BIORESOURCE
Neukirchen and Sousa, Microbial Genomics 2021;7:000603
DOI'10.1099/mgen.0.000603

MICROBIAL GENOMICS 5% %IgER_RBIOLOGY

4 DATA OACCESS

DiSCo: a sequence-based type-specific predictor of Dsr-
dependent dissimilatory sulphur metabolism in microbial data

Sinje Neukirchen and Filipa L. Sousa*

Abstract

Current methods in comparative genomic analyses for metabolic potential prediction of proteins involved in, or associated with
the Dsr (dissimilatory sulphite reductase)-dependent dissimilatory sulphur metabolism are both time-intensive and compu-
tationally challenging, especially when considering metagenomic data. We developed DiSCo, a Dsr-dependent dissimilatory
sulphur metabolism classification tool, which automatically identifies and classifies the protein type from sequence data. It
takes user-supplied protein sequences and lists the identified proteins and their classification in terms of protein family and
predicted type. It can also extract the sequence data from user-input to serve as basis for additional downstream analy-
ses. DiSCo provides the metabolic functional prediction of proteins involved in Dsr-dependent dissimilatory sulphur metabo-
lism with high levels of accuracy in a fast manner. We ran DiSCo against a dataset composed of over 190 thousand (meta)
genomic records and efficiently mapped Dsr-dependent dissimilatory sulphur proteins in 1798 lineages across both prokary-
otic domains. This allowed the identification of new micro-organisms belonging to Thaumarchaeota and Spirochaetes lineages
with the metabolic potential to use the Dsr-pathway for energy conservation. DiSCo is implemented in Perl 5 and freely avail-

able under the GNU GPLv3 at https://github.com/Genome-Evolution-and-Ecology-Group-GEEG/DiSCo.

DATA SUMMARY

(1) The DiSCo tool is open source and available for Unix
and Windows 10 systems at GitHub under the GNU
General Public License version 3 or later as published
by the Free Software Foundation: https://github.com/
Genome-Evolution-and-Ecology-Group-GEEG/
DiSCo.

(2) Accession numbers of all genomic records screened in
this paper, including taxonomic information, database
of origin and download date, are provided in the sup-
plementary tables.

(3) Alignments, phylogenetic reconstructions and iden-
tity plots are available for download at figshare (DOI:
10.6084/m9.figshare.12206246).

(4) This article contains five figures, one supplementary fig-
ure, supplementary information, and 13 supplementary
tables.

INTRODUCTION

Advances in sequencing techniques, combined with their
rapid decrease in cost, led to massive (meta)genomic datasets,
which remain largely unexplored, both in terms of taxonomic
wealth and metabolic diversity [1, 2]. This creates an urgent
need for better and faster tools to perform, in an efficient way,
(meta)genomic metabolic potential assignments and global
analyses regarding the impact of microbial activities in the
environment.

The biological sulphur cycle has been continuously changing
the Earth’s history [3]. Micro-organisms from diverse taxo-
nomic affiliations, with different sulphur metabolic solutions
for energy conservation, participate in these biological
processes [4]. In here, we address the Dsr (dissimilatory
sulphite reductase)-dependent dissimilatory sulphur pathway,
present in the two prokaryotic domains of life.
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Long before the characterization of the first Dsr enzymes
[5-7], several micro-organisms able to use them to reduce or
oxidize sulphur compounds have been isolated and character-
ized ([8-10] and references therein). Decades of work, enabled
the characterization of many of the Dsr enzymes involved in
the cascade of redox reactions that allow the micro-organisms
to perform this sulphur-based energy conservation pathway
[see [11] and [12] for reviews of Dsr-dependent sulphate/
thiosulphate/sulphite-reducing prokaryotes (dSRP) and Dsr-
dependent sulphur-oxidizing bacteria (dSOB), respectively].
Being one of the best studied microbial energy conservation
solutions [11, 13-15], new insights regarding the diversity of
these pathways [16-18] are showing how much is still to be
discovered regarding the biology of these micro-organisms.

Based on the biology of known cultivated dissimilatory
sulphate-reducing micro-organisms, currently, it is considered
that a common set of proteins are involved in the reduction of
sulphate to sulphide. After import to the cell, sulphate is first
activated to APS (adenosine-5'-phosphosulfate) via a (dissimila-
tory) ATP sulfurylase/sulphate adenylyltransferase Sat (Fig. 1
red arrows) [19]. APS is then reduced to sulphite and AMP
by AprAB (APS reductase), a dimeric complex containing one
FAD (flavin adenine dinucleotide) and two [4Fe-4S] [20]. The
reaction catalysed by AprAB is fueled by electrons received
from the QmoABC membrane complex [21]. The subsequent
formation of sulphide from sulphite occurs in two steps. First, a
DsrC-trisulphide is formed by the action of the DsrAB complex,
which contains bound siroheme and a [4Fe-4S] cofactor
[7, 22]. The DsrC protein is then regenerated with the release
of sulphide, possibly by the action of the DsrMK membrane
complex [23, 24], which may contain the additional subunits
DsrJOP in both dSRP and dSOB [25]. DsrC proteins belong
to the DsrC/TusE/RspA protein family and are small proteins

Significance as a BioResource to the community

Comparative genomics coupled with metagenomics is
a powerful tool to explore and shed light onto micro-
bial diversity. However, with the exponential increase
in the amount of data available, current bioinformatics
methods are often too time-consuming and computa-
tionally demanding. Here we present DiSCo, a classi-
fication tool able to screen protein data from genomes
within seconds and to automatically identify proteins
involved in, or associated with, Dsr-dependent dissimi-
latory sulphur metabolism. DiSCo also provides the
user with the prediction of the metabolic potential and
enzyme type, with high levels of accuracy, precision and
recall. DiSCo can analyse thousands of genomes in a
matter of hours on a personal computer with no need
for high-performance servers. Therefore, DiSCo provides
the scientific community with an easy-to-use tool that
can be the basis of many independent studies regarding
Dsr-dependent dissimilatory sulphur metabolism and
metabolic diversity in general. This method is platform
independent, freely available and open source.

usually containing two conserved redox-active cysteines at
their C-termini [24, 26]. In some micro-organisms, such as
Desulfurella amilsii, it was shown that only one cysteine was
necessary for the proper function of DsrC [27], albeit possibly
with a slightly different mechanism.

Many sulphate reducers are able to use as electron acceptors
other sulphur-containing compounds such as thiosulphate,
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Fig. 1. Dsr-dependent dissimilatory sulphur species reduction and oxidation in prokaryotes. Schematic representation of the main
complexes and reactions involved in Dsr-dependent dissimilatory sulphate reduction (red arrows) and/or sulphur oxidation (blue
arrows) according to [24, 33]. Homologous proteins are represented with the same colour code. MQ — Menaquinone.
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sulphite, or DMSO (Table S1, available in the online version
of this article). Other micro-organisms such as Desulfitobac-
terium dehalogenans [28] or Pyrobaculum islandicum [29],
mostly due to the absence of Sat, AprAB and AprAB’s interac-
tion partner, are unable to use sulphate as an electron acceptor,
starting the pathway with other sulphur compounds (Table
S1). The DsrT protein, a paralogue of the RsbRD protein
involved in the negative regulation of a stress transcription
factor [30], was suggested as a possible marker for sulphite
reduction [18]. This protein was mainly identified in (meta)
genomes from sulphite reducers and some dSOB from the
phylum Chlorobi and DsrT was found in synteny with the
DsrMK(JOP) complex [18].

