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SelD in prokaryotes

SelD gene finding in sequenced prokaryotes

We downloaded a total of 8263 prokaryotic genomes from NCBI (see Supplementary
Material S7). We scanned them with the program selenoprofiles (Mariotti 2010, http:/
big.crg.cat/services/selenoprofiles) using two SPS-family profiles, one prokaryotic (seld)
and one mixed eukaryotic-prokaryotic (SPS). Selenoprofiles removes overlapping
predictions from different profiles, keeping only the prediction from the profile that seems
closer to the candidate sequence. As expected, the great majority of output predictions in
prokaryotic genomes were from the seld profile. We will refer to the prokaryotic SPS/SelD
genes as SelD, following the most common nomenclature in literature.

To be able to inspect results by hand, and also to focus on good-quality genomes, we
considered a reduced set of species. We took the prok_reference_genomes.txt list from
ftp:/ftp.ncbi.nim.nih.gov/genomes/GENOME_REPORTS/, which NCBI claims to be a
"small curated subset of really good and scientifically important prokaryotic genomes". We
named this the prokaryotic reference set (223 species - see Supplementary Material S8).
We manually curated most of the analysis in this set, while we kept automatized the
analysis on the full set.

We detected SelD proteins in 58 genomes (26.0%) in the prokaryotic reference set (figure
1 in main paper), which become 2805 (33.9%) when considering the prokaryotic full set
(figure SM1.1). The difference in proportion between the two sets is due largely to the
presence of genomes of very close strains in the full set, which we consider redundant.
The Escherichia genera in particular constitutes alone more than 7% of the genomes in
the full set, and since SelD and selenoproteins are present in this genera, this inflates the
proportion of species with SelD.

Generally, a single SelD protein (or none) was detected in each genome, with only a few
exceptions of multiple genes (just 2 in the reference set). Only a minority of detected SelD
contained selenocysteine (20.7% in the reference set, 19.3% in the full set), with the rest
carrying a cysteine instead. No homologues with a different amino acid in this position
were detected, at least in the prokaryotic reference set. For the full set, which includes also
genomes of mediocre quality, we considered only predictions with Sec or Cys aligned to
the Sec position.

In figure SM1.2, we show the reconstructed phylogenetic tree of all SelD genes in the
prokaryotic reference set. Mostly, the topology is consistent with the phylogenetic tree of
species, but with some local inconsistencies (e.g. in Xanthomonadales, Coriobacteridae,
Bacillales) that suggest that some punctual events of horizontal transfer occurred; some of
these will be discussed in the next chapters.

Searching other markers for selenium utilization traits

Figure 1 in the main paper shows the presence of Sec and Cys SelD proteins in the
reference set of species, as a phylogenetic sunburst. As you can see, SelD presence is
mostly scattered, highlighting a very dynamic process acting on selenium utilization traits.
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To link SelD to its functional network, we searched our collection of genomes also for other
selenium trait markers: tRNAsec and SelA (SelenoCysteine synthase/L-seryl-tRNA(Sec)
selenium transferase) for the selenocysteine trait, and ybbB (tRNA 2-selenouridine
synthase), for the selenouridine trait. We also predicted the selenoproteins encoded in
each genome, to have an estimation of the selenoproteome size. All these searches were
carried out using the program Selenoprofiles, building profile alignments on purpose when
necessary. The only exception was tRNAsec: for this, we ran the programs tRNAscan-SE
(Lowe 1997) and Aragorn (Laslett 2004). Both programs are thought for predictions of all
tRNAs. Considering only tRNAsec, Aragorn appeared to be more sensitive, but less
specific than tRNAscan-SE, but really none of the programs gave satisfactory results,
mainly for the presence of false positives in many lineages. To have a reliable set of
tRNAsec annotation we thus restricted our search to the reference prokaryotic set, and we
manually inspected and filtered the predictions. We simply excluded all tRNAsec
candidates lacking the characteristic long variable arm (Palioura 2009). We believe most
of these false positives constitute real tRNAs with a UCA anticodon that can read UGA, but
which do not load selenocysteine. Such tRNA predictions were present for example in all
Mycoplasmas, which are known to use UGA for tryptophan. After this filtering, 43 out of 45
species with a SelA prediction have a tRNAsec prediction too.

The majority of investigated prokaryotic species do not possess SelD, and thus are
expected unable to produce both selenoproteins and selenouridine containing tRNAs.
Considering the continuity of the Se traits as the basic scenario (although punctual
horizontal transfers have certainly occurred), this means that multiple losses of Se-traits
happened along the prokaryotic tree. The selenocysteine and selenouridine trait were
found to have a good overlap, with 25 species in the reference set possessing both ybbB
and SelA. Selenocysteine appears to be more common than selenouridine: 20 species
were found to possess SelA but not ybbB, while only 12 species possessed ybbB but not
SelA.

In general, the presence of different gene markers shows consistency, so that, for
example, the species for which a tRNAsec has been identified contain also SelA, SelD and
selenoproteins. Only a few cases (reported hereafter) are not consistent. These can
probably be ascribed to genome assembly errors or incompleteness.

