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Supplementary discussion

Tree reconstruction statistics

For each protein set four phylogenies were reconstructed with firstly running the best model
selection [1] (Supplementary Table 5) and, in the second phylogeny, with the amino acid
substitution model LG+I+G4. An additional set of phylogenies was performed, with a reduction
of sequences to proteins encoded in only complete genomes, to investigate the impact of
metagenome-derived sequences (Supplementary Table 3). Phylogenies with only sequences
from complete genomes were also computed with the model LG+I+G4 and additionally with
the ModelFinder of IQ-tree [1]. 24 out 42 phylogenies were reconstructed with the identically
chosen best model LG+I+G4 according to BIC (Bayesian information criterion), in seven cases
the model WAG+1+G4 was chosen. In the remaining 17 cases the best model was always a
LG model [2] with different combinations of parameters including the proportion of invariable
sites +I, empirical frequencies +F, and discrete Gamma model with four categories +G4
(Supplementary Table 5).

Four phylogenies were reconstructed for each of the 15 Dsr proteins, however, some
phylogenetic reconstructions needed to be excluded from further analysis. The proteins DsrE,
DsrF, and DsrH belong to the DsrEFH sulfurtransferase complex [3]. The DsrE proteins bind
sulfur with an conserved cysteine residue and transfer it to the DsrC protein [3]. Although DsrH
has also one conserved cysteine, DsrE proteins are directly involved in the transfer and
maintain a stronger phylogenetic signal. In contrast, the small DsrF and DsrH protein
sequences create ‘star-like’ topologies and do not allow conclusive results. The same issue
exists for the small sequences of DsrT proteins. Another problem occurs for DsrD proteins.
The around 80 amino acids long DsrD sequences (Supplementary Table 4) have only low all-
vs.-all sequence similarities, mostly below 25% global identity. Thus, the phylogeny creates

artifacts with highly supported clades corresponding to the sequence identities below 25%.



Effect of metagenomic data in DsrA(B) phylogenies

We used three different approaches to reconstruct the phylogenies of DsrA(B) proteins: using
sequences only from complete genomes, including all metagenomic diversity and using the
paralogous rooting analysis. Both DsrA and DsrB clades mirror each other with the main
differences being in missing representatives in either of the clades since multiple
metagenome-derived lineages encode for only one of the two proteins due to their genome
incompleteness. Further, some clades within the bacterial reductive-type DsrA and DsrB
proteins have low phylogenetic resolution and are poorly supported.

While two of our methodological approaches retrieved the expected phylogeny, the
inclusion of the extended diversity of Dsr protein sequences within a larger phylogeny led to a
changed topology. In this phylogeny, the archaeal reductive-type DsrA proteins branch from
within the bacterial reductive-type DsrA proteins (Supplementary Fig. 2a), instead of being in-
between the reductive-type and oxidative-type bacterial clades (Supplementary Fig. 2b), as
observed previously [4-6]. Here, the MAD method [7] separates the proteins by function, with
the root between oxidative-type and reductive-type proteins (Supplementary Fig. 2a).
Although not discussed, a similar topology was also found in a recent study in which several

new Dsr-containing lineages were identified[8].

Alternative scenarios regarding the origin of DsrABCMK(N)-dependent sulfite reduction
in Archaea

Besides the assembly of the DsrABC, DsrMK and DsrN pathway in Archaea, leading to an
archaeal origin of this pathway (but not necessarily of the ancestral modules at the origin of
each one of these protein families), alternative hypotheses were or can be put forward
regarding the appearance of the ancestral module: i) the ancestral version of the pathway was
present within the last universal common ancestor. This version would have been maintained
within the archaeal domain and lost in the majority of Bacteria, with the ancestral dsrAB genes
being kept only in Moorella spp. (2™ copy) and the ancestral dsrMK in the remaining Clostridia

representatives. This hypothesis is not supported by our as well as other’s analyses [4, 6, 9].