In the reverse or oxidative Dsr-pathway, which enables
micro-organisms to oxidize several sulphur species, it
is generally assumed that versions of the same enzymes
used by sulphate reducers operate in the reverse direction
[31-33]. However, several differences are worth noting, at
the level of associated cytosolic and membrane processes. In
some dSOB, the QmoABC complex is functionally replaced
by the AprM membrane protein [34, 35]. Moreover, some
dSOB [34, 35] or even Gram-positive dSRP [34, 36, 37],
may replace the QmoC subunit with the heterodisul-
phide reductases HdrBC subunits [37], usually present in
methanogens [38, 39], which, together with HdrA, form
a complex involved in electron bifurcation [38, 40]. In
dSOB, the oxidation of sulphite to sulphate is not strictly
dependent on AprAB-Sat proteins. In Allochromatium
vinosum both AprAB-Sat and the SoeABC complex (a
membrane-bound iron-sulphur molybdoenzyme, omitted
from Fig. 1 for simplicity) are present, providing a func-
tional redundancy for the oxidation of sulphite to sulphate
[41]. Similarly to AprAB, the Soe complex, is not specific
of the oxidative Dsr-pathway, and SoeABC participate in
additional sulphur oxidation pathways [42]. In contrast, in
dSRP, the Sat, AprAB and Qmo proteins are strictly needed
for the activation of sulphate to APS [43] and its reduction
to sulphite [44, 45].

Another difference is the initial stage of sulphur oxidation. In
A. vinosum, the involvement of three proteins in the delivery
of sulphur to the DsrEFH complex was demonstrated: a
membrane-bound DsrE-like protein, a rhodanese-like protein
and a TusA protein [46] (omitted from Fig. 1 for simplicity).
The DsrEFH proteins are a soluble complex present in dSOB
that transfers sulphur to DsrC [47]. The persulphurated DsrC
is oxidized by the DsrMK(JOP) complex and the DsrC-
trisulphide will serve as a substrate for the DsrAB complex,
similar to the mechanism of the Dsr-dependent sulphite
reduction in dSRP. Recently, it was shown that, in A. vinosum,
an additional protein (DsrL) mediates the electron transfer
between NAD(P)H and the DsrAB complex [16]. The DsrL
protein is not exclusively found in dSOB being also present in
some (probable) sulphate/sulphur reducers [48].

Although with exceptions, the specialization to use sulphite
as a substrate or to have it as a product is imprinted at the
level of the primary proteins sequence and can be observed

in phylogenetic analyses of DsrA and DsrB proteins
[18, 49]. The reductive-type DsrAB complex tends to be
found in dSRP while the oxidative-type DsrAB is found in
dSOB. However, several micro-organisms, such as Desul-
furivibrio alkaliphilus [17] or Desulfobulbus propionicus
[50], are able to perform sulphur-disproportionation and
adapted the reductive version of the pathway to work in
reverse (Table S1). Thus, the presence of a reductive-type
DsrAB complex per se, is not a good proxy for the use
of oxidized sulphur compounds as electron acceptors.
Regardless of the type of Dsr-pathway, five proteins,
DsrABCMK, are so far conserved in all dSRP, Dsr-
dependent sulphur-disproportionating micro-organisms
(dSDM), and dSOB.

The (automatic) prediction of the type of Dsr-dependent
sulphur energy-yielding metabolism (i.e. is this micro-
organism a dSOB or a dSRP) from sequence data is
frequently based on two different approaches. One method
is the classification of the DsrAB marker proteins according
to types, based on their position in phylogenetic reconstruc-
tions [18, 49]. A second strategy relies on the presence of
additional proteins, usually present in one type of metabo-
lism, such as DsrD or the DsrEFH complex usually only
found in dSRP [51] and dSOB [52], respectively. However,
DsrD is not essential to perform sulphate reduction, albeit
its conserved genomic arrangement across dSRP indicates
a possible regulatory function in this type of metabolism
[53, 54]. Some cultured micro-organisms are able to use
sulphate as an electron acceptor, without the aid of the DsrD
protein [45]. Thus, using this protein as a single marker for
the distinction between dSRP from other dSOB might lead
to incorrect assignments. Additional problems arise when
dealing with metagenomic data, since not all of the genes
present in the micro-organism’s genomes are sequenced and
the corresponding translated protein records have different
degrees of completeness and contamination. The careful
distinction between the different paralogous families is
hampered by the small size (~100 amino acids) of some
proteins traditionally used as markers such as DsrEFH
and their homology with other protein families [55]. On
the other hand, phylogenetic reconstructions are time-
consuming, especially when considering the exponential
increase of (meta)genomic records being deposited daily
to public databases. Additionally, phylogenies might lead
to incorrect assignments due to the existence of micro-
organisms with the reductive-type Dsr-system that in vivo
are dSDM [17, 50].

Here we present DiSCo, a Dsr-dependent dIssimilatory
Sulphur metabolism Classification tOol, able to automati-
cally identify and predict the enzyme types involved in,
and associated with biological Dsr-dependent dissimila-
tory sulphur metabolism. This mapping will guide future
analyses such as cultivation of presently uncultivated
prokaryotes, in order to determine the mechanisms used
by these microorganisms to conserve energy.
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Development and application of DiSCo

The development process of the DiSCo tool will be explained
in the following sections. This includes the steps of model
creation, development and the application of DiSCo against
genomic datasets.

Genomic datasets

Publicly available complete genomic assemblies of 4825
bacteria and 253 archaea were downloaded from NCBIL
Twenty-two assemblies belonging to new, uncultivated
archaeal lineages were added to this dataset. The protein
sequences of these 5100 assemblies constitute the complete
genomes dataset (Table S2).

A second dataset (from now on referred to as the metagen-
omic dataset) composed of the protein sequences of 193978
prokaryotic (meta)genomic assemblies and 1900 (meta)
genomes belonging to potential new lineages with the ability
to use the Dsr-dependent dissimilatory sulphur metabolism
[14, 18, 45, 56-72] was created (Table S3). These additional
1900 (meta)genomes were collected from a survey of recent
publications describing potential micro-organisms containing
Dsr proteins in the following manner: all assemblies related
to the publication BioProject (described or not in the text as
a micro-organism having the Dsr pathway) were downloaded
and added to the metagenomic dataset, if not already present.

Both datasets were mapped to, and sorted by, the NCBI
taxonomy and are listed in Tables S2 and S3, which also
include information regarding the database of origin and
download date.