Two species were predicted to possess tRNAsec but not SelA: Rhodospirillum rubrum
ATCC 11170 (Alphaproteobacteria, Rhodospirillales) and Cupriavidus necator N-1
(Betaproteobacteria, Burkholderiales). While the former has no other selenium utilization
trait, the latter has SelD, tRNAsec and selenoproteins. Thus, the most likely explanation
for R.rubrum ATCC 11170 is that the tRNAsec is either not a real tRNA for selenocysteine,
or it is wrongly included in the assembly. For C.necator N-1 instead, the most likely
explanation is that this species has actually selenoproteins and a full Sec pathway, but
SelA is missing from the genome for incompleteness of the assembly.

The genomes of Amycolatopsis mediterranei U32 (Actinobacteria) and Finegoldia magna
ATCC 53516 (Firmicutes, Clostridiales) both contain selenoproteins, SelA, SelD but no
tRNAsec could be identified. Similarly, we believe tRNAsec is actually present but missed
just because of incomplete assemblies.

Finally, a few other species have selenoprotein predictions by Selenoprofiles but are not
predicted to possess a complete Sec trait. Propionibacterium acnes KPA171202,
Bifidobacterium bifidum S17 (both Actinobacteria) and Synechococcus elongates PCC
6301 (Cyanobacteria) have no selenium trait utilization at all, except for some
selenoprotein gene candidate. Marinobacter aquaeolei VT8 (Gammaproteobacteria,
Alteromonadales) and Rhodobacter sphaeroides 2.4.1 (Alphaproteobacteria,
Rhodobacterales) instead have selenoproteins and SelD, but this appears to be used for
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selenouridine utilization: ybbB is found, while tRNAsec and SelA are not. For all these
species, we inspected the selenoprotein predictions by eye, and they look convincing. The
most likely explanation, then, is that these genes are from contaminants and were wrongly
included in the assembly.

We detected at least one selenium utilization trait in almost all reference species with a
SelD gene, with the exception of: Enterococcus faecalis (described below, within Bacilli),
Atopobium parvulum DSM 20469, Clostridium saccharolyticum WM1, Eubacterium rectale
ATCC 33656 (all of which with no signs of selenium utilization traits except for SelD
presence), and the aforementioned Amycolatopsis mediterranei U32. Apart from
A.mediterranei, all other species listed here above are expected to possess SelD for a 3rd
trait selenium utilization.

Se utilization in Archaea

We had 54 archaeal genomes in our full dataset (6 in the prokaryotic reference set -- see
point number 1 in Figurel). SelD, SelA and selenoproteins were found only in the two
lineages: Methanococcales (Methanocaldococcus jannaschii DSM 2661, Methanococcus
aeolicus Nankai-3, Methanococcus maripaludis strains: C5, C7, S2, Methanococcus
vannielii SB) and Methanopyri (Methanopyrus kandleri AV19). All archaeal SelD forms
detected were with selenocysteine. Selenoproteins were already described in these
species (Rother 2003). In M. maripaludis we identified 7 selenoproteins, 4 of which
belonging to the formate dehydrogenase family (fdha), one coenzyme F420-reducing
hydrogenase large subunit (frha or fruA), one HesB-like selenoprotein, plus the Sec-
containing SelD. Since for our selenoproteome size estimation we prioritized specificity
rather than sensitivity, additional selenoproteins missing in our annotation are expected in
archaea, as well as in other prokaryotes.

The archaean ybbB gene is split in two genes in comparison to bacteria, one with the
rhodanese domain delivering the selenium (N-terminal in bacteria), and one with a P-loop
WalkerA motif (C-terminal) (Su et al. 2012). The genes are located adjacent, on the same
strand, but with inverted positions (the C-terminal domain gene is upstream). While genes
similar to rhodanese-ybbB were found in other archaeal genomes lacking SelD, WalkerA-
ybbB was found only in Methanococcales. Interestingly, it is missing in Methanopyri, which
then appear to utilize selenocysteine but not selenouridine.

Sec / Cys conversions of SelD

Sec to Cys conversions are a process peculiar to selenoprotein genes. Cysteine codons
are just one point mutation away from TGA, and cysteine and selenocysteine have similar
properties. For most selenoproteins, cysteine homologues (orthologues or paralogues) are
known (Fomenko 2012). Despite the fact that Sec to Cys conversions have been widely
observed (see for example Mariotti 2012), no clear Cys to Sec conversion is documented
in literature. Nonetheless, considering that selenoprotein families of prokaryotes and
eukaryotes have little overlap (Driscoll 2004), and that some eukaryotic selenoprotein
families have homologues with Cys in prokaryotes, it is natural to assume that Cys to Sec
conversions have indeed occurred, generating new selenoprotein families from existing
protein families (see also Zhang 2006).

In order to identify Sec / Cys conversions, we ran our phylogenetic reconstruction pipeline
(see Methods) obtaining phylogenetic trees of all SelD proteins predicted in prokaryotes
(figure SM1.2 shows the results on the reference set). This data, together with the species
tree, allowed us to reliably trace some of these conversions events.
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Dynamic evolution of Se traits in Clostridia

Clostridia are a very diverse lineage when we consider selenium utilization traits. You can
see this in Figure 1 in the main paper (point number 2), or in Figure SM1.1.