Briefly, although sulfite and sulfate records possibly trace back to 3.47 Gya [10], it is though
that more reduced compounds (in this case sulfide) would have been the predominant sulfur
species at the time of the origin of Life [11]. Taking into account the early-branching lineage
analysis of the minimal set, this hypothesis is further unlikely, as it invokes multiple losses and
regains (replacements) of the same metabolic pathway within Bacteria, especially within
Clostridia genera.

Another hypothesis would be for the pathway to have originated within a so far
unidentified or extinct bacterial lineage, and to have been acquired early in Archaea by
possibly several interdomain LGT events. In this case, within Bacteria, the pathway would
have evolved faster that in Archaea, where multiple events of gene losses, LGT, and
replacements would have occurred. This hypothesis is unlikely as only the genes from
archaeal assemblies, and not Bacteria, consistently branch basal within the phylogenies

presented here (Supplementary Fig. 1, Supplementary Figs. 3-6).

Intertwined evolution of QmoABC and AprAB

The AprAB-Sat-Qmo complexes are necessary for sulfate activation to APS and its reduction
to sulfite [12-16]. The AprA(B) phylogenies show a basal clade containing archaeal-type
AprA(B) from sulfite reducers (where the sulfate reducers Vulcanisaeta moutnovskia [14] is
included) having as sister clade SOB with the AprM protein. On the other side are several
AprA clades of QmoABC-containing lineages, with AprAB sequences from Chlorobi SOB (with
the QmoABC complex) branching in between. Other AprA from SOB with the QmoAB-HdrBC
complex group in a later diverged clade. This functional separation into clades corresponding
to the presence (or absence) of the electron transfer units Qmo and AprM was also previously
reported [14, 17] . Here, we have further observed that besides the AprA clades corresponding
to the QmoABC complex, a clade containing putative sulfate reducers, with variations of the
canonical QmoABC complex is also found (Supplementary Figure 11) where the QmoAB-
HdrD/HdrBC from Clostridia, Deltaproteobacteria, and several unclassified lineages are found.

This tends to be associated with the synteny of AprAB linked to Qmo clades, sometimes with



Sat in one genomic arrangement. For instance, AprAB clades of Deltaproteobacteria are
divided into three major clades according to their taxonomic order, having
Thermodesulfobacteria as sister clade. This organization occurs also in QmoB and QmoC
phylogenies, and corresponds to the Sat-AprAB-[typel-QmoABC] operon.

Based on our synteny analysis, in most bacteria where the type | QmoABC complex is
present, the DsrJOP, DsrT, and DsrD proteins are co-distributed (Fig 3., Supplementary Table
1). An exception to this observed trend is found in Ca. Acidulodesulfobacterales and
Nitrospirae that branch basal to the oxidative-type DsrK proteins (Fig. 3.). In these lineages,
the DsrMKJOP complex and the Sat-AprAB-QmoABC cascade are incomplete, and, if
present, are a mixture of both reductive- and oxidative-type proteins. Ca.
Acidulodesulfobacterales were proposed to be able to switch between oxidation and reduction
of sulfur compounds [18], which may also be the case for these Nitrospirae lineages. These
correspond to exceptions of this grouping, where Ca. Acidulodesulfobacterales and Nitrospira
present in AprAB do not form a consistent clade across Qmo phylogenies (represented in
green in Supplementary Figure 11), since the individual subunits of their Qmo complex are
from type-I (QmoAB) and type-Il (QmoC) in the case of Ca. Acidulodesulfobacterales. In
summary, the overall topologies of AprA, QmoB, and QmoC (Supplementary Figure 11) show
the existence of six major groups in AprAB phylogenies, four of which are also found within

QmoABC proteins indicating their co-evolution over time.



Supplementary Table 1 | Syntenic regions of DiSCo/diamond blastp hits across 2,070
genomes with at least one hit to the minimal protein set DsrABCMK. Each syntenic
region is separated by a semicolon. Proteins with hits for two non-homologous proteins were
identified as fusion proteins and are indicated with ProteinX+ProteinY. Hits to AsrC using the

TigrFam TIGR02912 profile are also listed.