Genome quality estimation

Genome completeness and redundancy were estimated by
domain-specific single copy maker proteins as in [2]. Pfam
domains [73] were assigned with hmmsearch (hmmer v.
3.1b2, default parameters) [74] using the profile-specific
cutoffs from [2]. The completeness was calculated based
on the ratio between the number of marker proteins iden-
tified and the total number of domain-specific makers
(162 archaeal profiles, 139 bacterial profiles [2]). Genomic
redundancy (i.e. contamination) was defined as the propor-
tion of distinct protein sequences per genome, in which
marker proteins were detected multiple times, over the total
number of domain-specific markers (Tables S2 and S3).

Literature search

A thorough literature search allowed gathering information
regarding 82 micro-organisms known to be able to conserve
energy using Dsr-dependent dissimilatory sulphur path-
ways. The Dsr-enzyme types (reductive or oxidative) of
these micro-organisms were mapped to the corresponding
genomic assembly of the complete genomes dataset (Table
S1). Information regarding the micro-organism’s capa-
bility to perform S-disproportionation and the nature of
the sulphur species used as electron donors/acceptors was
also collected. The corresponding protein representatives

and their genomic arrangements provided reference for the
exploratory analysis and development of DiSCo.

Similarity searches

The complete genomes dataset was analysed and queried
for selected proteins involved in or co-distributed with the
Dsr-dependent dissimilatory sulphur metabolism and func-
tional replacements thereof. Protein sequences obtained
from the literature search were mapped to their respective
genome using BLASTP (version 2.10.0, default parameters)
[75], with an identity of 225% and an E-value of <107' as
thresholds. Selected paralogous sequences, based on BLAST
results, genomic neighbourhood and KEGG pathways [76],
as well as further accessory proteins, such as the pyroph-
osphatases HppA, and PpaC proposed to be essential at
least in dSRP [36], were added. These sequences were used
to query genomes from the micro-organisms described
in Table S1, since not all of the accession numbers of the
descripted proteins are given. In total, 253 query proteins
belonging to 16 micro-organisms were collected (Table $4,
Fig. 2). Protein representatives in the complete genomes
dataset were acquired by using the reciprocal best BLAST
hit (rBBH) approach [75] with the thresholds of E-value
<107'°and a global identity of >25%, calculated based on
the local identity considering sequence and alignment
length. The proteins fulfilling the threshold were blasted
against their respective genome and copies included if the
threshold (=70% local identity, 270% query coverage) was
fulfilled. An all-versus-all blast of the protein pairs fulfilling
the threshold was performed. All pairs with a local identity
of 225%and an E-value of <107'° were globally aligned
with needleall [77, 78] (Emboss package 6.6.0, default gap
penalties). The pairwise global alignments were filtered
using a >25% global identity threshold and clustered into
protein families using MCL [79] (version 14.137, default
parameters, inflation rate 2.0). At this stage, 75 protein
clusters were obtained, which were used for phylogenetic
analysis. The clusters were functionally annotated by using
the protein’s rBBH classification and the protein sequence
annotation of the members of each cluster. Further annota-
tions were obtained using HMM (Hidden Markov Model)
assignments (hmmsearch v. 3.1b2) of the TIGRFAM [80]
(release 15 using NCBI’s improvements from 2018), PFAM
[73] (release 32) and KEGG Orthologs [81] (version
201904) databases as well as the corresponding profile-
specific thresholds (Table S5).

Phylogenetic, similarity and synteny analysis

For each protein cluster, a multiple sequence alignment was
generated with Clustal Omega [82] (both 100 guide tree
and HMM iterations, output format guide tree order, other-
wise default parameters) and maximum-likelihood (ML)
phylogenies reconstructed with IQ-TREE [83, 84] (version
1.6.12, best model selection and LG+I+G4 model, 1000
ultrafast bootstraps, SH-like approximate likelihood ratio
test: 1000). Phylogenetic reconstructions were rooted with
the minimal ancestor deviation method [85]. Intra-cluster



Neukirchen and Sousa, Microbial Genomics 2021;7:000603

literature search

82 model organisms,

, physiological phenotype

genome dataset|,,” A
Y
275 archaea -
4825 bacteria 253 selected quenesl
\ J
‘global identities [
ML phylogenies }\\ i ,,-{ gene synteny |
\\ |
vy
onholgil:iigiagra]logue ----- - ‘\i/ ----- -|simi|arity analysis|
\i/
co-distributed: minimal set: additional:
HdrABC, QmoABC, DsrABC, DsrD, DsrT, DsrL,
Sat, AprAB DsrMK(JOP) DsrEFH, AprM

v

91 hidden Markov models

score, bias, E-value
3. best hit approach

1. HMMER3: hmmsearch, domtblout format
2. case-by-case filtering thresholds:

input
set of protein
sequences:
e.g. genome

Z

statistics

| contingency matrix,
jackknife resampling

output

\\\ automatic
i identification and
i prediction of
enzyme type

|
|

Fig. 2. DiSCo development and algorithm. Schematic representation of the strategy used to create the classification tool and example

of DiSCo operation.

protein identities were calculated and their heatmap
representations analysed. This allowed the identification
of sequences from paralogous proteins with a high sequence
similarity to known enzymes used in this study. Synteny
analysis was performed by mapping retrieved protein
hits to the respective gene location files, and visualized in
R-Studio (version 1.0.153) using the R-package genoPlotR
[86] (version 0.1).

Model reconstruction

Based on the previous analysis, sequences from enzymes of
the oxidative and reductive Dsr-pathway, associated proteins,
as well as from representatives of highly similar paralogues
were selected to construct the DiSCo profiles. A second crite-
rion for sequence selection was to use an as-small-as-possible
sequence set from distant dSRP and dSOB derived from the



Neukirchen and Sousa, Microbial Genomics 2021;7:000603

(a) (fa ?A (b)
DsiC SRO (C, C,) Archaeoglo.bLfs fulgidu.s LFPQGPAKDACRIAGLP- -KPTGCV - - - - - - - - 115
Desulfovibrio vulgaris LEPSGPGKGACKMAGLP - -KPTGCV - - - - - - - - 105
DsrC SRO (C,) Desulfurella amilsi LEPEGPARQLVRYAGLS - -KPTGCV - - - - - - - - 113
Allochromatium vinosum LEPYGPAKQACRFAGLP - -KPTGCV - - - - - - - - 112
DsrC SOB Thioalkalivibrio nitratireducens LEPYGPAKQACKYAGLP - -KPTGCV - - - - - - - - 110
Chlorobaculum tepidum LEPKGPALQACK I AGLP - -KPTGCV - - - - - - - - 111
DsrC3 Allochromatium vinosum | EKKGPMKL | CKWGGLP - -KPTGCV - - - - - - - - 100
Thioalkalivibrio nitratireducens TWMTGPMKP | TKYGGLP - - KPTGCV - - - - - - - - 97
TusE Escherichia coli LEFEPKGPAKQATK IAGLP - - KPVKC | - - - - - - - - 109
Pseudomonas aeruginosa LEFKGAPAKLGAKLAGLP - -KPSNCL - ----- - - 111
Allochromatium vinosum LEPLAPTKQGTK | AGLPAVKRKGGY - - - - - - - - 12
RepAl Thioalkalivibrio nitratireducens LFP LDPSKQGGR | AGLPESRRKGGY - - - - - - - - 13
RspA2 Thioalkalivibrio nitratireducens LEPYGYVKQACR | AGMR - - RPRAWSTG- - - - - - 112
— Allochromatium vinosum LEPGGPVAQGCRFAGLT - - APSGAADKSFGSVQ123

Sp.