Some organisms (such as Desulfitobacterium hafniense) possess both the selenocysteine
and selenouridine trait, others (such as Clostridium botulinum A str. ATCC 3502) possess
only the selenocysteine trait, and others again (such as Clostridium thermocellum) have
none. Intermediate states are also sometimes found.

Within this lineage we noticed many Sec-to-Cys conversions. To investigate them in detail,
we have extracted all Clostridium predictions from our prokaryotic full set, removing
redundancy at the species level.

Figure SM1.3 and figure SM1.4 show respectively their predicted protein tree, and the
species tree annotated with the predictions.

These indicate that the last common ancestor of this lineage had a Sec-SelD gene, and
this was converted to a cysteine homologue many times independently in various lineages.
Interestingly some of these conversions must be very recent, as for example some strains
of Lachnospiraceae were found with Sec-SelD, and others with Cys-SelD (figure SM1.4).
We believe that the scattered presence of SelD proteins across all sequenced prokaryotes
is the product of the same process we observe in Clostridia, with frequent Sec to Cys
conversions from an ancestral Sec-SelD form, and also frequent gene losses (concomitant
with the loss of Se traits).

Selenocysteine losses in Bacilli

Bacilli constitutes a well studied bacterial lineage (including among others Staphylococcus,
Streptococcus and Enterococcus) that together with Clostridia forms the phylum of
Firmicutes. Most Bacilli appear to lack SelD, and thus the selenium utilization traits. In fact,
if we consider just the prokaryotic reference set (Figure 1), there are only three species
with SelD: Bacillus coagulans and Paenibacillus mucilaginosus, both possessing the
selenouridine trait, and Enterococcus faecalis, that do not possess neither SelA, ybbB, or
the tRNAsec. The presence of an “orphan” SelD gene in this species has been previously
noted (Zhang 2008, Haft 2008), and may be explained by the use of Se as cofactor to
molybdenum hydroxylases (Srivastava 2011).

When we increase the number of considered species, thus increasing the resolution (see
Figure SM1.1), we notice that not all Bacilli lack selenocysteine. There are several
species, phylogenetically scattered, that possess either the selenocysteine trait, the
selenouridine trait, or even both. The genus Bacillus, Paenibacillus and Lactobacillus
exhibit such diversity, roughly analogous to the situation described for Clostridia.

Using the full set of 8263 prokaryotic species, only a few families of Bacilli show no
presence of SelD at all: Leuconostocaceae, Listeriaceae, Staphylococcaceae.

The case of Streptococcaceae is bizarre, and interesting. In our full prokaryotic set we
have 872 genomes belonging to this lineage, and we found SelD in a single species:
Streptococcus sobrinus TCI-157. This is also the only Streptococcaceae species with any
other Se marker: a bona fide ybbB gene was identified.

This suggests that this species truly possesses and utilizes SelD to produce selenouridine
containing tRNAs, and that this feature is extremely rare (if not unique) in this lineage.
There are two possible explanations: either selenouridine (SelD + ybbB) was lost
independently in the lineages coming out from the Streptococcaceae radiation, and was
kept only in this one (extremely unlikely), or most probably it was lost at the root of this
family, and re-acquired just in this species by horizontal transfer.
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Running blastp using SelD and ybbB from S. sobrinus TCI-157, we see that the most
similar proteins annotated are from the genus of Paenibacillus or Bacillus, which thus are
the most likely sources of horizontal transfer.

Se traits in Proteobacteria

Proteobacteria are a major group of Bacteria that contains many lineages of medical
interest, as for example Salmonella, Burkholderia, Campylobacter and Escherichia.
Proteobacteria constitutes the most represented phylum in our datasets, constituting
44-47% of the total number of species. The sequenced species belong to the five major
classes of alpha, beta, gamma, delta and epsilon proteobacteria, described hereafter. One
zetaproteobacteria species was also present in our full dataset (Mariprofundus
ferrooxydans PV-1); it appears to lack SelD as well as selenoproteins and any other Se
marker.

Alphaproteobacteria

As for other cases already mentioned, increasing the resolution reveals a more complex
pattern in Alphaproteobacteria: compare Figure 1, generated using the reference set, with
Figure SM1.1, generated using the full species set. Selenium utilization remains quite
uncommon, but scattered through most Alphaproteobacteria sublineages.

The order of Rhodobacterales shows the highest diversity, with species having the Sec
trait, SeU trait, both or none. In the rest of the phylum, selenium traits are much less
common. Selenouridine was found only scattered through Caulobacterales, and
selenocysteine only in the orders of Rhizobiales and Rhodospirillales.

Betaproteobacteria

Sec and SeU are quite common in Betaproteobacteria, although still exhibiting a
diversified pattern that testifies the dynamic process acting on these traits. Most
Burkholderiales sublineages possess SelD and at least one complete Se trait. The genus
of Burkholderia itself shows a recent dynamic evolution, with closely related species that
differ for the presence of Se utilization traits.

Within the order of Neisseriales, SelD and Se traits (both Sec and SeU) are found only in
few species in our dataset (Laribacter hongkongensis HLHK9, Chromobacterium sp. C-61,
Pseudogulbenkiania ferrooxidans and Pseudogulbenkiania sp. NH8B).

