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ARTICLE

Candidatus Nemesobacterales is a sponge-specific clade of the
candidate phylum Desulfobacterota adapted to a symbiotic
lifestyle
Asimenia Gavriilidou 1✉, Burak Avcı 1, Anastasia Galani 1, Michelle A. Schorn 1, Colin J. Ingham2, Thijs J. G. Ettema 1,
Hauke Smidt 1 and Detmer Sipkema 1✉
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Members of the candidate phylum Dadabacteria, recently reassigned to the phylum Candidatus Desulfobacterota, are cosmopolitan
in the marine environment found both free-living and associated with hosts that are mainly marine sponges. Yet, these
microorganisms are poorly characterized, with no cultured representatives and an ambiguous phylogenetic position in the tree of
life. Here, we performed genome-centric metagenomics to elucidate their phylogenomic placement and predict the metabolism of
the sponge-associated members of this lineage. Rank-based phylogenomics revealed several new species and a novel family
(Candidatus Spongomicrobiaceae) within a sponge-specific order, named here Candidatus Nemesobacterales. Metabolic
reconstruction suggests that Ca. Nemesobacterales are aerobic heterotrophs, capable of synthesizing most amino acids, vitamins
and cofactors and degrading complex carbohydrates. We also report functional divergence between sponge- and seawater-
associated metagenome-assembled genomes. Niche-specific adaptations to the sponge holobiont were evident from significantly
enriched genes involved in defense mechanisms against foreign DNA and environmental stressors, host-symbiont interactions and
secondary metabolite production. Fluorescence in situ hybridization gave a first glimpse of the morphology and lifestyle of a
member of Ca. Desulfobacterota. Candidatus Nemesobacterales spp. were found both inside sponge cells centred around sponge
nuclei and in the mesohyl of the sponge Geodia barretti. This study sheds light on the enigmatic group Ca. Nemesobacterales and
their functional characteristics that reflect a symbiotic lifestyle.

The ISME Journal; https://doi.org/10.1038/s41396-023-01484-z

INTRODUCTION
The candidate phylum Dadabacteria, formerly known as SBR1093
was initially detected in 16S rRNA gene cloning experiments from
activated sludge in sequential batch reactors [1]. In 2014, the first
draft genome was reconstructed from industrial-activated sludge
samples using metagenome binning methods [2]. Hug et al. [3]
later established SBR1093 as a novel phylum under the name
“Dadabacteria” [3]. To date, this lineage remains uncultured and
understudied displaying a yet-unresolved phylogenetic placement
in the tree of life. Waite et al. [4] recently proposed the assignment
of members of the Candidatus Dadabacteria to the candidate
phylum Desulfobacterota [4]. However, phylogenetic analyses
based on concatenated ribosomal proteins did not recover
”Dadabacteria” as a monophyletic group with members of the
Ca. Desulfobacterota phylum [3, 4], highlighting the lack of
confidence in assigning a taxonomic rank to this lineage. Currently,
both the NCBI (NCBI Taxonomy Browser, November 2022) and
SILVA databases (r138.1) contain sequences classified as Ca.
Dadabacteria. Due to the explosion of novel taxa stemming from
metagenome-assembled genomes (MAGs), taxonomic assignment
has shifted towards whole-genome-based approaches to improve
the classification of microorganisms recalcitrant to laboratory

culture [5, 6]. In congruence with databases such as the Genome
Taxonomy Database (GTDB), the candidate phylum Dadabacteria
was united with the phylum Ca. Desulfobacterota (GTDB release 95)
and remains without a designated nomenclature type referred to
as “Desulfobacterota__D” (GTDB releases 202 and 207) [7]. For the
purpose of the comparative genomics study described here, we
decided to follow the classification as proposed by GTDB [7].
According to the latest version of GTDB (r207), the candidate
phylum Dadabacteria is placed within Ca. Desulfobacterota as a
class-level lineage (UBA1144) with three order- (UBA1144,
UBA2774 and RKRQ01) and six family-level lineages (UBA1144,
UBA2774, CSP1-2, N074bin48, RKRQ01 and GCA-014075295).
Members of Ca. Dadabacteria are, currently, all uncultured

bacteria, and their MAGs have been recovered from various
habitats (free-living and host-associated), such as hydrothermal
vents, terrestrial environments, human-made ecosystems, sea-
water and marine sponges [8]. Most marine sponges harbour
dense and phylogenetically diverse microbial consortia, which
span all domains of life and have tight associations with their
hosts [9]. The sponge host plus their associated microbiota
has been coined with the term ”sponge holobiont” [10, 11].
Several genome-centric studies have shed light on the functional

Received: 31 January 2023 Revised: 26 May 2023 Accepted: 2 June 2023

1Laboratory of Microbiology, Wageningen University & Research, Stippeneng 4, 6708WE Wageningen, The Netherlands. 2Hoekmine BV, Verenigingstraat 36, 3515GJ Utrecht, The
Netherlands. ✉email: asimenia.gavriilidou@wur.nl; detmer.sipkema@wur.nl

www.nature.com/ismej

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-023-01484-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-023-01484-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-023-01484-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-023-01484-z&domain=pdf
http://orcid.org/0000-0003-0204-2223
http://orcid.org/0000-0003-0204-2223
http://orcid.org/0000-0003-0204-2223
http://orcid.org/0000-0003-0204-2223
http://orcid.org/0000-0003-0204-2223
http://orcid.org/0000-0002-2358-7671
http://orcid.org/0000-0002-2358-7671
http://orcid.org/0000-0002-2358-7671
http://orcid.org/0000-0002-2358-7671
http://orcid.org/0000-0002-2358-7671
http://orcid.org/0009-0004-0533-6600
http://orcid.org/0009-0004-0533-6600
http://orcid.org/0009-0004-0533-6600
http://orcid.org/0009-0004-0533-6600
http://orcid.org/0009-0004-0533-6600
http://orcid.org/0000-0001-8144-6052
http://orcid.org/0000-0001-8144-6052
http://orcid.org/0000-0001-8144-6052
http://orcid.org/0000-0001-8144-6052
http://orcid.org/0000-0001-8144-6052
http://orcid.org/0000-0002-6898-6377
http://orcid.org/0000-0002-6898-6377
http://orcid.org/0000-0002-6898-6377
http://orcid.org/0000-0002-6898-6377
http://orcid.org/0000-0002-6898-6377
http://orcid.org/0000-0002-6138-5026
http://orcid.org/0000-0002-6138-5026
http://orcid.org/0000-0002-6138-5026
http://orcid.org/0000-0002-6138-5026
http://orcid.org/0000-0002-6138-5026
http://orcid.org/0000-0003-3836-219X
http://orcid.org/0000-0003-3836-219X
http://orcid.org/0000-0003-3836-219X
http://orcid.org/0000-0003-3836-219X
http://orcid.org/0000-0003-3836-219X
https://doi.org/10.1038/s41396-023-01484-z
mailto:asimenia.gavriilidou@wur.nl
mailto:detmer.sipkema@wur.nl
www.nature.com/ismej