Consensus

CKIAGLP KPTGC

Thioalkalivibrio nitratireducens LMPGGPVAQGARLAGLE - - PPPEAVNASFGSVS 122

Fig. 3. C-termini of DsrC proteins. (a) Alignment of the C-termini of the DsrC/TusE/RspA family. The strictly conserved cysteine and
the identified conserved motif only present in DsrC(-like) proteins and absent in TusE/RspA proteins [26] are shown. (b) Structural
alignment of oxidative-type DsrC protein from Allochromatium vinosum (light blue, PDB code 1YX3) and reductive-type DsrC protein from
Archaeoglobus fulgidus (pink, PDB code 1SAU). The C-termini are indicated with red and dark blue; cysteines are represented as sticks

and the sulphur atoms in yellow.

literature search, ensuring an as-wide-as-possible taxonomic
diversity (Table S6). Moreover, using sequences from dSDM,
additional reductive-type models were created. These models
do not intend to distinguish Dsr-dependent sulphur dispro-
portionation from Dsr-reductive pathways. The aim is solely
to flag those sequences in the DiSCo output, in case a user is
interested in a deeper investigation.

The selected sequence sets were aligned in clustalw2 [87]
(version 2.1, iteration set to tree and aligned output order,
otherwise default parameters) and HMM were created using
hmmbuild [74] (v. 3.1b2) with default parameters.

Model thresholds were optimized to retrieve proteins
belonging to known lineages that use the Dsr-dependent
dissimilatory sulphur pathway and to predict the corre-
sponding enzyme type. The thresholds of the profile-specific
scores were initially defined based on the score jumps of the
retrieved HMM assignment and were furthermore manually
fine-tuned to exclude potential false positives identified by
similarity, phylogenetic and synteny analyses (Table S6). To
enable the detection of DsrC proteins containing one or two
cysteines [26, 27], in addition of fulfilling the model threshold,
the presence of the two conserved C-terminal cysteines or
the presence of the identified motif AGLPKPTG(not N)C,,
allowing for one amino acid difference, was mapped onto each
sequence (Fig. 3). This motif was identified by manual inspec-
tion of a multiple sequence alignment of DsrC, containing one
or two cysteines at the C-termini, RspA and TusE proteins.

It was observed that some micro-organisms, besides the
DsrMKJOP complex, contain an alternative DstMK type [36].
Also, in Chlorobi, the oxidative DstMKJOP complex is more
similar to DsrMKJOP proteins from dSRP than to the ones
found in dSOB [88]. Therefore, additional models for these
proteins were created (Table S6). Similar criteria were used to
create models for the DsrD, DsrL and DsrT proteins.

The combined results of phylogenetic reconstructions, simi-
larity networks and genomic arrangements led to the iden-
tification of paralogous proteins, highly similar to enzymes
from the Dsr-pathways. A QmoABC complex distinct
from known QmoABCs and whose QmoAB subunits are
both closely related with the HdrA subunit of the HdrABC
complex was recently identified [45]. For a better orthologous
to paralogous distinction, additional HMM profiles were
created using representatives of heterodisulphide reductases
from methanogens and Proteobacteria [89], assimilatory Sat
as well as the AprAB-like paralogues previously identified in
AprAB sequence similarity searches and/or phylogenies [45].

In total, 91 HMM models, 71 of them type-specific are
included in DiSCo.

DiSCo hit assignments

The DiSCo tool can be executed with a single command in
which all steps are performed automatically by using the
wrapper Perl script DiSCo.pl. The first step of DiSCo.pl
consists of an hmmsearch [74] of a given protein sequences
set in FASTA format against the DiSCo HMM library. This
hmmer process can be accelerated with the —n parameter
using multiple threads. The hmmsearch raw output (hmmer
‘domtblout’ format [74]) is then automatically parsed with
the filter_DiSCo.pl script. This filter step assigns DiSCo hits
based on the best hit strategy: (i) a hit needs to fulfil the
model specific cutoff; (ii) all hits to the same input sequence
are compared and the model with the best score and E-value
is assigned to a sequence (Fig. 2). DiSCo hits need to fulfil the
cutoff of the hmmer-specific conditional and independent
E-value of <107', an accuracy of 20.5 with the bias being one
order of magnitude lower than the score. All hits fulfilling the
thresholds are saved in a table whose delimiter can be changed
by using the —s options. Furthermore, the location and file
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name prefix can be altered with the -d and -p parameters,
respectively and an automatic extraction of the sequences
corresponding to DiSCo assignments can be performed by
using the -o flag. An option to apply user-defined thresholds
is also available, but in this case, information regarding the
type of enzyme cannot be provided.

This procedure was used to map Dsr-dependent dissimilatory
sulphur enzymes within the protein sequence space of 195878
(meta)genomic records.

Methods validation and comparison

The DsrA and DsrB proteins identified by DiSCo within the
complete genomes dataset and their predicted type were
compared with the results from the phylogenetic analysis
and with literature knowledge (all sequences present within
the dataset were identified by DiSCo; their predicted type
agreed with their position within the reductive or oxidative
clades of the phylogenetic reconstruction and the taxonomic
affiliation of the microorganism agreed with the predicted
enzyme type).

The reliability of DiSCo assignments for Dsr and co-distributed
proteins was evaluated by calculating the contingency matrix
in the following manner. A hit was only considered as a true
positive for cases in which DsrAB proteins with the same type
were found in the respective genome. A protein identified in
a genome without the DsrAB complex, or with a predicted
type different to the DsrAB complex, was considered a false
positive. The absence of the proteins within genomes with
DsrAB was considered a false negative. In the cases in which
a protein family had models of only one type (e.g. DsrD and
DsrEFH), a false negative was only considered by the absence
of the protein in genomes containing a DsrAB complex of the
same type. A true negative was defined as the absence of a
DiSCo hit in a genome without DsrAB proteins.

A contingency matrix was also obtained for the results
obtained with BLAST (best hit, cutoffs: 225% local identity,
E-value <107'°) and with the results from the rBBH approach
(Table S7). These methods do not provide a type-assignment
unless manual inspection and/or additional bioinformatic
analyses (e.g. taxonomic comparison, similarity comparison
with reductive and oxidative proteins) are performed.
However, we assigned an enzyme type to all query sequences
based on the physiology of the micro-organism, from which
protein representatives were collected (Table S4).

We created an independent test set derived from the metagen-
omic dataset. The selection was based in one of two criteria.
Firstly, a genome was reported in the literature to possess the
DsrAB proteins [14, 18, 45, 56-72]. The presence of DsrAB
proteins was validated using the rBBHs of DsrAB proteins
following same rBBH strategy as in the complete genome
dataset. Secondly, all genomes with a complete genome
assembly level present in the metagenomic dataset, thus,
not present in the complete genomes dataset, were grouped
by the taxonomic family level and up to five genomes per
family were randomly chosen. In total, the independent test

set comprises 1187 genomes (Table S3). The DiSCo assign-
ments, rBBH and simple best BLAST hits were used to create
additional contingency matrices (Table S7). The determined
contingency matrices of the three methods of both datasets
were used to calculate, among others, the precision (PR),
recall (RC), accuracy (AC), balanced accuracy (BA) [90] and
false discovery rate (FDR) (Table S7).