Supplementary Table 1 is provided as separate Excel file.



Supplementary Table 2 | Query sequences used for diamond blastp. Sequences without

reference are homologues present in the genomes of query sequences.

Accession

Protein Subunit Organism Genome ID number Ref.
DsrM Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_010509.1 [19]
DsrK Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_010508.1 [19]
DsrJ Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_010507.1 [19]
DsrO Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_010506.1 [19]
DsrP Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_010505.1 [19]
DsrM Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878008.1  [20]
DsrK Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878009.1  [20]
DsrM Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878052.1  [20]
DsrK Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878051.1  [20]
DsrK Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878050.1  [20]
DsrM Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878053.1  [20]
DsrK Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878054.1  [20]
Dissimilatory DsrJ Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_048064247.1  [20]
sulfite DsrO Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878006.1  [20]
reductases | o p Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878007.1  [20]
DsrM Caldivirga maquilingensis |C-167 GCF_000018305.1 WP_012185906.1  [20]
DsrK Caldivirga maquilingensis |C-167 GCF_000018305.1 WP_083755284.1  [20]
DsrM Caldivirga maquilingensis |C-167 GCF_000018305.1 WP_012185636.1
DsrK Caldivirga maquilingensis |C-167 GCF_000018305.1 WP_012185635.1
DsrU Chlorobaculum tepidum TLS GCF_000006985.1 NP_663120.1 [21]
DsrV Chlorobaculum tepidum TLS GCF_000006985.1 NP_663113.1 [21]
DsrW Chlorobaculum tepidum TLS GCF_000006985.1 NP_663112.1 [21]
DsrR Allochromatium vinosum DSM 180 GCF_000025485.1 WP_043796041.1  [22]
DsrS Allochromatium vinosum DSM 180 GCF_000025485.1 WP_012970478.1  [21]
DsrN Chlorobaculum tepidum TLS GCF_000006985.1 NP_663124.1 [21]
DsrN Desulfobacter vibrioformis DSM 8776 GCF_000745975.1 WP_035235562.1  [23]
DsrN Allochromatium vinosum DSM 180 GCF_000025485.1 WP_012970476.1  [22]
Cobyrinic acid CobB Ensifer adhaerens GCF_000697965.2 WP_034788296.1  [24]
a,c-diamide | CbiA Salmonella typhimurium LT2 GCF_000006945.2 NP_460980.1 [25]
synthase CbiA Bacillus megaterium GCF_000832985.1 WP_034651560.1 1261
ci)".e"zy me Fuo | g Methanosarcina acetivorans C2A GCA_000007345.1  AAMO06981.1 [27]
iosynthesis
HdrED-like  Archaeoglobus fulgidus DSM 4304 GCF_000008665.1 WP_010878258.1
HdrE Methanosarcina acetivorans C2A GCA_000007345.1  AAM04127.1 [28]
Heterodisulfide | HAD Methanosarcina acetivorans C2A GCA_000007345.1  AAM04128.1 (28]
reductases HdrD Methanosarcina acetivorans C2A GCA_000007345.1 AAM03970.1
HdrD-like Methanosarcina acetivorans C2A GCA_000007345.1 AAMO07964.1
HdrF Desulfotomaculum reducens MI-1 GCF_000016165.1 WP_011878115.1  [29]




Supplementary Table 2 | Query sequences used for diamond blastp. Continued.