role of the sponge microbiome highlighting significant attributes
of their metabolism, including elemental cycling, nutrient supply
and host defense [12–20]. However, most of these studies have
focused primarily on characterizing highly abundant sponge-
associated lineages or the microbe-host interactions of specific
sponge species. Therefore, less abundant, yet persistent, members
of sponge microbiomes and their ecological functions have been
largely overlooked. Members of Ca. Dadabacteria are a perfect
example of that. Microbial community profiling of 81 sponge
species using 16S rRNA gene amplicon sequencing data showed
that Ca. Dadabacteria sequences were detected in 78 of those
species, albeit at a low relative abundance (<1%) [9]. Despite their
ubiquity, no studies have specifically investigated their role in the
sponge microbiome.
To address this gap, we resolved the phylogeny of this lineage

following a rank-normalized taxonomy and expanded their
genomic representation with newly generated MAGs, recovered
from different sponge species. To better understand the
ecological importance of this group, the abundance of the MAGs
was estimated and a meta-analysis was conducted using 16S rRNA
gene sequences to assess their global environmental distribution.
Metabolic reconstruction was used to elucidate the functional
repertoire and symbiotic features of the sponge-derived MAGs.
Comparative genomic analysis was further performed among
members of this lineage isolated from sponges and seawater to
examine potential mechanisms underlying habitat adaptation.
Finally, we employed fluorescence in situ hybridization (FISH) to
visualize Ca. Nemesobacterales inhabiting sponges.

MATERIALS AND METHODS
Sample collection and sequencing
Collection, processing and metagenome sequencing of samples of
Aplysina aerophoba (Aply), Geodia atlantica (GA), Geodia barretti (GB),
Petrosia ficiformis (PF) and other sponge genera (Caminus, Desmacella and
Fascaplysinopsis) (DOM) presented here were performed in previous
studies from our group [21–24]. Sponge specimens of Aply were collected
by SCUBA-diving in Cala Montgó, Spain in June 2014. Samples of GB and
GA were collected from Korsfjord, Norway in September and October 2017
by dredging onboard R/V Hans Brattström and PF samples were acquired
by SCUBA-diving from a semi-submerged cave in Sfakia, Greece. All the
aforementioned samples were treated with liquid nitrogen and stored at
−80 °C. Collection of additional specimens of GB was performed by
trawling from Davis Strait, Canada in September and October from 2011 to
2015 and stored at −20 °C until further processing. The sampling cruises
were conducted by Fisheries and Oceans Canada onboard R/V Pâmiut of
the Greenland Institute of Natural Resources. DOM samples were collected
from Dominica by a submersible and stored at −20 °C in RNAlater (Thermo
Fisher Scientific, Gerhard Menzel B.V. & Co. KG, Germany). One additional
DOM sponge sample of the genus Scleritoderma (DOM43) was collected for
the present study as described above. Metadata is available in Table S1.
Preprocessing and total DNA extraction for metagenome sequencing of

the GA, GB and PF samples were performed in [23] and the Aply samples in
[21]. In brief, all sponge samples were pulverized in liquid nitrogen using
mortar and pestle. For the bead-beating step, 200 mg of sponge tissue
were disrupted by 5 stainless steel beads of 2 mm diameter and 2 beads of
5 mm diameter. Shaking followed (2 × 20 s at 4000 rpm) using a Precellys
24 tissue homogenizer (Bertin GmbH, Germany) according to the protocol
of [25]. DNA was then extracted from the tissue lysate using the AllPrep
DNA/RNA/Protein Mini Kit (Qiagen, Germany). DNA samples of GA, GB and
PF were sent for sequencing at Novogene (Hong Kong) with the HiSeq
PE150 system (Illumina). For the Aply samples, sequencing was performed
using the HiSeq PE100 system (Illumina). The DOM sponge samples were
processed in [24], except for the Scleritoderma sample (DOM43) which was
processed here as described in [24]. The tissue was first thawed and rinsed
with artificial seawater. It was then added in a PowerBead Tube and
shaking followed (3 × 60 s at 6000 × g) using a Precellys 24 Homogenizer
(Bertin GmbH, Frankfurt, Germany). DNA extraction was performed with
the DNeasy PowerSoil Pro Kit (Qiagen GmbH, Hilden, Germany).
Sequencing was conducted by Novogene Europe (Cambridge, UK) using
the Novaseq 6000 system (Illumina).

Metagenome assembly, binning and classification
Quality filtering, adaptor removal of raw reads and metagenome assembly
of the GA, GB and PF sponge samples were performed in [23], the DOM
samples in [24] and DOM43 in the present study. First, quality control of
raw reads was performed with FASTQC 0.11.4 [26]. The BBTools suite 37.64
[27] was employed for adaptor removal and quality filtering. Minimum
length was set at 50 for all sponge metagenomes, except for the Aply
samples that was set at 30 bp. Sequencing artifacts and phiX contamina-
tion were removed using BBDuk [27]. Filtered reads were assembled with
SPAdes 3.12 [28] with the –meta and –only-assembler modes. For the
assembly and binning of the Aply metagenomes, only the filtered HiSeq
reads generated in [23] were used.
For all sponges, contigs were binned using the metaWRAP 1.2 [29] binning

module at 50% minimum completeness and 10% maximum contamination
in accordance with the Minimum Information about a Metagenome-
Assembled Genome (MIMAG) standards [30]. Metagenome binning of the
PF samples was performed in [23]. Binning of GA and GB contigs was
performed in the framework of this study with metaBAT2 2.9.1 [31] and
MaxBin2 2.2.4 [32]. The binning of the remaining sponge metagenomes (Aply
and DOM) was done with metaBAT2 2.9.1 [31], MaxBin2 2.2.4 [32] and
CONCOCT 0.4.0 [33]. The bin refinement module of metaWRAP was later
used which compared the original bins to each other and based on a scoring
function (S= completion-5*contamintation) [34] consolidated the better bins
into an improved bin set. Within this module, any duplicate contigs were
removed and bins more than 70% complete and less than 5% contaminated
composed the refined set. The refined bin set was further improved by
metagenomic read mapping and subjected to individual reassembly with
SPAdes 3.10.1 via the metaWRAP reassemble bins module [28]. After
comparing the resulting bins (original and reassembled), the bin with the
highest score was selected and added to the final bin set.
Taxonomic classification of all MAGs generated for this study was done

with the Genome Taxonomy Database-Tool Kit 1.5.0 (GTDB-Tk) [35] classify
workflow using default settings (with reference to GTDB R06-RS202). Only
MAGs classified as ”Desulfobacterota__D” were used for downstream
analysis. To support the genome-based classification, 16S rRNA gene
sequences were retrieved from the sponge-associated MAGs with
RNAmmer 1.2 [33]. SINA web aligner 1.2.11 [34] was used to align the
MAG-derived 16S rRNA gene sequences which were later imported into
ARB 6.0.2 [36] containing the SILVA 138 SSU Ref Nr99 database [37]. The
alignment was manually refined in ARB and added by parsimony into the
SILVA guide tree, allowing the classification of the sequences of interest
and the identification of related sequences that were selected for
subsequent phylogenetic analysis.