To further validate the robust predictability of DiSCo models,
a jackknife resampling was performed by excluding each one
of the sequences used to create the DsrABCMK models.
New models were created with the remaining sequences, and
the previously defined DiSCo model’s thresholds were kept
(Table S6). The new models were run against the complete
genomes dataset and the results compared to the standard
DiSCo assignments with regards to both the identification
and predicted enzymatic type (Table S8).

DiSCo availability

DiSCo version 1.0 was developed as a standalone genome-
mining tool using Perl 5 as the coding language preinstalled
in Linux and Mac operative systems. The DiSCo dependency
HMMERS3 [74] is freely available for download at http://
hmmer.org. DiSCo 1.0 code, operational details and examples
(input/output data files) can be downloaded at https://github.
com/Genome-Evolution-and-Ecology-Group-GEEG/DiSCo.
DiSCo was tested on Windows 10 and Unix operating systems
and runs in all platforms although Unix-based systems are
recommended for efficient performance.

Benchmarking of DiSCo

Our aim was to create an automatic identifier and type-
predictor of dissimilatory sulphur proteins from microbial
protein data, to aid users to access in a fast way, the diversity of
proteins involved in or associated with Dsr-dependent dissim-
ilatory sulphur metabolism within metagenomic records. The
DiSCo tool was compared to existing methods, applied to
(meta)genomic records and its performance assessed.

Distribution of Dsr-dependent dissimilatory
sulphur metabolism within the complete dataset

The use of completely sequenced genomes allowed an initial
classification of DsrAB-containing micro-organisms and to
determine the presence and absence of proteins involved in
this type of metabolism per genome. This identification was
based on the rBBH approach followed by MCL clustering,
pathway completeness, synteny and phylogeny analyses as
well as manual inspection of the results to distinguish paral-
ogues from orthologues. Considering the presence of at least
the DsrAB proteins, and besides the identification of the 82
micro-organisms whose phenotype was already known (Table
S1), the Dsr-dependent dissimilatory sulphur pathway was
identified in 21 additional micro-organisms (Tables S5 and
S9). Similar to what previous studies reported, with respect to
taxonomic ranks at the phylum/class level and enzyme types
[11-13, 36, 49], and as expected, dSRP were found within the
bacterial phyla Thermodesulfobacteria and Nitrospira, the
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Fig. 4. Distribution of DiSCo hits across the complete genomes dataset.
Each column represents a protein and each row corresponds to a
genome. Colour code represents the predicted type; red: reductive type,
blue: oxidative type, black: unspecified hit, and white: no hit found. Only
genomes with at least one type-specific hit, excluding genomes with
only a dissimilatory Sat hit, are represented.

classes Clostridia and Deltaproteobacteria and the actinobac-
terial family Coriobacteriaceaea. Within Archaea, reductive
DsrAB proteins were identified in the order Archaeoglobales
and the crenarchaeal family Thermoproteaceae. dSOB
proteins were identified within the classes Chlorobi and the
Alpha-, Beta-, and Gammaproteobacteria (Table S5). In total,
the DsrAB complex was found to be present in eight out of the
48 phyla (eleven out of 93 classes) represented in the complete
genome dataset.

At this stage, the proteins involved in or associated with
Dsr-dependent dissimilatory sulphur metabolism were
categorized into minimal (necessary for both dissimilatory
sulphate/sulphite/thiosulphate reduction, disproportionation,
or sulphur oxidation processes [36, 88]), additional (typically
exclusively present in either dSRP or dSOB) or co-distributed
(e.g. enabling the use of sulphate as electron acceptor or

having sulphate as a final product [13]). Within co-distributed
proteins, besides dissimilatory Sat, AprAB and QmoABC,
also non-specific enzymes (e.g. HdrABC) are included to
allow a better orthologous to paralogous distinction (Fig. 2).

DiSCo assignments within the complete dataset

DiSCo was run against the complete genome dataset and the
results from DsrA and DsrB models were compared with the
previous analyses and the relative position of these sequences
within the phylogenetic DsrA and DsrB reconstructions.
Without exception, the DsrA and DsrB sequences belonging
to the 103 genomes were found by DiSCo (Table S9, Fig. 4),
and their classification into types congruent with the posi-
tion in the respective phylogeny. No additional DsrA/B hits
were found (Fig. S1, Table S9), showing that DsrA and DsrB
models were consistent with the previous approach. Overall,
and with few exceptions, the predicted protein types were
congruent within a genome, indicating that each model is able
to correctly and, most importantly, independently predict the
protein’s type (Fig. 4). As in previous studies [17, 18, 91], the
direct identification from sequence data of dSDM was not
possible. Although some genomes showed an enrichment of
DiSCo assignments with sulphur-disproportionating models
(Table S9) not all of them have information regarding their
ability to disproportionate S-species. So far, only cultivation
and experimental characterization can enable the identifica-
tion of dSDM.

Interestingly, our AprA-like and AprB-like models led to the
identification of this alternate complex in 63 micro-organisms
belonging mostly to the class Clostridia, but also to Nega-
tivicutes, Deltaproteobacteria, Nitrospira and Archaeoglobi
(Table S9), including nine micro-organisms known to contain
the Dsr-pathway. A comparison of the AprAB-like proteins
with the fold regions of bona-fide AprAB proteins [92] showed
that while the AprB-like protein shares the ferredoxin domain
with bona-fide AprB, it lacks its terminal tail responsible for
interactions with the AprA subunit [92]. The alignment of
selected AprA-like protein with bona-fide AprA proteins
displayed gaps in the capping domain and in the C-terminal,
helical domain (for definition of the domains see [92]). A
closer inspection of the genomic neighbourhood of the
aprAB-like genes showed an enrichment in sulphur assimi-
lation and processing genes such as assimilatory sulphate
adenylyltransferases (sat, cysD, cysC), anaerobic sulphite
reductase (either asrABC or only the asrC subunit) and genes
of several proteins involved in intracellular sulphur trafficking
such as TusA, Thil/F, IscU and Iscl. TusA has been proposed
to play a role in the synthesis of sulphur-containing cofactors
[93] and in dissimilatory sulphur oxidation processes [46]. In
addition, genes of several sulphate/thiosulphate transporters
(sbp, cysW, cysU, cysA, sodium:sulphate symporters) or ABC
transporters (nitT/tauT) are found in the proximity of the
aprAB-like genes. In the iron-respiring Ferroglobus placidus
both the aprA-like and sat genes showed increased mRNA
transcripts when grown on insoluble Fe(IIT) oxide [94]. These
findings, combined with our analysis lead to the proposal of
a role for the AprAB-like complex in sulphur assimilation
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processes. Further experimental validation is necessary to
fully elucidate the functional role of this complex.