Gammaproteobacteria: a Cys to Sec conversion in Pasteurellales

Gammaproteobacteria are a class of bacteria that contains many important human
pathogens, including among others the genus Escherichia, Salmonella and Pseudomonas.
This class is well represented in our sequence datasets, with 49 species in our reference
set, 2540 in our full set (the best represented proteobacteria order). SelD proteins were
detected in the majority of Gammaproteobacteria (57% of species in reference set, 63% in
full set).

The SeC trait was identified in the vast majority of Enterobacteriales (including
Escherichia, Yersinia, Salmonella, Shigella, Enterobacter). SeU is also found in the same
lineages, with the only notable exception of the Yersinia genus, that apparently lost SeU
but kept Sec.

The majority of species in the family of Pseudomonadaceae (including Pseudomonas)
possess SelD, with either both Sec and SeU, or just SeU, apparently important for this
lineage. In contrast, its sister family Moraxellaceae exhibits no SelD, no ybbB, no SelA and
no selenoproteins, indicating a complete loss of known Se utilization pathways.
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SelD is quite uncommon in the order of Xanthomonadales, where it was found only among
Stenotrophomonas, and also in the species Wohlfahrtimonas chitiniclastica SH041 and
Dyella japonica A8.

Intermediate states were found in the orders of Alteromonadales and Oceanospirillales,
both exhibiting a diversified, scattered pattern with species possessing mostly SeU, both
SeU and SeC, or none.

We were surprised to see a very low number of Sec containing SelD proteins in
Gammaproteobacteria (4-7% of total; species are underlined here after). Most of them
were found in the family of Pasteurellales, where the majority of SelD are with Sec,
although a very few Cys-SelD were also identified (e.g. Gallibacterium anatis UMN179).
Then, the rest of Gammaproteobacteria Sec-SelD were found only in very narrow
lineages: in some Photobacteria (Vibrionales), in species Allochromatium vinosum
(Chromatiales), and in species Wohlfahrtimonas chitiniclastica (Xanthomonadales).

Given the rich sampled diversity with the Gammaproteobacteria genomes, and the
extremely low number of Sec-SelD forms, it is natural to think that their last common
ancestor contained a single Cys-SelD gene.

Thus, Sec-SelD proteins may have arisen in the lineages mentioned above by one of two
possible mechanisms: horizontal gene transfer (HGT) of a Sec-SelD, or conversion of Cys-
SelD to selenocysteine.

To investigate this, we extracted all Gammaproteobacteria SelD genes from our full set of
predictions. We then narrowed the set by removing sequence redundancy, that is to say,
keeping only one representative for each cluster of almost identical (>95%) protein
sequences. In this process, we took care that no Sec protein was dropped in favor of a
Cys containing representative. We then ran our phylogenetic reconstruction pipeline on
this protein dataset. Figure SM1.5 shows the predicted protein tree topology.

Additionally, to control for HGT, we have ran blastp for each Gammaproteobacteria Sec-
SelD, searching for the closest related sequences outside its taxonomic order. So for
example we have run the Sec-SelD of Photobacterium profundum SS9 against the whole
set of annotated proteins (nr), excluding those belonging to any Vibrionales. Below, we
report our conclusions.

The Sec-SelD proteins found in some Photobacteria (P. profundum SS9, P. profundum
3TCK, P. sp. AK15) appear to be product of horizontal transfer. In fact, the most similar
proteins annotated in nr belong to very distant species (Firmicutes, or Chloroflexi). Most
notably, these Sec-SelD do no cluster with the rest of Vibrionales sequences (see figure
SM1.5), falling very far from the (Cys-containing) SelD found in other Photobacteria.
Allochromatium vinosum Sec-SelD most probably comes from another horizontal transfer.
The most similar sequences returned by blastp all belong to the lineages of Firmicutes.
Actually, the whole set of Chromatiales SelD sequences do not cluster together, but rather
form small genus specific clusters, which suggests that even the Cys-forms may have
been acquired by multiple horizontal transfers.

Wohlfahrtiimonas chitiniclastica also appears to have acquired Sec-SelD by horizontal
transfer. While the rest of Sec-SelD sequences nicely cluster together in the protein
phylogeny (figure SM1.5), W. chitiniclastica Sec-SelD clusters instead with
Pseudomonadales sequences. Blastp also returns proteins from those lineages as the
most similar to this query. There is an apparent paradox with this: we could not find any
Sec-containing SelD in Pseudomonadales, only Cys forms, despite a good representativity
in our dataset. This means that either 1. the source of the horizontal transfer is a species
from a unknown, Sec-SelD containing bacterial lineage which is not sequenced yet, whose
closest relative in our datasets is Pseudomonadales, or 2. the original SelD gene



Phylogeny of Selenophosphate synthetases (SPS)

transferred was with cysteine, and was converted to Sec during, or shortly after, the
transfer.

Finally, we think that Pasteurellales gained Sec-SelD by a cysteine to selenocysteine
conversion of their existing Cys-SelD. In fact, all their SelD protein sequences (both Sec
and Cys containing, found in different species) form a unique similarity cluster (see figure
SM1.5). The most similar sequences found in other taxonomic orders (both by blastp and
in our protein tree) are from Enterobacteriales, the closest related order to Pasteurellales
(Gao 2009). Thus, the most likely scenario involves a Cys to Sec conversion in the SelD
gene in the last common ancestor of Pasteurellales. Then, the codon switched back to
cysteine in several lineages independently (e.g. Haemophilus parasuis). The conversion
apparently did not alter selenium utilization in this lineage, which appears to be uniformly
using selenocysteine only (a few species are exceptions in that they do not use selenium
at all, having lost SelD).