MAG collection and phylogenetic analysis
To ensure the robust representation of the studied lineage, all genomes
publicly available at NCBI (February 2021) under the name Candidatus
Dadabacteria were included in the initial dataset together with MAGs
generated for this study and classified as ”Desulfobacterota__D” (Tables S2
and S3). An additional quality control step was performed with CheckM
1.1.2 [34] and thus, the final dataset consisted of MAGs with >80%
estimated completeness and <5% contamination.
Phylogenetic inference was performed based on a set of 120 single-copy

marker protein sequences identified in the MAGs and aligned using the
GTDB-Tk 1.5.0 [35]. The resulting concatenated alignment was trimmed with
trimAl 1.4.1 (-gappyout) [37]. A maximum-likelihood tree was generated from
the trimmed alignment (5 030 positions) with IQ-TREE 2.0.6 [38] using
extended model selection (-m MFP) [39]. The best-fit substitution model was
LG+ F+ R6 and the final tree was created with 1000 standard nonpara-
metric bootstrap replicates. To investigate the phylogenetic placement of the
novel genomes, a 16S rRNA gene-based approach was also employed. MAG-
derived and closely related 16S rRNA gene sequences identified as described
above were aligned using MAFFT 7.453 with default settings (FFT-NS-
2 strategy) [40]. The alignment was trimmed with trimAl 1.4.1 [37] using the
”gappyout” option yielding a final alignment of 1 528 positions. IQ-TREE 2.0.6
[38] was used to infer a maximum-likelihood tree using the ModelFinder Plus
option (-m MFP). The chosen model was GTR+ F+ R3 and the tree was
bootstrapped 1000x. Both trees were annotated and visualized in iTOL 6.3
[41] and Inkscape 0.92.3.
In order to assign taxonomic ranks to the newly generated MAGs, we

employed a rank normalization approach based on relative evolutionary
divergence (RED) [7, 42]. First, a phylogenetic tree was inferred from a
concatenated alignment of 120 bacterial single-copy marker genes
identified in all GTDB genomes spanning the bacterial domain and the
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ones generated in this study. This was performed with GTDB-Tk 1.5.0 [35]
classify workflow and the tree was built with FastTree 2.1.11 [43] under the
WAG+ GAMMA model with 100 bootstrap replicates. The inferred tree and
the taxonomic information obtained from the classify command were used
as input for PhyloRank 0.1.10 (https://github.com/dparks1134/PhyloRank)
in order to calculate the RED of the taxa of interest. Type material was
selected according to the quality criteria proposed by [44]. Presence of 23S,
5S and tRNAs was detected using Barrnap 0.9 (https://github.com/
tseemann/barrnap).

Global distribution
The distribution of representatives of the studied lineage across different
environments was estimated as described in [45]. Briefly, the longest 16S
rRNA gene sequences acquired from MAGs analyzed in this study were
employed for a homology-based search against the 16S rRNA Public
Assembled Metagenomes database (01-01-2021) of the Integrated
Microbial Genomes and Microbiomes (IMG/M 5.4) system [46], using the
IMG BLAST Tool (February 2021). BLAST hits with sequence identity greater
than 75% (phylum threshold) [47] and the respective metadata (longitude,
latitude, habitat type) were downloaded from IMG for further analysis.

Statistical analysis and data visualization
Data were analyzed and visualized with R 4.0.3 [48] in RStudio 1.4.1106 [49]
using the R packages vegan 2.5.7 [50] and ggplot2 3.3.3 [51]. To assess the
functional variation between sponge and seawater MAGs, Bray-Curtis
dissimilarity matrices were generated based on the frequency of KOs,
Pfams and TIGRFAMs with the ”vegdist” function of the vegan R package.
Differences in the functional profiles between the two groups were
evaluated by Permutational Multivariate Analysis of Variance (PERMA-
NOVA) and Non-metric Multidimensional Scaling (NMDS) using the
”adonis2” and the ”metaMDS” function of the vegan R package,
respectively. Global distribution map, ordination plots and heatmaps were
generated with ggplot2 3.3.3 [51].

Metabolic reconstruction and comparative genomics
The MAGs were first dereplicated at 95% identity with dRep 2.6.2 [52] and
then their relative abundance in the sponge metagenomes was estimated
with CoverM 0.6.1 (https://github.com/wwood/CoverM). Dereplicated
MAGs were annotated with EnrichM 0.5.0 (https://github.com/geronimp/
enrichM) (annotate function) using the following databases: Kyoto
Encyclopaedia of Genes and Genomes (KEGG) Orthologies (KOs) for
metabolic reconstruction, Pfam and TIGRFAM for detecting proteins of
interest. KEGG module completeness was estimated with EnrichM’s classify
function, and only modules of completeness greater than 70% were taken
for further consideration. Pfams enriched within and between MAGs from
different environments (sponges vs. seawater) were identified with
EnrichM’s enrichment function. Only significantly enriched Pfams
(p < 0.05, after Benjamini–Hochberg correction) were considered for later
comparison. Annotation of carbohydrate-active enzymes (CAZymes) was
done by HMMER 3.0 [53] against the dbCAN2 database (r9.0) [54].
Secondary metabolite biosynthetic gene clusters were identified in the
MAGs with the online tool ”Antibiotics and secondary metabolite analysis
shell” (antiSMASH 6.0) [55] applying ”relaxed” detection strictness.

