compares the original bin with 545 

the two newly assembled genomes. Which of the three versions of the metagenome-546 

assembled genome (MAG) was the best in each respective case and was, thus, used for 547 

further analyses, is indicated by the trailing letter in the names (‘o’ for ‘original’, ‘p’ for 548 

‘permissive’, or ‘s’ for ‘strict’) in Table S2. The MAGs that were further analyzed in detail were 549 

renamed indicating their phylum-level affiliation and their bin number. 550 

MAG taxonomy was determined by GTDB-Tk based on whole genome information and 551 

following the recently published, revised microbial taxonomy by Parks and colleagues (26, 552 

90, 91). The phylogenomic trees produced by GTDB-Tk (77, 92, 93) were visualized on the 553 

Interactive Tree Of Life (iTOL) platform v4.3 (94). MAG abundance in the different 554 

metagenomic datasets was quantified with the metaWRAP quant_bins module and used to 555 

determine which MAGs were enriched in which sample type by calculating linear discriminant 556 

analysis (LDA) scores with LEfSe v1.0 (95) in two ways: i) “V. pourtalesii” vs. “water”, and ii) 557 

“pristine V. pourtalesii” vs. “mooring V. pourtalesii” vs. “water”. We identified MAGs belonging 558 
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to the bacterial candidate phyla Patescibacteria and SAR324 and the archaeal phyla 559 

Crenarchaeota and Nanoarchaeota that were enriched in V. pourtalesii over seawater or in 560 

one of the V. pourtalesii subsets. The MAGs were compared to each other within their 561 

taxonomic groups using average nucleotide identity (ANI) of the pangenomic workflow of 562 

anvi’o v5.2 (96, 97) and they were compared to seawater and other host sponge-derived 563 

reference genomes (Table S3) regarding their genome sizes and GC contents. For functional 564 

annotations, interproscan v5.30-69.0 including GO term and pathway annotations was used 565 

(98, 99). The resulting EC numbers were converted to K terms to apply the online tool 566 

‘Reconstruction Pathway’ in KEGG mapper (https://www.genome.jp/kegg/). Additionally, 567 

manual search in the annotation tables (DOI: 10.6084/m9.figshare.12280313) allowed the 568 

identification of several enzymes completing some pathways. Potential transporters were 569 

identified in the above-described annotation and additionally using the online tool 570 

TransportDB 2.0 (100). 571 

Data deposition 572 

Detailed sample metadata was deposited in the PANGAEA database: 573 

https://doi.pangaea.de/10.1594/PANGAEA.917599. Amplicon and metagenomic raw read 574 

data were deposited in the NCBI database under BioProject PRJNA613976. Individual 575 

accession numbers for assembled MAGs are listed in Table S2. Interpro annotation output is 576 

available on figshare under DOI 10.6084/m9.figshare.12280313. 577 
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Legends 592 

Figures 593 

Figure 1 Map of sampling region on the Canadian shelf (A) and TS diagram (B). In (A) 594 

colours depict presence probability of Vazella pourtalesii based on data presented in Beazley 595 

et al. (17), with yellow indicating areas of highest occurrence probability. In B) colouring 596 

corresponds to oxygen concentrations measured during representative CTD casts at the 597 

study area. Water masses (light grey dots, labels and square) were added according to 598 

Dever et al. (101) and (102): CBS = Cabot Strait Subsurface Water; InLC= Inshore Labrador 599 

Current, CBS-CIL= Cold Intermediate Layer of Cabot Strait Subsurface Water, LSW= 600 

Labrador Slope Water, WSW=Warm Slope Water. 601 

Figure 2 Microscopy of Vazella pourtalesii tissue. A) Scanning electron microscopy overview 602 

of spicule scaffolds (scale bar: 75 µm). B) SEM close-up image of a biomass patch (scale 603 

bar: 3 µm). C) Light-microscopy image (scale bar: 5 µm) and D) TEM image of the same 604 

biomass patch (scale bar: 1 µm). E) SEM close-up presumably showing smaller microbes 605 

attached to larger ones by stalk- or filament-like structures (scale bar: 1 µm). F) TEM 606 

microscopy images of adjacent microbial cells (scale bars: 500 nm). Acronyms: sp= spicule, 607 

bp = biomass patch, hc = host cell, mic= microbes, p = potential pilus. 608 

Figure 3 Subtrees of the GTDB-Tk phylogenetic tree showing the setting of the MAGs of this 609 

study (shown in bold) within the microbial phyla selected for detailed analysis. Class names 610 
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are indicated by a leading “c_”, order names by “o_”, family names by “f_”, and genus names 611 

by “g_”. Vazella-enriched MAGs are marked with a red star. 612 

Figure 4 Comparison of the MAGs retrieved in this study to published MAGs from sponge 613 

and seawater metagenomes. From this study, only the MAGs enriched in either Vazella 614 

pourtalesii or in water were considered – ‘neutral’ ones were excluded from this analysis. 615 