Protein Subunit  Organism Genome ID ;:\;:;e::rion Ref.
HmcA Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009759.1 (20, 30]
High- HmcB Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009758.1 (20, 30]
m;zgzltar HmcC Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009757.1 (20, 30]
cytochrome | HmcD Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_009756.1 [20, 30]
complex | HmcE Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009755.1 (20, 30]
HmcF Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009754.1 (20, 30]
retrahome TmcA Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009487.1 (20, 30]
membrane | TmMcB Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_009488.1 (20, 30]
cycfg;’;fg;’e TmcC Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009489.1 (20, 30]
TmcD Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_009490.2 (20, 30]
octaheme | ONA Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_012353.1 (20, 30]
cytochrome | OhcB Desulfovibrio vulgaris str. Hildenborough GCF_000195755.1  YP_012354.1 (20, 30]
complex | ¢ Desulfovibrio vulgaris str. Hildenborough ~ GCF_000195755.1  YP_012355.1 20, 30]
NarG Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415742.1 (31]
Narl Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415745.1 (31]
Nitrate NarJ Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415744.1 (31]
reductases | NarH Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415743.1 [31]
eha :g:) es NarV Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415982.1 (32]
NarW Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415983.1 (32]
NarY Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415984.1 (32]
NarZ Escherichia coli str. K-12 substr. MG1655 ~ GCF_000005845.2  NP_415985.1 (32]




Supplementary Table 3 | Redundancy reduction using a 90% global identity cut-off. The
total number of identified sequences, unique sequences, sequences after the redundancy

filtering used in phylogenetic analysis, and sequences belonging to complete genomes is

given.
. . . Sequ_e nces after Sequences
Protein Identified Identified unique 90% identity from complete
sequences sequences redundancy
reduction genomes
DsrA 1884 1730 1052 131
DsrB 1841 1679 962 118
DsrC 1921 1708 861 117
DsrD 918 839 545 62
DsrE 1027 899 471 70
DsrF 814 730 415 58
DsrH 795 707 454 63
DsrJ 1477 1340 981 114
DsrK 1723 1595 1001 127
DsrL 887 814 517 56
DsrM 1753 1624 1122 139
DsrO 1557 1434 1022 109
DsrP 1605 1479 1003 109
DsrT 802 748 581 69
DsrN 8000 5396 3241 716
DsrA DsrB AsrC 4906 3673 2099 334
AprA 2272 1570 791 87
AprB 2190 1606 728 92
QmoA 1043 1062 684 80
QmoB 1347 1374 964 88
QmoC 973 998 720 56
AprA SdhA 2353 1651 872 168
QmoA HdrA 1057 1076 698 94
QmoB HdrA 1361 1388 978 102




Supplementary Table 4 | Alignment lengths before and after trimming. The number of
positions of each multiple sequence alignment before and after trimming using a 95% gap

threshold is given for the two sequence sets.

Full diversity Complete genomes
Protein Alignment length Alignment length Alignment length Alignment length
after trimming after trimming

DsrA 708 515 574 512
DsrB 620 403 469 421
DsrC 223 119 128 120
DsrD 312 98 98 90
DsrE 175 130 146 133
DsrF 186 148 146 145
DsrH 126 104 103 103
DsrJ 670 238 297 220
DsrK 874 633 714 633
DsrL 1099 712 736 709
DsrM 807 414 492 389
DsrO 590 345 365 317
DsrP 648 455 525 458
DsrT 439 232 225 211
DsrN 2799 647 1471 568
DsrA DsrB AsrC 838 515 649 552
AprA 994 740 751 726
AprB 355 197 201 191
QmoA 805 443 474 432
QmoB 1989 976 992 942
QmoC 1213 516 599 513
AprA SdhA 1190 791 1033 837
QmoA HdrA 1085 444 881 673
QmoB HdrA 2029 977 1086 947




Supplementary Table 5 | Best model for each Dsr protein set according to BIC. Amino
acid substitution model of the phylogenies of Dsr proteins present in only complete genomes
and phylogenies of the sequences set covering the full diversity including metagenome-

derived genomic assembilies.