Oligonucleotide probe design
16S rRNA gene sequences recovered from the Geodia MAGs and classified
as Ca. Nemesobacterales were aligned in SILVA Incremental Aligner [56]
and manually curated in ARB 6.0.6 according to rRNA secondary structure
[36]. To determine a monophyletic probe target group, a phylogenetic tree
including all sequences in SILVA SSU Ref NR 99 138 [57] classified as Ca.
Dadabacteria and 16S rRNA sequences from recovered MAGs was
reconstructed with the RAxML 7 [58] maximum-likelihood method (GTR-
GAMMA rate distribution model, rapid bootstrap algorithm, 100 repeti-
tions) using a 50% positional conservation filter for all sequences.
Oligonucleotide probe design was performed in the probe design tool
of ARB 6.0.6 using the SILVA database 138. Optimum formamide
concentration for the probe was determined in silico using the formamide
curve generator tool implemented in mathFISH [59].

FISH and microscopy
G. barretti sponges were dissected in cubes of ~1 cm3 and fixed in 4%
formaldehyde in Dulbecco’s Phosphate Buffer Saline (DPBS) overnight at

4 °C. Washing steps with DPBS, glycine (50mM) in DPBS and MilliQ H2O
followed. All buffers were pre-treated with diethyl pyrocarbonate (DEPC)
(0.1%) for RNase inhibition. Sponge samples were dehydrated in a 30% and
50% ethanol series and stored in 50% ethanol at −20 °C. Processing of G.
barretti sponge tissue for cryosectioning was done following the methods
of [60] . Sponge cubes of G. barretti were washed briefly with sterile MilliQ
H2O and embedded in cryomedium (KP-CryoCompound, Immunologic,
VWR International B.V., Duiven, The Netherlands) overnight at 4 °C for
infiltration. They were then embedded in fresh cryomedium in base
moulds to solidify overnight at −80 °C. Longitudinal sections of 5–8 μm
were made using a cryostat (Leica CM 3050 S, Leica Biosystems GmbH,
Nussloch, Germany) with both chamber and object temperature set at
−35 °C. Tissue sections were mounted on polylysine coated glass slides
(Thermo Fisher Scientific) and stored at −20 °C.
After sample fixation, FISH was performed as described previously [61]

with minor modifications. Briefly, the slides were dehydrated in decreasing
ethanol series of 95, 80 and 70% (v/v) for 10min each. They were then
washed in 200mM HCl for 10min and 20mM Tris-HCl for 10min. For
permeabilization, the sections were incubated in 1 µg/ml proteinase K
(Sigma–Aldrich) solution for 5 min at 37 °C and washed into 20mM Tris-HCl
for 10min. Hybridization was done using a 4-times-Atto594-labelled
DADA393 probe (5′-TCA TCC CTC ACG CGA CAT CGC-3′ T) (10 pmol/µl,
Biomers) together with unlabelled helper and competitor probes (10 pmol/
µl, Biomers) at 46 °C for 3 h. After washing at 48 °C for 10min, the slides
were incubated in 1× phosphate-buffered saline (PBS) for 15min and
shortly dipped into MilliQ water. Sponge tissues were then stained with
4′,6-diamidino-2-phenylindole (DAPI, 1 µg/ml) (Thermo Fisher) and
mounted in Citifluor (Electron Microscopy Sciences): Vecta Shield (Vector
Laboratories) (4:1 v:v) medium. Four-times-Atto488-labelled EUB338 and
NON338 probes were used as positive and negative controls, respectively.
Imaging was performed in a Nikon Eclipse Ti2-E inverted microscope

equipped with Nikon DS-Qi2 camera and SOLA white light engine. DAPI
and FISH signals were illuminated using different fluorescence filter cubes
with corresponding excitation and emission spectra. Images were taken
with two objectives: a plan-Apochromat 100 ×1.45 oil immersion and a
plan-Fluor 10 × 0.3. Maximum intensity projection of multiple images
acquired in z-stack were constructed in NIS-Element AR software 5.21.03.

RESULTS
MAG collection and phylogenomic placement
In total, 29 MAGs obtained from selected sponge metagenomes
(Table S1) were classified by the GTDB-Tk as ”Desulfobactero-
ta__D”. Accordingly, insertion of the 16S rRNA gene sequences
obtained from the respective MAGs by parsimony into the SILVA
guide tree (r138) placed them all within Ca. Dadabacteria [57, 62].
Twenty-eight MAGs passed the quality control with average
estimated completeness at 92.2 ± 4.5% and contamination at
1.2 ± 0.6% and were used for subsequent analysis (Table S3). Their
predicted genome sizes varied from 1.2 to 1.9 Mbp (average
1.5 ± 0.2 Mbp) with an average GC content of 49.9 ± 2.5%. An
additional 92 MAGs were obtained from NCBI and other studies
(Table S2). After quality screening, we excluded 47 genomes due
to either low completeness (<80%) and/or high contamination
(>5%). The final dataset included 73 high-quality MAGs according
to the MIMAG standards [30] (average completeness 91.0 ± 4.9%
and contamination 1.5 ± 1.0%) representing the ”Desulfobacter-
ota__D” (Table S3).
To reconstruct their phylogeny, we first employed a phyloge-

nomic approach using publicly available genomes under the
name “Candidatus Dadabacteria” or ”Desulfobacterota__D” in
addition to MAGs generated for this study (Table S3). Inference
of a maximum-likelihood tree on the basis of a concatenated
alignment of 120 single-copy bacterial marker proteins supported
the GTDB taxonomy of the class UBA1144 into three order-level
lineages (UBA1144, UBA2774 and RKRQ01) with high bootstrap
values (>98%). MAGs mainly derived from seawater (only one from
a hydrothermal vent) were assigned to the GTDB order UBA1144,
while MAGs from diverse environmental sources, except for
seawater and marine sponges comprised the GTDB order
UBA2774 (Fig. 1). All 49 sponge-associated MAGs (including 28
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generated for this study) were placed within the GTDB order
RKRQ01 and further clustered into three well supported (bootstrap
values > 81%) subclades I, II and III (Fig. 1), revealing an order-level
lineage exclusively comprised of sponge-derived sequences. The
16S rRNA gene tree reflected the phylogenetic placement of the
genome tree, clustering the 16S rRNA gene sequences retrieved
from MAGs into three clades within the GTDB order RKRQ01
represented only by MAGs recovered from marine sponges
(Fig. S1).