Figure 5 Reconstruction of metabolic features found in the genomes of A) SAR324, B) 616 

Crenarchaeota, C) Patescibacteria, and D) Nanoarchaeota. Solid lines indicate that 617 

genes/enzymes, or < 50% of a given pathway were found, dashed lines indicate less than 618 

50% of a pathway were found. Grey arrows, writing and lining indicate that the 619 

genes/enzymes were found in less than 50% of genomes of the respective phylum. White 620 

arrows and writing indicate missing genes/enzymes. Co-factor synthesis is indicated by 621 

turquoise colour, amino acid production by magenta colour. Symport, antiport and direction 622 

are indicated by number and direction of arrows. 623 

Figure 6 Summary model of the main metabolic interactions between the four microbial taxa 624 

studied herein. CoA: acetyl-CoA; CH: carbohydrates; FA: fatty acids; F420: coenzyme F420; 625 

AS: amino acids; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide; NAD: 626 

nicotinamide adenine dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate. 627 

Tables 628 

Table 1 MAGs of the bacterial candidate phyla Patescibacteria and SAR324, and the 629 

archaeal phyla Crenarchaeota and Nanoarchaeota selected for detailed functional analysis. 630 

Genome properties were determined by QUAST, completeness and contamination 631 

estimations were performed by CheckM implemented in the metaWRAP pipeline. Acronyms: 632 

“Cov” – genome coverage, “Red” – redundancy. 633 

Supplementary material 634 

Figure S1 Linear discriminant analysis (LDA) Effect Size (LEfSe) plots of MAG abundance 635 

based on the abundance table calculated from read coverage data by the metaWRAP 636 
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quant_bins module. Two sets of groups were analyzed: A) Vazella metagenomes vs. 637 

seawater reference metagenomes, and B) pristine Vazella-derived metagenomes (vazella_p) 638 

vs. mooring Vazella-derived metagenomes (vazella_m) vs. seawater reference 639 

metagenomes. An LDA score of 2 was selected as cut-off. 640 

Figure S2 The 15 most abundant microbial phyla (classes for Proteobacteria) in V. 641 

pourtalesii, representing > 99 % of the total microbiome. Microbial taxa are sorted after 642 

relative abundance in descending order from left to right. Symbols represent domain level 643 

taxonomic classification: circles indicate Bacteria, squares indicate Archaea. Patescibacteria 644 

(P), SAR324, and Nanoarchaeota (N) are particularly highlighted. The pie chart (grey) 645 

around the bubble chart indicates percentages of highest achievable taxonomic resolution for 646 

each taxonomically assignable Amplicon Sequence Variant (ASV). The asterisk highlights 647 

the three small pies next to it, which represent percentages of ASVs with highest achievable 648 

taxonomic resolution on phylum-level and kingdom-level, as well as sequences unassigned 649 

on phylum-level. 650 

Figure S3 Heatmap of relative abundances [%] in our dataset of Patescibacteria classes 651 

within the phylum. Bubbles on the left side of the heatmap show richness (ASVs) of each 652 

class (max.=Parcubacteria 223 ASVs). Purple bars above the heatmap indicated relative 653 

abundance [%] of the phylum Patescibacteria within total microbiomes.  654 

Table S1 Samples of this study and applied analyses. 655 

Table S2 Overview of the MAGs binned from the Vazella pourtalesii metagenome in this 656 

study. Enrichment in one of the groups or all Vazella vs. water was determined by LefSe, 657 

classification is derived from GTDB-Tk, completeness and contamination were determined 658 

wich CheckM.  659 

Table S3 Reference genomes for size and GC comparison. 660 

Table S4 ANI analysis. 661 
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Text S1 Detailed description of metabolic features detected in SAR324 and Crenarchaeota. 662 
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      980 
Figure 1 Map of sampling region on the Canadian shelf (A) and TS diagram (B). In (A) 981 

colours depict presence probability of Vazella pourtalesii based on data presented in Beazley 982 
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et al. (19), with yellow indicating areas of highest occurrence probability. In B) colouring 983 

corresponds to oxygen concentrations measured during representative CTD casts at the 984 

study area. Water masses (light grey dots, labels and square) were added according to 985 

Dever et al. (103) and (104): CBS = Cabot Strait Subsurface Water; InLC= Inshore Labrador 986 