Concluding, we found in Pasteurellales the first well supported Cys to Sec conversion ever
documented. In one such event, it is of key importance that a functional bacterial SECIS
element is established at the time of the mutation that originates the TGA. In this case, this
was probably favored by the biased sequence composition of this gene region, for it had
already contained a bacterial SECIS once (parsimoniously, we assume the presence of a
Sec-SelD gene in the last universal common ancestor).

Deltaproteobacteria are selenoprotein rich

The majority of Deltaproteobacteria were predicted to possess a Sec-SelD gene, a
complete Sec machinery, and plenty of selenoproteins. Species Desulfobacterium
autotrophicum HRMZ2 exhibited the largest predicted selenoproteome among prokaryotes:
we found 31 selenoprotein genes, belonging to 18 distinct protein families.

Some Deltaproteobacteria appeared to possess both the Sec and SeU traits (e.g.
Geobacter). Only a few possessed SeU but not Sec (e.g. Bdellovibrio).

Epsilonbacteria

Sequenced Epsilonbacteria belong mainly to two families: Campylobacteraceae and
Helicobacteraceae. The former appear to possess both Sec and SeU, and several
selenoproteins were predicted in their genome. In contrast, we found two distinct situations
for Helicobacteraceae. Certain species possess a complete Sec machinery, with also a
few selenoproteins predicted in their genome , and can either have also SeU (e.g.
Helicobacter pullorum) or not (e.g. Helicobacter hepaticus).

The rest of species, which actually form the majority of Helicobacteraceae (including
Helicobacter pylori), are predicted to possess no selenoprotein and no SelD. Surprisingly,
for most of them we predicted a SelA gene in the genome. Given the absence of SelD and
of predicted selenoproteins in these genomes, we think that this protein may have been
readapted to a different function.

Actinobacteria

This class of bacteria also exhibited a highly scattered pattern of Se traits, testifying a very
dynamic evolution. The gene ybbB was not found in any species in this lineage, and
therefore we expect SeU not to be utilized. SelD was found only in ~19% of species in our
full dataset, scattered through sublineages (see figure SM1.1); 87% of these species
possessed SelA, and 94% had at least one selenoprotein predicted in the genome. So, it
appears that this pattern is the product of a real process of Sec loss acting on parallel
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lineages. The genus Mycobacterium showed a remarkable diversity in this, with only ~19%
of these species possessing SelD and selenoproteins.

On a total of 140 SelD proteins predicted in Actinobacteria, only 11 carried selenocysteine.
All Sec-SelD were found within the order of Coriobacteriales, with the exception of species
Kineosphaera limosa NBRC 100340 and Rubrobacter xylanophilus DSM 9941.

Other bacterial lineages

We here provide a short report on the rest of prokaryotic taxonomic classes present in our
dataset.

Cyanobacteria appear to have lost Sec: SelA was not found in any of these genomes, and
a very limited number of selenoprotein genes were predicted. At manual inspection, most
of them appeared to be false positives. Nonetheless, ~39% of Cyanobacteria were
predicted to possess SelD (always with Cys). ybbB was identified in 92% of the SelD
containing species, indicating that some Cyanobacteria retained SelD to produce SeU-
containing tRNAs.

Bacteroidetes exhibit a similar pattern, with few species conserving SelD as part of the
SeU trait. SelA is not found in any genome, with the only exception of Chryseobacterium
taeanense, which carries a gene almost identical to SelA as found in the
Betaproteobacteria genus Delftia. Interestingly a Sec containing formate-dehydrogenase
was found in the same genome. This potentially supports a second acquisition of the Sec
trait in C. taeanense by horizontal transfer; nonetheless, given that we observe this in a
single genome, we cannot exclude that the genes are actually from a contamination
introduced in the sequencing process.

Spirochaetes show a scarce presence of Se traits. Using the reference set (figure 1) this
lineage appeared to completely lack SelD, but with more resolution (figure SM1.1) we can
notice this is not the case. SelD was found in a limited number of species (e.g. Brachyspira
pilosicoli) apparently to produce selenocysteine. Sec-SelD genes were also detected,
uniquely in the genus Treponema.

Lastly, Chlamydiae were found devoid of SelD, SelA and ybbB, indicating a complete loss
of Se utilization. Tenericutes (including Mycoplasmas) are also predicted to lack all Se
traits.
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Figures in Supplementary Material S1:

NOTE: we suggest to download the large figures from big.crg.cat/SPS and visualize them
on screen to allow readability.
Figure SM1.1:

Sunburst tree of SelD and other Se-trait markers in the full set of prokaryotes. See caption
of Figure 1 in the main paper (reference set) for explanations.
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Figure SM1.2:

Phylogeny of Selenophosphate synthetases (SPS)

Reconstructed protein phylogeny of all SelD/SPS proteins in the reference prokaryotic set.
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Figure SM1.3: (next page)
Reconstructed protein phylogeny of all SelD/SPS proteins predicted in Clostridia.