DiSCo validation and comparison with other
methods

The accuracy, balanced accuracy [90], recall, precision and
false discovery rate of DiSCo assignments, rBBH and simple
BLAST hits were calculated and compared for both the
complete genome dataset and independent test set (Table
S7). Of note, due to possible assembly contaminations (i.e.
false positives), true positives were only considered in (meta)
genomes containing both DsrAB proteins and for proteins
whose predicted enzyme type was in agreement with the
DsrAB complex. In the case of the independent test set, the
non-identification of proteins due to genome incompleteness
(i.e. false negatives) may inflate the statistical measurements.
Since the complete genomes dataset consists of only closed
genomes, in which all protein-coding genes, and no contami-
nations are present, the influence of the quality of metagen-
omes is excluded within this dataset. In addition, the strategy
in here employed to assign true positives (correctly identified
sequences that indeed perform the expected function) favour
methods based in similarity such as simple BLAST, due to the
identification of paralogous proteins (sequence evolutionary
related to the protein of interested that evolved to perform a
different function). Consequently, the differences of deter-
mined false positives and false negatives caused by the use
of BLAST-based methods result in an overall higher accuracy,
precision and recall favouring DiSCo over similarity searches
(Table S7). The full analysis of the results of the complete
genomes dataset is given in Supplementary Material.

Within the independent test set, while both DiSCo and the
rBBH method identified the DsrAB proteins in 143 micro-
organisms, BLAST led to the additional identification of 12
assemblies with hits for both DsrAB proteins and 57 cases
where only one protein was identified. This result is not
unexpected; many paralogous sequences fulfil the >25% local
identity cutoff commonly used in BLAST similarity searches. A
direct comparison between the recall, accuracy and balanced
accuracy of the three methods shows a small difference for
Dsr proteins (DiSC0=0.99-0.59, rBBH=0.98-0.56), with
simple BLAST having worse results (0.98-0.3). However,
regarding precision (how many times the correct sequence
was identified), both rBBH and BLAST have identified a
much higher number of paralogues (lowest PC: DiSC0=0.56,
rBBH=0.25, BLAST=0.04). For instance, regarding DsrO, an
iron-sulphur protein, BLAST has a precision of 0.2, implying
that only 20 out of 100 identified sequences are indeed poten-
tial DsrO proteins. This is a clear indication of the retrieval
of paralogous sequences, which can also be observed with
the worse (higher) false discovery rate of simple BLAST for
DsrO (FDR=0.8) versus the other methods (rBBH=0.6,
DiSC0=0.06). The DsrC protein was not identified by
DiSCo in 11 of the DsrAB genomes and the predicted type
of DsrC differed from the one of the DsrAB proteins in 25
cases. In addition, in four cases the protein was identified
in genomes devoid of the DsrAB complex. This is reflected

in a balanced accuracy of 0.94 (PR=0.79, RC=0.1, AC=0.97)
(Table S7). DsrC proteins were identified by both BLAST-
based methods in four DsrAB metagenomes, for which no
DsrC protein was assigned by DiSCo. These sequences are
often fragmented, mostly with incomplete C-termini. Thus,
the DsrC-specific motif (Fig. 3) was not found by DiSCo,
which resulted in differences in recall values (DiSC0=0.91,
rBBH=0.95, BLAsT=0.95). On the other hand, DsrC proteins
were found in 50 genomes (rBBH) and 90 genomes (BLAST)
devoid of DsrAB proteins. These determined false positives
affect the reliability of both BLAST methods in terms of
precision of 0.69 for rBBH, and 0.6 for BLAsT (DiSC0=0.79),
while a comparison of, e.g. only balanced accuracy, accuracy
or recall of both BLAST-based methods would not show the
incorrectly assigned rBBH/BLAST hits of DsrC paralogues (all
values >0.90).

Similar values for the balanced accuracy (0.95-0.96) were
determined for the DsrEFH proteins identified by DiSCo.
DsrEFH proteins were found in 15 genomes with reductive-
type DsrAB proteins and in ten genomes without the DsrAB
proteins. Both cases were considered as false positives
resulting in a precision of 0.56-0.63 (RC=0.94-0.91). The
co-distribution of DsrEFH with deeply branching reductive-
type DsrAB lineages was already reported [18], which could
reflect a wider metabolic potential of micro-organisms
possessing a chimeric Dsr system. On the other hand, DsrEFH
are small proteins with homology to TusBCD [55], thus,
some were potentially identified. All of those instances were
in here classified as false positives. In any case, the precision
of DiSCo for DsrEFH is higher than the one from BLAST-
based methods (PC=0.27-0.38), in which many paralogous
sequences are identified.

The DsrD protein was identified by DiSCo only in reductive-
type DsrAB genomes, and no additional hits (neither in
oxidative-type DsrAB nor in non-DsrAB genomes) were found
(BA=0.93, AC=0.99, PC=1, FDR=0.0). The DsrD protein was
absent in 16 genomes with reductive-type DsrAB proteins.
These metagenomes belong either to Archaea, and potentially
reduce sulphur compounds without DsrD as in [45], or belong to
new reductive-type DsrAB-lineages, such as Ca. Rokubacteria,
which lack the DsrD protein [18]. These absences were catego-
rized as false negatives impacting DiSCo’s recall of 0.85. DsrD is
a small protein (~80 amino acids) and similarity searches often
miss such small proteins due to the stringent E-value cutoff
of <107" leading to false negatives. DsrD proteins, detected
by DiSCo, were not identified in 16 (rBBH) and 13 (BLAST)
genomes (RC=0.71rBBH, RC=0.74 BLAST). No false positives
were found by both BLAST-based methods with balanced accu-
racy, accuracy, and precision ranging between 0.85-1 for rBBH,
and 0.87-1 for BLAST.

The DsrMK(JOP) complex was absent or incomplete in
multiple DsrAB genomes resulting in lower values for recall
(DsrMK=0.89-0.9, DsrJOP=0.76-0.78). Most of these false
negatives were found in metagenomes, in which missing
DiSCo assignments are affected by the incompleteness
of the genomes. Nevertheless, DiSCo showed a stable
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prediction for all proteins, with a balanced accuracy for
DsrABCMK, the minimal set of Dsr proteins, of 0.94 (Table
S7). The rBBH and BLAST recall is higher (rBBH=0.78-0.92,
BLAST=0.78-0.95) in the case of DsrMKOP (but not DsrJ)
since in most of the affected genomes, only the DsrMK
complex is present and several incorrectly identified
DsrO and DsrP proteins were found (11 genomes rBBH,
16 genomes BLAST). The DsrO protein is an iron-sulphur
protein while DsrP is cofactor-less and member of the NrfD/
PsrC protein family. Together they are part of a widespread
redox-loop module, involved in redox transfers for the
quinone pool [95]. This is also shown by the high number
of false positives identified in genomes devoid of DsrAB.
DsrO/DsrP proteins were identified in 535 genomes (BLAST,
FDR=0.8/0.41) and 162 (rBBH, FDR=0.6/0.32) genomes
without DsrAB proteins, when compared to DiSCo (three
genomes, FDR=0.06/0.07).