Taxonomic rank assignment and proposal of type material
Based on the inferred phylogeny and RED values, the RKRQ01 was
best described as an order-level group (median RED= 0.636,
median RED for orders = 0.634) falling within the ±0.1 RED interval
for all taxa belonging at that rank [63] (Table S4). A putative family
(subclade I) was identified that fell within the GTDB order RKRQ01
represented by a single MAG (DOM43_bin18). After bin dereplica-
tion at 95% average nucleotide identity (ANI), three novel MAGs

were added to GTDB family GCA-014075295, which is comprised
of a single genus (subclade II) and were resolved into two novel
species represented by the MAGs SCOP_bin1 and CLI1_bin1
(Fig. 1). In addition, 34 MAGs were placed into GTDB family
RKRQ01 (subclade III) representing 14 novel species-level taxa of
the GTDB genus RKRQ01 (Table S5). Following the recommenda-
tions for defining species and higher ranks of yet-uncultured
bacteria using MAGs as type material [5, 6, 44, 64], we propose the
following names: Ca. Spongomicrobium dominicola sp. nov.
(DOM43_bin18), Ca. Mycalebacterium zealandia sp. nov. (MH-
Pat-all_metabat2_32), and Ca. Nemesobacter australis sp. nov.
(SB0662_bin19) as type species representing subclades I, II and III,
respectively. Furthermore, we propose the families Ca. Spongo-
microbiaceae fam. nov. (subclade I), Ca. Mycalebacteriaceae fam.
nov. (subclade II), Ca. Nemesobacteraceae fam. nov. (subclade III)
and the order Ca. Nemesobacterales ord. nov. (Fig. 1). More details
on the proposed taxonomic outline and etymological description
can be found in the Supplementary Information (Table S5).
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Fig. 1 Phylogenomic tree of Ca. Dadabacteria (GTDB-Desulfobacterota__D) based on the concatenated alignment of 120 bacterial single-
copy marker protein sequences (5 037 positions). Outer coloured arcs indicate the environmental source of the MAGs. Different colours on
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II (Ca. Mycalebacteriaceae) and III (Ca. Nemesobacteraceae). Names in bold represent MAGs generated for this study. Bootstrap values over
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Thermodesulfobacteria class of the Ca. Desulfobacterota phylum. The scale bar represents 0.1 substitutions per site. Abbreviations of the
sponge-derived MAGs are as follows: Aply Aplysina aerophoba, DOM sponges collected from Dominica, GA Geodia atlantica, GB Geodia barretti,
PF Petrosia ficiformis.
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MAG abundance and global distribution
Read mapping of 26 sponge metagenomes generated here
against the Ca. Nemesobacterales genomes showed that the
dereplicated set (19 MAGs) represented a small fraction of the
metagenomes, accounting for a relative abundance of 0.22%
(±0.07%) on average and ranging from 0.002 to 1.29% of the
metagenomic reads (including host DNA) (Table S6). The
environmental distribution of Ca. Nemesobacterales was investi-
gated by screening all available metagenomes from the IMG/M
database for the presence of homologous 16S rRNA genes. This
search showed 283 unique occurrences according to the sampling
location of the metagenomic samples. Members of this lineage
were distributed across a wide geographical range and were
observed in 29 different types of environments, including aquatic,
terrestrial, hydrothermal, host-associated and engineered systems
(Fig. 2). The majority of the homologous sequences belonged to
metagenomes from marine sponges (23.2%), followed by sea-
water (13.7%) and marine sediments (5.7%).

Niche adaptation and functional traits
Comparative genomic analysis was conducted to delineate the
functional repertoire of Ca. Nemesobacterales using both in-house
and publicly available MAGs. Core pathways for carbon metabo-
lism such as glycolysis, tricarboxylic acid cycle (TCA), pentose
phosphate pathway (non-oxidative phase) and phosphoribosyl
diphosphate (PRPP) biosynthesis pathway were mostly complete,
whereas no autotrophic carbon fixation pathways were detected
(Table S7). Most of the aerobic respiration complexes were found
(NADH:quinone oxidoreductase, cytochrome c oxidase and F-type
ATPase) and hence, oxygen is likely to be the terminal electron
acceptor. No genes for anaerobic respiration (e.g., respiration with
nitrate, nitric oxide, sulfate) were found in the genomes. The
majority of MAGs included in our study contained nearly all the
essential genes for the biosynthesis of 13 amino acids, 6 cofactors
and 4 vitamins, such as proline, lysine, biotin, riboflavin, coenzyme
A and heme (Fig. 3, Fig. S2 and Table S7).
Their putative capacity to degrade carbohydrates was assessed

by screening the MAGs for carbohydrate-active enzymes
(CAZymes) belonging to the following families: glycoside hydro-
lases (GHs), carbohydrate esterases (CEs), polysaccharide lyases
(PLs), carbohydrate-binding modules (CBMs) and auxiliary activ-
ities (AAs). On average, Ca. Nemesobacterales possessed 15.8 ± 2.9

CAZymes/Mbp. Overall, 40 different CAZY families were identified.
The most frequently observed CAZymes (average CAZymes/Mbp
> 1.0) were related to enzymes cleaving either chitin or
peptidoglycans (GH23 and CBM50) and glycosyltransferases
involved in the biosynthesis of different molecules, such as
cellulose and chitin (GT2 and GT4) (Table S8).
To obtain a better overview of the functions of the host-

associated bacteria, a set of 19 highly complete MAGs derived
from sponges (Ca. Nemesobacterales) was compared to 16
seawater-derived MAGs (order UBA1144). Sponge and seawater
MAGs shared 72.7% of the annotated KEGG modules related to
carbohydrate metabolism (i.e., glycolysis, citrate cycle, pentose
phosphate pathway) (Fig. S3). Accordingly, MAGs derived from
both habitats seemed to have the potential of synthesizing a
similar range of amino acids (93.3% shared KEGG modules),
cofactors and vitamins (83.3% shared KEGG modules) (Fig. S3).
Distinct for some sponge-derived MAGs (16% of total) was the
ability to produce cobalamin (vitamin B12) that was absent from
the seawater MAGs. Despite their highly similar carbohydrate,
amino acid, cofactors and vitamins metabolism, only 42.9% of
KEGG modules related to environmental information processing
(i.e., membrane transport, signal transduction) were shared
between sponge and seawater MAGs (Fig. S3). Annotation of
ATP-binding cassette (ABC) transporters showed that only sponge
MAGs encoded genes for the transport of L-amino acids,
lipoproteins and oligopeptides (Fig. S2). They shared the same
phosphate starvation and nitrogen regulation system, possibly
used under nutrient-limiting conditions. For the case of iron, the
host-associated MAGs carried different transport systems, as well
as the potential of using the glyoxylate shunt, recently proposed
as an acclimation strategy to iron limitation [65] (Fig. S2). CAZyme
analysis showed that MAGs from the two different habitats
harboured almost the same average number of CAZymes/Mbp
(16.2 ± 2.3). Similarly, the most frequent CAZY families (average
CAZymes/Mbp > 1) in the seawater MAGs were the same as the
ones in the sponge MAGs (Fig. 4A). However, the CAZymes
repertoire was less diverse for the seawater MAGs. Almost 60% of
the total identified CAZY families (28 out of 47) were detected only
in MAGs from sponges whereas only 6 CAZY families were
exclusively found in seawater MAGs (Table S8).
Functional profiles based on annotated Pfams, KEGG orthologs