For full readability download this from big.crg.cat/SPS and visualize on screen.
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T I Pasteurella multocida subsp. multocida str. Pm70
T I Aggregatibacter actinomycetemcomitans D11S-1

T I Enterobacter cloacae subsp. cloacae ATCC 13047

I I K'cbsiella pneumoniae subsp. pneumoniae H511286

T I Salmonella enterica subsp. enterica serovar Typhimurium str. LT2

I I S:'monella enterica subsp. enterica serovar Enteritidis str. P125109

I N Escherichia coli str. K-12 substr. MG1655

A; Euryarchaeota; Methanococci; Methanococcales
B; Firmicutes; Clostridia; Clostridiales

B; Proteobacteria; delta/epsilon subdivisions; Deltaproteobacteria

B; Firmicutes; Bacilli; Bacillales
B; Firmicutes; Bacilli; Bacillales
B; Bacteroidetes/Chlorobi group; Bacteroidetes; Bacteroidia

B; Proteobacteria; delta/epsilon subdivisions; Deltaproteobacteria

B; Actinobacteria; Actinobacteria; Coriobacteridae

B; Proteobacteria; delta/epsilon subdivisions; Deltaproteobacteria

B; Actinobacteria; Actinobacteria; Coriobacteridae

B; Proteobacteria; delta/epsilon subdivisions; Epsilonproteobacteria
B; Proteobacteria; delta/epsilon subdivisions; Epsilonproteobacteria

B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Bacilli; Lactobacillales

B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales

B; Actinobacteria; Actinobacteria; Actinobacteridae

B; Actinobacteria; Actinobacteria; Actinobacteridae

B; Actinobacteria; Actinobacteria; Actinobacteridae

B; Actinobacteria; Actinobacteria; Actinobacteridae

B; Actinobacteria; Actinobacteria; Actinobacteridae

B; Proteobacteria; Alphaproteobacteria; Rhizobiales

B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Alphaproteobacteria; Rhodobacterales

B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Gammaproteobacteria; Xanthomonadales
B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Betaproteobacteria; Burkholderiales

B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Pseudomonadales
B; Proteobacteria; Gammaproteobacteria; Pseudomonadales
B; Proteobacteria; Gammaproteobacteria; Pseudomonadales
B; Proteobacteria; Gammaproteobacteria; Pseudomonadales
B; Proteobacteria; Gammaproteobacteria; Pseudomonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Pasteurellales

B; Proteobacteria; Gammaproteobacteria; Pasteurellales

B; Proteobacteria; Gammaproteobacteria; Pasteurellales

B; Proteobacteria; Gammaproteobacteria; Pasteurellales

B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
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T Desuifotomaculum gibsoniae DSM 7213
] Candidatus Desulforudis audaxviator MP104C
CO—___ ] symbiobacterium thermophilum IAM 14863
OO Heliobacterium modesticaldum Icel
m— Natranaerobius thermophilus JW/NM-WN-LF B; Firmicutes; Clostridia;
B; Firmicutes; Clost:

B: Fmicutes; Clostridis C\osmd\a\es

B; Firmicutes; Clostridia; Clostridiales

OO sulfobacillus acidophilus DSM 10332 8; Firmicutes; Clostridia; Clostridiales
GO 1 Dehalobacter sp. E1 8; Firmicutes; omtridntes
[ Dehalobacter sp. DCA ; Firmicutes; Clostridia; Clostridiales

t stridiales

OO ] Desulfitobacterium metallireducens DSM 15288 ; Firmicutes; Clostridia; Clostridiales
[ Desulfosporosinus acidiphilus Sj4 ; Firmicutes; Clostridia; Clostridiales
G ] Desulfosporosinus youngiae DSM 17734 8; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
[ ] Carboxydothermus hydrogenoformans Z-2901 8; Firmicutes; Clostridia; Thermoanaerobacterales
CIL_—— 1 Thermosediminibacter oceani DSM 16646 8; Firmicutes; C ermoanaerobacterales
[ Thermacetogenium phaeum DSM 12270
] Ammonifex degensi KC4 8; Firmicutes; Clostridia; Thermoanaerobacterales
m_ Desulfotomaculum kuznetsovii DSM 6115 8; Firmicutes; Clostridia; Clostridiales
I Desulfotomaculum acetoxidans DSM 771
I Desulfotomaculum gibsoniae DSM 7213 8; Firmicutes; Clostridia;
CIL— T Desulfotomaculum hydrothermale Lam5 = DSM 18033 B; Firmicutes; Clostridia
T Desulfotomaculum reducens Mi-1 : Firmicutes; Clostridia; Clostridiales
CTE—— 7 Desulfotomaculum ruminis DSM 2154 8; Firmicutes; Clostridia; Clostridiales
CJL—— 7 Desulfotomaculum nigrificans DSM 574
CO—__ 1 Desuifotomaculum carboxydivorans CO-1-SRB 8; Firmicutes; Clostridia; Clostridiales
O 7 Desulfitobacterium dehalogenans ATCC 51507 8; Firmicutes; Clostridia; Clostridiales
III_ Coprothermabacter proteolyticus DSM 5265 8; Firmicutes; Clostridia; Thermoanaerobacterales
Thermoanaerobacter tengcongensis MB4 B; Firmicutes; Clostridia; Thermoanaerobacterales
_ Carboxydibrachium pacificum DSM 12653 8; Firmicutes; Clostridia; Thermoanaerobacterales