The DsrL protein was identified by DiSCo in 28 oxidative-type
DsrAB genomes and in 25 reductive-type DsrAB genomes,
similar to what was reported before (see [48] and below). Both
BLAST-based methods detected DsrL proteins in more DsrAB
genomes than DiSCo (rBBH: 73 genomes, BLAST: 137) and even
in genomes without the Dsr system, 46 genomes for rBBH and
724 genomes for BLAST. These additional BLAST hits are caused by
the similarity of DsrL proteins to pyridine nucleotide:disulphide
oxidoreductases [96], while DiSCo distinguished these homolo-
gous sequences and identified DsrL proteins only in DsrAB
genomes. Both BLAST-based method have a higher number of
false positives (rBBH=89, BLAsT=828), resulting in lower values
for precision (rBBH=0.25, BLAST=0.04). This also affected the
accuracy, and led to a decreased reliability, in particular for
BLAST (AC=0.3, BA=0.63, RC=0.97), while rBBH resulted
in better values for the detection of DsrL (AC=0.92, BA=0.9,
RC=0.88). DiSCo’s predictability of DsrL proteins shows a high
accuracy of 0.98 (BA=0.91), while precision (0.6) and recall
(0.84) are affected by predicted oxidative-type DsrL proteins
present in reductive-type DsrAB genomes. Further, not all dSRP
posses the DsrL protein, and the number of false negatives is
overestimated (FDR=0.4).

Within both datasets, DiSCo outperformed the rBBH as well
as simple BLAST approaches in the distinction of true positives
over false positives (Table S7).

The comparison of all DiSCo hits and the jackknife resam-
pling assignments in the complete genomes dataset showed
the robust predictability of DiSCo models. Briefly, DsrC hits
were not identified in two Thermoproteus species (two runs
in which an archaeal sequence was removed) and in one
Desulfurella species (single event). This can be explained
due to lower similarities of the excluded sequence with
canonical bacterial sulphite reductases such as the one
from Desulfovibrio vulgaris [49]. Similar reasoning can
explain the fact that a DsrK hit was not found in Pelobacter
propionicus (one run) and a DsrM hit in Caldivirga maqui-
lingensis (one run). The removal of sequences from one
DsrM model led to the identification of eight additional
sequences, present in a total of 13 genomic assemblies. A
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close inspection of the sequences revealed that they were
respiratory nitrate reductases from different Staphylococcus
species (five unique protein sequences, in total present in
ten genomes), one Sulfobobus islandicus strain, a Geoba-
cillus species and Ferroglobus placidus. This shows that
the models and their cutoffs are efficient in the removal of
paralogues. No additional hits were found in the case of
DsrA, DsrB, DsrC and DsrK resampled models and none
of the identified hits changed its type-prediction.

Opverall, the resampled profiles provided the same results and
only 0.9% (five out of 545 sequences) of the assignments were
lost showing a stable predictability not only in terms of Dsr-
dependent dissimilatory sulphur metabolism identification
but also regarding the predicted enzyme type (Table S8).

DiSCo performance

A time and memory consumption test was performed on a
standard laptop [MacBook Pro (13-inch, Mid 2012), OS X
‘El Capitan’ 10.11.16, Intel Core i7-3520M @ 2.9 GHz, 8 GB
RAM]. DiSCo was run against the complete genome dataset
using one thread. The DiSCo process required, on average,
27 MB RAM and took approximately 3.4 s per genome.

Expanded distribution of the Dsr-dependent
dissimilatory sulphur metabolism in prokaryotes

Running DiSCo against a dataset composed of 195878
(meta)genomes allowed the expansion of this type of
dissimilatory sulphur metabolism from the initial 103 to
1738 micro-organisms, in which at least one hit of DsrA
and/or DsrB protein was found (Tables S10 and S11).
Besides the distribution of dSOB and dSRP found in the
complete genomes dataset, (Fig. 4, Table S9), the screening
of metagenomic records allowed the identification of DsrA
and/or DsrB proteins in 28 additional phyla (55 additional
distinct classes). The full taxonomic diversity is summa-
rized in Table S12. Below, this diversity will be discussed in
detail, excluding assemblies with a contamination >5% or
a completeness <85%.

In bacteria, reductive-type proteins were identified in
Ignavibacteriae, Bacteroidetes/Chlorobi, candidate division
LCP-89m, candidate division Zixibacteria, Ca. Hydro-
genedentes, Nitrospirae, Ca. Omnitrophica, Actinobacteria,
Armatimonadetes, Chloroflexi, Firmicutes, Thermodesul-
fobacteria and Proteobacteria (Deltaproteobacteria, Ca.
Lambdaproteobacteria), lineages for which the metabolic
potential had been reported [18]. Within Archaea, and
excluding the known cultivated lineages, reductive-type
proteins were identified in Ca. Korarchaeota, Ca. Hydro-
thermarchaeota, Aigarchaeota, and Diaforarchaea. Previous
reports, also based on genomic content, reported the
potential for sulphate/sulfite reduction within these taxa
(60, 65, 71, 72].

The oxidative-type DsrAB proteins were identified in
micro-organism belonging to Chlorobi, in proteobacterial
metagenomes from several classes, including Alpha-, Beta-,
Gamma-, and Deltaproteobacteria, Hydrogenophilalia,
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Ca. Muproteobacteria, Acidithiobacillia, as well as in
some unclassified bacteria. With very few exceptions, the
remaining proteins of the oxidative pathway were also iden-
tified (same type), as for instance DsrMK(JOP), DsrEFH,
QmoABC/AprM, AprAB and Sat. Interestingly, both dSRP
and dSOB metabolic proteins were found across Nitrospira
(meta)genomes.

In some Actinobacteria, Nitrospinae, a few deltaproteobacte-
rial assemblies, Ca. Desantisbacteria, Ca. Rokubacteria and Ca.
Lambdaproteobacteria, DiSCo identified mixed profiles, with
proteins being predicted to belong to different types (Fig. 5). For
example, in Ca. Lambdaproteobacteria, DiSCo identified the
reductive DsrAB, DsrD, Dsr'T, DsrM and DsrJP proteins as well
as oxidative DsrC, DsrEFH, DsrK, DsrO and DsrL proteins. This
could be for four reasons: (1) incorrect assignment of the type
by DiSCo, (2) an incomplete metagenomic assembly in which
only some of the genes of both enzyme types are sequenced and
made available as protein sequences, (3) potential contamination
within the assembly or (4) a broader diversity of the modular
enzymatic scheme within the environment, due to extensive
horizontal gene transfer events [97, 98]. This patchwork organi-
zation, albeit without type for the majority of the proteins, was
already reported to occur in several of these genomes [18],
which favours a combination of the second, third and fourth
hypothesis over DiSCo misassignments.

Recently, the existence of two types of DsrLs (DsrL1 and DsrL2)
as well as the co-distribution of DsrL1 and oxidative DsrAB
type as a confident indication for dissimilatory sulphur oxidizers
was proposed [48]. Although DiSCo also has two models to
cover the DsrL protein diversity, there is no direct correlation
between the reported DsrL1 and DsrL2 types and DiSCo DsrL
models. Our strategy was to create profiles able to automatically
identify DsrL proteins from metagenomic data, independent of
the (meta)genomic context, diminishing the need for extensive
paralogous identification and manual curation.