(KOs) and TIGRFAMs were used in order to assess correlation

Environment
Marine sponge
Other host-associated
Seawater
Marine sediment
Other sediment
Hydrothermal vents
Deep subsurface
Other aquatic
Engineered
Hot spring
Soil
Wetland
Other terrestrial

Fig. 2 Schematic map representing the global distribution of Ca. Nemesobacterales. The dataset used corresponds to metagenome-
derived 16S rRNA gene sequences homologous to Ca. Nemesobacterales. Different shapes represent the geographic location of the respective
metagenomic samples. Members of this lineage are found in diverse environments worldwide, highlighted by different shape colours.
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between taxonomy (different clades) and niche (sponge vs.
seawater) with the predicted traits (Fig. S4). MAGs belonging to
the different order-level lineages varied significantly at the
functional level based on a relative abundance analysis of all
three annotations (PERMANOVA, p < 0.001; Fig. 4B and S4).
Similarly, highly divergent functional profiles (PERMANOVA,
p < 0.001; Fig. 4B and S4) were observed between bacterial
genomes from sponges and seawater. Enrichment analysis
showed that sponge-derived MAGs were enriched in Pfams
associated with defense mechanisms and symbiosis-related
factors (Fig. 4C and Table S9).
To further investigate the distribution of these functions in the

MAGs, screening was done for 230 Pfams encoding restriction-
modification systems (RMs), clustered regularly interspaced short
palindromic repeat systems (CRISPRs), secretion systems (SSs),
toxin-antitoxin systems (TAs), transposases, eukaryotic-like pro-
teins (ELPs) and others (Table S9). In total, 166 Pfams of the
aforementioned types were identified either in sponge or
seawater MAGs from which 94% were significantly enriched in
the Ca. Nemesobacterales. Only 26 Pfams were shared between
MAGs from both habitats, while 137 Pfams were specific to the
sponge symbionts (Table S9). Most Pfams enriched in Ca.
Nemesobacterales were related to RMs (45 Pfams), ELPs (42
Pfams), TAs (32 Pfams) and SSs (12 Pfams). More specifically, Pfams
associated with methyltransferases, helicases, the putative ABI
(abortive infection) toxin, type III restriction enzymes, Fic/DOC
(filamentation induced by cAMP/death on curing) proteins and
tetratricopeptide repeats were among the most abundant ones in
Ca. Nemesobacterales (average abundance > 5.0). Certain Pfams,
such as type I restriction enzyme, leucine rich and tetratricopep-
tide repeats were overrepresented, even more than tenfold in
sponges compared to seawater (Table S9).
The potential for production of secondary metabolites was also

investigated by screening the investigated MAGs for secondary
metabolite biosynthetic gene clusters (BGCs). In general, four
different BGC types were identified in the genomes from both
habitats coding for type I polyketide synthases (T1PKS), type III
polyketide synthases (T3PKS) and for enzymes involved in the
production of beta-lactones and terpenes (Table S10). Genome
mining showed that both BGC abundance and diversity were

higher for the sponge-associated MAGs, which harboured on
average almost twice as many BGCs (1.11 ± 0.19 BGCs/MAG)
compared to the free-living MAGs (0.63 ± 0.15 BGCs/MAG). The
distribution of these BGC types was uneven as terpene BGCs were
encoded exclusively by seawater MAGs while the others were
mainly found in the sponge-derived MAGs (Fig. S5). BGCs coding
for beta-lactones and T1PKS showed the highest abundance in Ca.
Nemesobacterales MAGs (Table S10).

Visualization of Ca. Nemesobacterales
We investigated the localization and morphology of symbiotic
bacteria in the sponge G. barretti using fluorescence in situ
hybridization (FISH). Labelling with the general bacterial probe
EUB338 revealed a widespread occurrence and even distribution
of bacteria throughout the mesohyl of G. barretti (Fig. S6). Novel
oligonucleotide probes were designed (Fig. S7) to specifically label
Ca. Nemesobacterales spp. in the sponge tissue, which allowed
their first-time visualization in environmental samples. Ca.
Nemesobacterales spp. cells featured a rod-shaped with a length
of 1.04 ± 0.21 μm, and were located in the sponge mesohyl
(Fig. 5A). The cells often surrounded sponge nuclei resembling
bacteriocyte formation (Fig. 5B, C), indicating a close association
with host cells.

DISCUSSION
Members of the ”Desulfobacterota__D” (or ”Dadabacteria”) line-
age are lacking cultured representatives and their phylogeny and
metabolic traits have remained elusive despite the fact that they
are widely found. Since the first published MAG in 2014 [2], several
MAGs of this group have been recovered from a plethora of
environmental samples, both free-living and host-associated [8], in
particular from marine sponges [14, 18, 19]. However, to date no
information exists on the precise phylogenetic placement and
functional characteristics of the sponge-dwelling representatives.
To this end, our study incorporated a large number of
”Desulfobacterota__D” MAGs, including published and newly
obtained ones which were assigned to the three existing GTDB
orders of (UBA1144, UBA2774 and RKRQ01). Previous phylogenetic
analyses of the ”Dadabacteria” diversity revealed three main

Fig. 3 Schematic overview of the inferred metabolism of Ca. Nemesobacterales. Pathways affiliated with nitrogen and carbohydrate
metabolism are highlighted in different colours. Dashed arrows indicate pathways and transporters for which not all responsible genes were
annotated. Abbreviations: AA amino acid, CoA coenzyme A, FA fatty acid, GS-GOGAT glutamine synthase (GS)-glutamine oxoglutarate
aminotransferase (GOGAT), PEP phosphoenolpyruvate, PPP pentose phosphate pathway. (Created with https://biorender.com/).
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clades based on their environmental origin representing marine
pelagic, hydrothermal and organic carbon-associated systems. The
latter clade included only two sponge-derived MAGs [8]. Here, the
addition of 49 MAGs affiliated with marine sponges altered the
previously described architecture of the lineage revealing a
sponge-specific clade (GTDB order RKRQ01). The remaining MAGs
originated mainly from seawater (GTDB order UBA1144) and other
marine and non-marine environments (GTDB order UBA2774). Our
phylogenomic investigation identified one novel lineage within
the sponge-specific order, which based on RED values corre-
sponds to a here-proposed family, Ca. Spongomicrobiaceae. It
should be mentioned that Ca. Spongomicrobiaceae is comprised
of only one MAG (DOM43_bin18) obtained from a Scleritoderma
species. In addition, 17 dereplicated MAGs were affiliated with the
other two families, denoted here as Ca. Mycalebacteriaceae and
Ca. Nemesobacteraceae. Thus, our findings considerably expand
the ”Desulfobacterota__D” species tree and highlight the current
underrepresentation of this lineage.
The relative abundance of Ca. Nemesobacterales in metagen-