B
[ [ Dehalobacter sp. CF 8; Firmicut.
B;
B

G Acetohalobium arabaticum DSM 5501
G ] Halobacteroides halobius DSM 5150
OO ] Helanaerobium praevalens DSM 2228
O ] Syntrophothermus lipocalidus DSM 12680

T E— sl celatun DSW 1765
vu ingley MBC34-26
Vil

M50
O Pseubfewoniractor copiloss ATCC 29799
OO | Lachnospiraceae bacterium 7_1 SBFA/
] Flavonifractor plautii ATCC 29863

O
N > hnospiraceae bacterium 5_1_63FAA
R Clost ridium sp. 552/1
R /nacrostipes hadrus DSM 3319
CO[ T Celoramator australicus RC3
OO Clostridium acidurici 9a
CTRN parvimonss sp.oral tawon 293 str. F0440
Parvimonas sp. oral taxon 110 str. F0139
m_ Parvimonas micra ATCC 33270
O Akaliphilus oremlandii OhlLAs
OO Akaliphilus metalliedigens QVMF
7 I Eubocterium limosum KIST612
7 I cetobacterium woodii DSM 1030
OO Clostridium sticklandii DSM 519
ST clostidu nranonis DS 15275

I Clost
m_ Clostridium dificile 002.p0-2011
CTEE costridum ificle 6503
7 [ Clostridium difficile 6466

S Cloctridtum difille GCD.23m3

I cloatrigum e Nav0s

d
_ Clostrdium dificie QCD-63q42
D37

fficile

um dif
:l_ Clostridim difcle sPoC 43255

Clnsmdlum difficile 70-100-2010

_ um diffcile 630
[ | — Clostidium diffcle 6534
OO Clostridium difficile QCD-32058
O Clostridium difficile R20291
O Clostridium difficile QCD-97b34
COE 1 Clostridium difficile QCD-76w55
e Clostridium difficile QCD-66¢26
O Clostridium difficile QCD-37x79
COE— 7 Clostridium diffcile CIP 107932
OO Clostridium difficile CD196
b Clostridium difficile BIL
O Clostridium difficile 2007855

Eubacterium sp. AS:

[ E——
GO Fubacteriaceae bacterium OBRCB

CO T Eubacteriaceae bacterium ACC19a
T — st brobuyrcum 7069
7 I C ostidium num DSM 525
o e Cloc g brbust] 51206
_ Clstridium phytofermentans 509
Clostridium bartlettii DSM 16795
m_ Roseburia inulinivorans DSM 16841
7 I Tep danzerobacter acetatoxydans Rel
I o lopiscium sp. 'N.t. morphotype B'
I Anacrostipes caccae DSM 14662
/N Rurninococcus gnavus ATCC 29149
B _ochnospiraceas bacterium 2_1_S8FAA
- I Clostridium asparagiforme DSM 15981
o — sl cironiae WAL 17108

3
T Fccalibact erium cf. prausmuu szss
O occalbact i
T 2 calibacterium prausmun AZ 165
1

_ Clostrdium hathewsyl WAL-186%0
jium saccharolyticum WM1

m_ Clostridim hathewayi DSM 13479

OO T sedimentibacter sp. B4

O/ Oribacterium sp. oral taxon 078 str. F0262

GO Oribacterium sinus F0268

OO Oribacterium sp. oral taxon 108str. F0425

\CB7

T I L2chnospiraceae bacterium 8 1_57FAA
7 I Lachnospiraceae bacterium 1_1_57FAA
C N rosoirscess bacterian 14 5674
O 7 Clostridiums
m— Cloatridiam st DSH 1787
CJE 1 Lachnospiraceae bacterium 2_1_46FAA
OO T Lachnospiraceae bacterium 9_1 438FAA
O T Lachnospiraceae bacterium 41 37FAA
CJ ] Dorea longicatena DSM 13814
CO T Dorea formicigenerans ATCC 27755
G Dorea formicigenerans 4_6_S3AFAA
O Clostridim hylemonae DSM 15053
OO Clostridium sp. M62/1
OO Lachnospiraceae bacterium 5_1_S7FAA
CJ ] Clostridium scindens ATCC 35704
OO Candidatus Arthromitus sp. SFB-rat-Yit
O ] Condidatus Arthromitus sp. SFB-mouse-Yit
O Candidatus Arthromitus sp. SFB-mouse-SU
OO ] Candidatus Arthromitus sp. SFB-mouse-NYU
O Candidatus Arthromitus sp. SFB-mouse-Japan
O Candidatus Arthromitus sp. SFB-co
OO ] Candidatus Arthromitus sp. SFB-5
o E— ot Arthromits . SFB-4
O Candidatus Arthromitus sp. SFB
CO T Clostridium perfringens E st. 1551957
O Clostridium perfringens C str. JG51495
O Clostridium perfringens SM101
CO T Clostridium perfringens NCTC 8239
T Clostridium perfringens D str. JGS1721
O Clostridium perfringens WAL-14572