Current, CBS-CIL= Cold Intermediate Layer of Cabot Strait Subsurface Water, LSW= 987 

Labrador Slope Water, WSW=Warm Slope Water. 988 

 989 

Figure 2 Microscopy of Vazella pourtalesii tissue. A) Scanning electron microscopy overview 990 

of spicule scaffolds (scale bar: 75 µm). B) SEM close-up image of a biomass patch (scale 991 

bar: 3 µm). C) Light-microscopy image (scale bar: 5 µm) and D) TEM image of the same 992 

biomass patch (scale bar: 1 µm). E) SEM close-up presumably showing smaller microbes 993 

attached to larger ones by stalk- or filament-like structures (scale bar: 1 µm). F) TEM 994 
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microscopy images of adjacent microbial cells (scale bars: 500 nm). Acronyms: sp= spicule, 995 

bp = biomass patch, hc = host cell, mic= microbes, p = potential pilus. 996 

 997 

 998 

 999 

Figure 3 Subtrees of the GTDB-Tk phylogenetic tree showing the setting of the MAGs of this 1000 

study (shown in bold) within the microbial phyla selected for detailed analysis. Class names 1001 

are indicated by a leading “c_”, order names by “o_”, family names by “f_”, and genus names 1002 

by “g_”. Vazella-enriched MAGs are marked with a red star. 1003 

 1004 
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 1005 

Figure 4 Comparison of the MAGs retrieved in this study to published MAGs from sponge 1006 

and seawater metagenomes. From this study, only the MAGs enriched in either Vazella 1007 

pourtalesii or in water were considered – ‘neutral’ ones were excluded from this analysis. 1008 
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Table 1 MAGs of the bacterial candidate phyla Patescibacteria and SAR324, and the archaeal phyla Crenarchaeota and Nanoarchaeota selected 1009 

for detailed functional analysis. Genome properties were determined by QUAST, completeness and contamination estimations were performed by 1010 

CheckM implemented in the metaWRAP pipeline. Acronyms: “Cov” – genome coverage, “Red” – redundancy. 1011 

Phylum-level 
affiliation 

MAG # contigs estim. 
Genome 
size (Mb) 

GC (%) N50 Cov (%) Red (%) 

 

P
a

te
s
c
ib

a
c
te

ri
a

 

Patesci_129 109 0.71 31.8 5,408 67.37 0 

Patesci_30 95 0.46 31.7 5,089 66.19 1.18 

Patesci_136 206 0.95 31.6 4,840 61.21 0.47 

Patesci_48 163 0.86 32.6 8,405 71.52 0 

Patesci_98 15 0.71 28.4 66,386 79.44 0 

 

S
A

R
3

2
4

 
(D

e
lt
a
p
ro

te
o

-

b
a
c
te

ri
a
) 

SAR324_126 562 2.16 33.0 8,540 75.63 5.39 

SAR324_140 257 1.49 32.2 4,131 54.53 0.75 

SAR324_8 270 1.47 32.4 3,229 54.81 2.45 

 

C
re

n
a
rc

h
a

e
o

ta
 CrenArch_143 507 2.04 38.2 3,080 63.44 1.46 

CrenArch_74 366 1.41 40.1 3,432 53.2 8.16 

CrenArch_90 115 1.11 40.4 8,261 59.77 2.59 

CrenArch_101 336 1.74 31.8 3,376 60.75 3.40 

Nanoarchaeota NanoArch_78 39 0.67 24.3 39,559 76.63 0 
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45 
 

 1015 

Figure 5 Reconstruction of metabolic features found in the genomes of A) SAR324, B) 1016 

Crenarchaeota, C) Patescibacteria, and D) Nanoarchaeota. Solid lines indicate that 1017 

genes/enzymes, or < 50% of a given pathway were found, dashed lines indicate less than 1018 

50% of a pathway were found. Grey arrows, writing and lining indicate that the 1019 

genes/enzymes were found in less than 50% of genomes of the respective phylum. White 1020 

arrows and writing indicate missing genes/enzymes. Co-factor synthesis is indicated by 1021 

turquoise colour, amino acid production by magenta colour. Symport, antiport and direction 1022 

are indicated by number and direction of arrows. 1023 
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46 
 

 1026 

Figure 6 Summary model of the main metabolic interactions between the four microbial taxa 1027 

studied herein. CoA: acetyl-CoA; CH: carbohydrates; FA: fatty acids; F420: coenzyme F420; 1028 

AS: amino acids; FAD: flavin adenine dinucleotide; FMN: flavin mononucleotide; NAD: 1029 

nicotinamide adenine dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate. 1030 
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