omes of different sponge species based on read recruitment
analysis, ranged from 0.002 to 1.3% with an average of 0.22%.
These findings are in line with the relative abundance of
”SBR1093” OTUs (former name of the Ca. Dadabacteria phylum)
in the global sponge microbiome, based on amplicon sequencing
data [9]. It should be noted that in our case the total reads
included host-derived reads and thus, the relative abundance
of Ca. Nemesobacterales in the sponge microbiome is

underestimated. Based on the above numbers and compared to
genomic studies on other groups of sponge-associated bacteria
[16, 17, 20, 66], Ca. Nemesobacterales are widespread but low in
abundance (relative) members of the sponge microbiome.
Specifically, Ca. Nemesobacterales were recovered here from
26 sponge metagenomes belonging to nine different sponge
species collected from different geographical locations while in
many cases, the same Ca. Nemesobacterales MAG was present in
more than one host species (Table S6). This reflects a wide
distribution in taxonomically diverse sponge species which might
suggest a generalistic role within the sponge microbiome [9].
Besides marine sponges, metagenomes from various environ-
ments around the world contained homologous sequences of Ca.
Nemesobacterales, including hydrothermal systems, sediment,
seawater, soil and wetlands, further highlighting their broad
occurrence at a global scale (Fig. 2). Moreover, its members were
also detected in tunicates and marine worms, yet the majority of
the homologous sequences were sponge-associated indicating
their close association and importance of Ca. Nemesobacterales
within marine sponges.
The sponge holobiont has been studied substantially and

sponge-microbe interactions are considered a prime example of
symbiosis in the animal realm [10, 11, 67–71]. Yet, many bacteria
remain undescribed, and their contribution to host success has
not been determined. A wide range of core functions which shape
the sponge microbiome have been previously reported concern-
ing nutrient and vitamin metabolism as well as defense features
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that protect microbial populations from viruses, pathogens and/or
the host allowing sustained colonization of the host by the
symbionts [10, 69]. Here, we provide insights into the functional
potential of the sponge-dwelling Ca. Nemesobacterales using
genome-centric metagenomics. The metabolism reconstruction
showed that carbon acquisition is likely performed via hetero-
trophy as all major pathways for carbon metabolism were present,
which is consistent with previous analyses of the marine pelagic
clade [8]. Even though carbon fixation has been reported before
[2], no evidence for autotrophy was found in Ca. Nemesobacter-
ales. An almost complete electron transport chain for aerobic
respiration reflects an aerobic, heterotrophic lifestyle (Fig. 3). In
contrast to other members of this lineage [8], Ca. Nemesobacter-
ales lack complete pathways for inorganic nitrogen and sulfur
metabolism. Therefore, the presence of ABC transporters for
L-amino acids, oligopeptides and lipoproteins might indicate a
preference for organic nitrogen and sulfur compounds derived
from the host or other members of the microbial community. Ca.
Nemesobacterales also showed the potential to degrade and
transform complex carbohydrates. For example, certain glycosy-
lases (GH23) and other related proteins (CBM50) which act on
bacterial peptidoglycans or animal chitin were widely present in
Ca. Nemesobacterales. These enzymes have been previously
reported as highly abundant in other sponge symbionts belong-
ing to Chloroflexota, Bacteroidetota and Candidatus Poribacteria
[66, 72–74] and are thought to play a role in cell adhesion,
aggregation and allorecognition [72].
To investigate any adaptations related to host association, we

compared the genomic features of the sponge-derived MAGs to
MAGs isolated from seawater samples. Ca. Nemesobacterales
shared equivalent pathways for carbohydrate and energy
metabolism as well as amino acid and cofactor biosynthesis with
their seawater counterparts. This supports recent findings on the
possible nutrient provisioning of symbionts to the host without
being key processes in the holobiont since sponges could also
obtain these nutrients through feeding on seawater microbes [19].
In contrast, only sponge-associated MAGs had the ability of
synthesizing cobalamin (vitamin B12) which highlights a potential
interplay between microbes and host that might concern specific
molecules that sponges are not able to synthesize, such as
vitamins and certain amino acids [18, 66, 69, 72, 75, 76]. MAGs
from both habitats showed a similar CAZyme repertoire in terms
of abundance. However, Ca. Nemesobacterales were predicted to
be capable of degrading a greater diversity of complex
carbohydrates than their free-living counterparts, probably due
to exposure to a larger variety of carbohydrates sourced from the
host, other symbionts and/or the incoming seawater [69].
Further exploration of their functional profiles provided

additional support that Ca. Nemesobacterales are metabolically
divergent from seawater-derived members of the same class
(Fig. 4B) [77, 78]. In fact, genomic signatures significantly
enriched among members of Ca. Nemesobacterales were related
to host-symbiont interactions and prokaryotic defense. Sponge
symbionts have long been demonstrated to own a pronounced
molecular toolbox of mechanisms in order to maintain a stable
relationship with the host by evading phagocytosis, viral
infections and coping with temporal variations in the sponge
niche [14, 78]. It has been proposed that sponge-associated
bacteria either evolved these mechanisms in the longstanding
process of adaptation to the host environment or acquired them
via horizontal gene transfer from the host or other symbionts
[77–79]. Here, the majority of enriched Pfams were specific to
Ca. Nemesobacterales and were affiliated with restriction-
modification systems (RMs), toxin-antitoxin systems (TAs) and
eukaryotic-like proteins (ELPs) often prevalent in sponge-
associated bacteria [12, 14, 16–20, 66, 69, 77, 78, 80]. RMs are
mechanisms that contribute to the bacterial defense by
recognizing and targeting foreign DNA while TAs cause cell