Protein Full diversity, 90% redundancy reduction | Complete genomes
DsrA LG+I+G4 LG+I+G4
DsrB LG+I+G4 LG+I+G4
DsrC LG+I+G4 LG+G4
DsrD LG+F+G4 WAG+I+G4
DsrE LG+I+G4 LG+I+G4
DsrF LG+G4 LG+G4
DsrH LG+F+G4 LG+I+G4
DsrL LG+I+G4 LG+I+G4
Dsri LG+F+I+G4 LG+F+I+G4
DsrK LG+I+G4 LG+I+G4
DsrJ WAG+I+G4 WAG+I+G4
DsrO WAG+I+G4 WAG+I+G4
DsrP LG+F+I+G4 LG+F+G4
DsrT LG+G4 LG+G4
DsrN LG+F+G4 LG+I+G4
DsrA DsrB AsrC | LG+I+G4 LG+I+G4
AprA LG+F+1+G4 LG+F+1+G4
AprB WAG+I+G4 WAG+I+G4
QmoA LG+I+G4 LG+I+G4
QmoB LG+I+G4 LG+I+G4
QmoC LG+I+G4 LG+F+I+G4
AprA SdhA LG+F+I+G4 LG+F+I+G4
QmoA HdrA LG+I+G4 LG+I+G4
QmoB HdrA LG+I+G4 LG+I+G4
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Supplementary Fig. 1 | Genomic neighborhood of genes encoding for Dsr proteins
branching basal in the Dsr phylogenies. Genes whose protein sequences branch in basal
clades in the corresponding phylogenies are colored in orange, the ones at the base of the
bacterial reductive-type clade in red, the remaining sequences located within non-basal
clades in dark grey. Phylogenies with low resolution (DsrD; DsrPJT) or type-specific proteins
(DsrE/DsrL) were not classifiable regarding basal clades, and only the presence is indicated
in black. Co-syntenic non-dsr genes are indicated with light gray and pseudo genes in light

brown. Letters in genomic colocalizations indicate the subunit of Dsr proteins.
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1A, DsrL-1B, and DsrL-2 according to [33].
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Supplementary Fig. 11 | Maximum likelihood phylogenies of AprA, QmoB, and QmoC
proteins (models for phylogenetic reconstructions: LG+I+G4). Black circles indicate
ultrafast bootstrap values. The inset shows the detail syntenic distribution of the Qmo complex
with the different arrangements QmoABC, QmoAB-HdrBC, and QmoAB-HdrD indicated in

orange, blue, pink and yellow.



Amuap! [eqolb %,

= =} = Q o =}
1=} @ © - «

QmoB type |

- 1

@ &

g 7

[+2] % |

g !

<] il
e o

T

=

I

s : =

£

° # A g

=

< £y

S

£

<]

1
-
d.’._ Wizl
A e AP P
: :

QmoA type |

Supplementary Fig. 12 | Similarity of type | and type Il QmoA, QmoB, and HdrA(-like)

proteins. Global identities are represented by the colour code.
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Supplementary Data description

Available at doi.org/10.6084/m9.figshare.20766064

Supplementary Data 1 —

Supplementary Data 2 —

Supplementary Data 3 —

Supplementary Data 4 —

Supplementary Data 5 —

Supplementary Data 6 —

Supplementary Data 7 —

Supplementary Data 8 —

FASTA files containing all amino acid sequences including the
NCBI RefSeq/GenBank/IMG accession numbers per protein.
Mapping table of selected sequences after 90 % global identity
redundancy reduction to the corresponding protein sequence
accession numbers, genome identifiers, and taxonomic affiliation.
Trimmed multiple sequence alignments of protein sequences
present in only complete genomes.

Trimmed multiple sequence alignments of protein sequences
covering the full diversity including metagenome-derived genomic
assemblies.

Phylogenetic reconstruction of protein sequences present in only
complete genomes using ModelFinder' with best model selection.
Phylogenetic reconstruction of protein sequences covering the full
diversity including metagenome-derived genomic assemblies using
ModelFinder' with best model selection.

Phylogenetic reconstruction of protein sequences present in only
complete genomes using the model LG+I+G4.

Phylogenetic reconstruction of protein sequences covering the full
diversity including metagenome-derived genomic assemblies using

the model LG+1+G4.
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