Out of 195878 metagenomic records, DiSCo automatically
identified DsrL proteins in 813 assemblies. In 664 of those,
DsrL proteins were co-distributed with oxidative DsrAB and
in 73 cases with the reductive DsrAB complex. DsrL was also
present in 15 assemblies, containing versions of both reductive
and oxidative Dsr-pathways. Only in 61 cases was the DsrL
found in micro-organisms devoid of DsrAB proteins. In 41 out
of these, additional Dsr proteins were identified, suggesting that
the non-identification of DsrAB proteins by DiSCo might be
due to metagenomic incompleteness. The DsrL proteins associ-
ated with reductive-type DsrAB proteins were found in Acido-
bacteria, Bacteroidetes, Ignavibacteriae, Proteobacteria, Ca.
Omnitrophica, Actinobacteria, Armatimonadetes, Firmicutes
and Ca. Desantisbacteria. The DsrL protein co-distributed with
oxidative-type DsrAB was found in Chlorobi, Proteobacteria
and Nitrospirae. Comparing DiSCo results with the results
from [48], with some minor differences due to differences
in the genomic datasets used, a very similar DsrL diversity is
recovered by both methods. We could identify DsrL proteins
in 145 of the 155 DsrL sequences mentioned in [48]. Nine
sequences were derived from genomic assemblies not present
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in our datasets, and only one sequence was not identified by
DiSCo. This sequence from Acidobacteria bacterium 21-70-11
is annotated as a partial protein and represents a fusion of DsrN
(C-terminus) and DsrL (N-terminus) with missing fragments
of both proteins.

We also compared DiSCo assignments with the results from
[18], where, based on metagenomic content, synteny, and
phylogenetic analyses, 19 high rank lineages (phyla or classes)
of micro-organisms with potential for sulphate/sulphite reduc-
tion or sulphur oxidization were discovered. DiSCo was able to
identify Dsr proteins in these lineages. The DiSCo protein type
classification is also in agreement with the metabolic potential
classification given in [18]. In addition, as in [18], within Ca.
Falkowbacteria metagenomes, only DsrD proteins were identi-
fied. However, using DsrT as a possible marker for dissimilatory
sulphite-reducing micro-organisms as proposed [18] is prob-
lematic, since DsrT proteins are found in known dSDM, such as
Desulfurivibrio alkaliphilus [17] and Desulfobulbus propionicus
[50].

This distribution, with respect to the taxonomic affiliation and
proteins type is in line with previous studies [18, 65,69, 71, 72].
As observed in the screening of the complete genomes dataset,
most of the independent type predictions of Dsr proteins are
congruent within a genome, even for metagenomic records
(Fig. 5, Tables S10 and S11).

Previously unknown lineages identified by DiSCo

Several Dsr proteins were identified within Spirochaetes metage-
nomes with varying levels of contamination and completeness
(24-97% completeness, up to ~23% contamination). Particu-
larly, in the high-quality assembly of Spirochaetes bacterium
FW300 bin.19 (97% completeness, 1.44% contamination) the
reductive-type proteins DsrAB, DsrC and a DsrtMKJOP complex
were found. Several Spirochaetes were isolated from sulphur
‘Thiodendron’ mats and, although not common within this
phylum, at least in one micro-organism, Spirochaeta perfilievii,
sulphur and thiosulphate (but not sulphate) were shown to
support growth as electron acceptors in anaerobic conditions
[99]. To our knowledge, so far, no Dsr proteins were identified
in this phylum, and only the identification of Sat, AprAB and
a potential Qmo complex were reported in Alkalispirochaeta
odontotermitis JC202 (previously Spirochaeta odontotermitis
JC202) [100]. Within this metagenome, DiSCo identified the
DsrC, DsrT, DsrtMKJOP, Sat, AprAB and QmoABC proteins
but the high contamination level (23%) refrains from any other
conclusion. In particular, due to the co-existence of Spirochaetes
with both sulphide oxidizers and sulphate reducers [101], the
hypothesis of assembly artefacts can not be ruled out. Further
experimental characterizations are needed to illuminate the
predicted metabolic potential of this phylum. This argument
is valid not only for the diversity herein depicted but also for
the newly proposed diversity of Dsr-dependent dissimilatory
sulphur metabolism recently described [18, 48, 60, 64, 65,71, 72].

Surprisingly, reductive-type Dsr proteins were also identified
in a group of metagenomes affiliated with the phylum Thau-
marchaeota, class Nitrososphaeria. To our knowledge, the
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metabolic potential for Dsr-dependent dissimilatory sulphur
reduction has not been described in Thaumarchaeota. In the
most complete of those assemblies, (~87% completeness,
0-1.9% redundancy), reductive-type DsrABC proteins as
well as a DsrMK complex were identified. In some, DsrD and
two subunits of the Qmo complex (QmoB, QmoC) were also
found. A closer inspection of DsrAB sequences of one of these
assemblies (Nitrososphaeria archaeon SpSt-95) showed that
outside this phylum, the highest identities (~71%) are with
korarchaeal DsrAB sequences, including the one from Ca.
Methanodesulfokores washburnensis, recently proposed to
have the potential to perform sulphite-dependent, anaerobic
oxidation of methane to methanol [71]. In comparison with the
DsrA from Archaeoglogus fulgidus and Desulfovibrio vulgaris,
the identities were around 58 and 48%, respectively. This is an
indication that DiSCo's models and cutoffs are able to retrieve
previously unknown diversity.

CONCLUSION

To enable a faster and computationally more efficient method
for the study of Dsr-dependent dissimilatory sulphur metabo-
lism from (meta)genomic records, we developed DiSCo, a tool
to identify and predict the enzyme type from protein data.
When benchmarked against genomic records the tool proved
to be more efficient as BLAST-based methods with a minimal
accuracy of 0.98 for complete genomes and 0.93 for metagen-
omic records.

Overall, DiSCo was able to identify type-specific proteins in 66
different phyla. Thus, DiSCo has proven to be a valuable tool for
future studies aimed at analysing and exploring Dsr-dependent
dissimilatory sulphur metabolism diversity from protein data
and can be used with complete genomic records, metagenomic
data or a user-provided dataset. DiSCo also avoids the need
of manual inspection of intermediate steps, filtering of simi-
larity search results and genome mining to extract sequences.
Moreover, DiSCo circumvents the need for performing compu-
tational demanding phylogenetic reconstructions with the sole
aim of identifying an enzyme’s type. This automatic classification
can aid in further down-stream analyses and provide guidance
for the cultivation of micro-organisms.

DiSCo is fast (screening thousands of genomes per hour) and
allows the use of personal computers for large-scale analyses in
a computationally straightforward and more efficient manner
(in terms of runtime and memory use) than traditional
methods.

To summarize, DiSCo provides the scientific community with
a Dsr-dependent dissimilatory sulphur metabolism special-
ized tool in which independent protein identification and
assignment of the enzyme type is performed.
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