dormancy or apoptosis in response to environmental stressors
and eventually protect the cell population [81, 82]. For example,
a domain belonging to an ATPase associated with the ABI toxin
(PF13304), which inhibits viral replication by programming cell
death, was the most abundant TA in Ca. Nemesobacterales [75].
Furthermore, ELPs are proteins containing domains of eukaryotic
origin in prokaryotes that have been previously proposed to
modulate host behaviour by mediating protein-protein interac-
tions and thus, facilitate the establishment of a successful
symbiosis [79]. A large number of sponge-associated MAGs carry
genes encoding ELPs [18–20] that likely aid them in escaping
digestion by sponge cells [79, 83]. Similarly, in this study we
show that Ca. Nemesobacterales inhabiting phylogenetically
diverse sponge species had several types of ELPs in their
genomes with TPRs showing the highest abundance [15, 69, 84].
TPR-containing proteins are thought to participate in various
cellular processes including virulence of bacterial pathogens
[85]. However, the mechanism of interaction between bacterial
ELPs and host cells remains unknown. Evidence on co-
expression of ELPs with transport systems suggest that they
are delivered into the extracellular environment via transporters
or secretion systems [15]. Recent genomic findings indicate that
only a few lineages in the sponge microbiome (e.g., Gamma-
proteobacteria, Acidobacteriota, Gemmatimonadota) encode
genes related to secretion systems [18, 19]. Ca. Nemesobacter-
ales might be one of these taxa that interact with the sponge
host via secretion systems since they were enriched in several
Pfams affiliated with type II, III and IV secretion systems.
Another line of prokaryotic defense is the biosynthesis of

secondary metabolites. Sponge holobionts are well known
chemical factories and their microbial symbionts are thought to
contribute to the production of bioactive molecules in the face of
predation, competition and microbial infections [10, 67, 86].
Several representatives of the sponge microbial community have
exhibited in vitro bioactivity and possess a wide range of
secondary metabolites [13, 66, 74, 87–91]. Ca. Nemesobacterales
MAGs carried a greater diversity and abundance of BGCs
compared to the seawater-derived MAGs of the same lineage
confirming the prominent secondary metabolite biosynthesis

Fig. 5 Imaging of Ca. Nemesobacterales spp. in G. barretti. DNA is
stained with DAPI (blue) and Ca. Nemesobacterales spp. cells are
visualized with the 4-times-Alexa594 labelled oligonucleotide probe
DADA392 (red). Maximum intensity projection of z-stack fluores-
cence images that were acquired in A ×150, B ×1000, and C ×1500
magnification are shown. B Some Ca. Nemesobacterales spp. cells
cluster around a sponge nucleus (arrows). The signals shown in the
dashed rectangle are magnified in (C). Representative images of 47
images taken in three individual experiments using two different
sponge specimens (Gb5 and Gb10) are depicted.
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potential of sponge-dwelling bacteria. Beta-lactone and T1PKS
BGCs were the most predominant in the genomic repertoire of Ca.
Nemesobacterales. Compounds resulting from these classes of
BGCs have shown different properties such as antimicrobial and
anticancer activity [92, 93]. Even though their exact ecological
function remains elusive, it seems that Ca. Nemesobacterales are
participating in the chemical defense or communication within
the sponge holobiont.
Metabolic divergence was also evident from the analysis of the

genomic features which showed that Ca. Nemesobacterales MAGs
had relatively larger genomes (1.5 ± 0.2 Mbp) and higher GC
content (50.4 ± 2.6%) compared to seawater members of the same
phylum (1.0 ± 0.5 Mbp and 30.7 ± 0.8%, respectively) (Table S3).
This is in accordance with a previous study that reported genome
streamlining for free-living, seawater “Desulfobacterota__D” [8].
Genome reduction is a common phenomenon for marine bacteria
and is typical with two types of lifestyles, free-living oligotrophy
and association with a host [94]. In general, Ca. Nemesobacterales
had small genomes of moderately low average GC content which
might explain a dependency on the host. However, they were
enriched with defence- and symbiosis-related mechanisms (e.g.,
ELPs, TA systems, BGCs) likely reflecting the difference in genome
architecture compared to seawater “Desulfobacterota__D”.
Localization of the Ca. Nemesobacterales spp. in the tissue of G.

barretti revealed that their cells were scattered in the sponge
mesohyl and often clustered in vacuole-like structures surround-
ing sponge nuclei. These structures resemble bacteriocytes which
are specialized host cells that accommodate intracellular bacteria
that have previously been reported in other marine sponge
species, such as P. ficiformis, Crambe crambe and Tethya stolonifera
[20, 95, 96]. Bacteriocyte association in eukaryotes has been
presumed to be an event of mutualistic infection between
bacterial symbionts and eukaryotic hosts with a yet-unknown
physiological role for either of the partners [97]. In sponges,
bacteriocytes might enclose one or several bacterial morphotypes
and it has been hypothesized as a mechanism for the host to
control microbial populations or facilitate certain metabolic
exchanges between the symbionts and the host [95]. In certain
cases, symbionts require an enclosed environment to survive.
Based on the observed localization patterns, members of Ca.
Nemesobacterales seem to have the ability to reside both
intracellularly and extracellularly. Accordingly, Usher et al. [98]
reported cyanobacterial symbionts in Chondrilla australiensis being
occasionally intracellular. Besides conventional bacteriocytes,
microbes can also be found enclosed in atypical bacteriocytes
which are not true endocytoplasmic vesicles but cell “pockets”
formed by epithelial cells [95, 99, 100]. For Ca. Nemesobacterales,
additional evidence is needed to prove the formation and nature
of bacteriocytes, such as imaging using transmission electron
microscopy. Nevertheless, a lifestyle presumably associated with
bacteriocytes further supports the aforementioned metabolic
predictions that Ca. Nemesobacterales exist in close symbiosis
with marine sponges.
The current study provides unprecedented insights into the

phylogeny and metabolism of Ca. Nemesobacterales, a sponge-
specific order of the newly classified Desulfobacterota phylum. We
propose the division of the order Ca. Nemesobacterales into three
families, namely Ca. Nemesobacteraceae, Ca. Spongomicrobiaceae
(newly described) and Ca. Mycalebacteriaceae. Despite their low
abundance, Ca. Nemesobacterales display a wide distribution in
different sponge species. Our analysis showed that they can also
be found worldwide in diverse environments, albeit with the
majority occurring in marine sponges. Metabolism reconstruction
revealed that Ca. Nemesobacterales appear to be aerobic,
heterotrophic microorganisms with the potential of degrading
various complex carbohydrates. Our results highlight that Ca.
Nemesobacterales are functionally divergent from seawater-
associated members of the same lineage. This is mainly attributed

to the overrepresentation of several genomic signatures related to
nutritional provisioning, host-microbe interactions, phage defense
and biosynthesis of bioactive molecules, which clearly reflects a
host-associated lifestyle. We infer that Ca. Nemesobacterales are in
a close relationship with sponges indicated by their presence
inside cells of the sponge G. barretti in combination with their
quite distinct gene repertoire and niche-specific adaptations
mentioned above. Future investigations involving additional
genomes, metatranscriptomic analysis and imaging data of other
Ca. Nemesobacterales in sponges could potentially enhance our
understanding of the ecological function of Ca. Nemesobacterales
in the sponge holobiont.
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