T Clostridium perfringens ATCC 13124
O Clostridium tunisiense T)
CO ] Clostridium sp. JC122
L Clostridium ljungdahlii DSM 13528
O Clostridium ljungdahlii DSM 13528

] Clostridium botulinum Bf

um
_ (Ius(rldlum cporogencs PA 3670
Clostridium sporogenes ATCC 15579
C lostridium botulinum NCTC 2916

_ Clostridium botulinum CFSAND01627
_ Clostrdium botulloum A2 st Kyoto

um botulinum F str. Langeland
_ Clostridim bavulnum L0403
_ Clostridium botullnum B1 s, Okra

lium botulinum A str. Hall
_ Clostridim bl A st ATCC 3502
OO Clostridium botulinum A str, ATCC 19397

G T Syntrophomonas wolfei subsp. wolfei str. Goettingen

OO ] Eubacterium yuril subsp. margaretiae ATCC 43715
15

8; Firmicutes; Clostridia; Halanaemblales
B; Firmicutes; Clostridia; Halar

8; Firmicutes; Clostridia
B; Firmicutes; Clostridia; Clostridiales

8; Firmicutes; Clostridia; Clostridiales
B; firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; firmicutes; Clostridia
8; Firmicutes; Clostridia
B; Firmicutes; Clostridia; Clostridiales
8; irmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
; Firmicutes; Clostridia; Clostridiales

; Firmicutes; Clostridia C\ostnd\a\es

; Firmicutes; Clostridia; Clostridiles
; Firmicutes; Clostridia; Clostridiales

; Firmicutes; Clostridia; Clostridiales
; Firmicutes; Clostridia; Clostridiales

tridia;
clusmma,

ridia;

B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
B; firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales

8; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; C\ostnd\a\es
8; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; c\nsmma\es
B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
B;
B

; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
Clostridia; Clostridiales
lostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia
8; firmicutes; Clostridia
B; Firmicutes; Clostridia; c\osmma\es
8; Firmicutes; Clostridia; Clostridiales
8; irmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; c\osmma\es

B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; irmicutes; Clostridia; Clostridiales
B; Firmicutes; Clﬂsmmz c\nsmma\es

Clostridia; Clostridiales
tridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales

8; Firmicutes; Clostridia
B; Firmicutes; Clost:

8; Firmicutes; Clostridia; C\ostnd\a\es
8; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; \nsmma\es
8; Firmicutes; Clostridia; Clostridiales
lostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia
B;
B

; Firmicutes; Clostridia; Clostridiales
; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales
8; Firmicutes; Clostridia; Clostridiales

B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales

8; Firmicutes; Clostridia
B; Firmicutes; Clostridia; Clostridiales

8; Firmicutes; Clostridia; Clost;
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales
B; Firmicutes; Clostridia; Clostridiales

hermoanaerobacterales
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Figure SM1.4:

Clostridia species tree annotated with SelD/SPS proteins
identified in each genome. Genomes with no results are not
displayed here.

For full readability download this from big.crg.cat/SPS and
visualize on screen.

5 9. oraltoxon 10 str. FO139
J axon 393 tr. FO440

Figure SM1.5: (next page)
Reconstructed protein phylogeny of all SelD/SPS

proteins predicted in Gammaproteobacteria. See

notes in the text about Sec containing SelD genes.

For full readability download this from big.crg.cat/SPS and
visualize on screen.

1 108 st 70425
n 078 st Fo262
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I /< >nivorax dieselolei BS
R A |canivorax sp. DG881
R A |canivorax hongdengensis A-11-3
I rine gamma proteobacterium HTCC2148
IR o> ma proteobacterium NORS-3

C I Conoregibacter litoralis KT71

C— I et hylobacter tundripaludum SV96
I Gaciecola polaris LMG 21857
R Gaciecola psychrophila 170

Reinekea blandensis MED297
N o> ma proteobacterium BDW918
I arine gamma proteobacterium HTCC2143
I Thioalkalivibrio thiocyanoxidans ARh 4
R \\arinobacter sp. BSs20148
R = inobacter adhaerens HP15
R arinobacter algicola DG893
= |Photobacterium sp. AK15
[ Photobacterium profundum SS9
" Allochromatium vinosum DSM 180
O ] Allochromatium vinosum DSM 180
R Pseudomonas tolaasii PMS117
I P s domonas fuscovaginae UPBO0736
I T o3k alivibrio thiocyanoxidans ARh 4

Dyella japonica A8

Stenotrophomonas maltophilia K279a
I S ot rophomonas sp. SKAL4
I S ot rophomonas maltophilia R551-3
R ;=M ma proteobacterium HIMB55
/N ™ >rine 9amma proteobacterium HTCC2080
I 2mma proteobacterium NOR51-B
N Chromohalobacter salexigens DSM 3043
R Ha'omonas smyrnensis AAD6
R Halomonas elongata DSM 2581
I o monas sp. KM-1

R Halomonas jeot gali Hwa
R Halomonas titanicae BH1
R Halomonas sp. GFAJ-1
R Halomonas sp. TDO1
I =o' hiob acillus neapolitanus c2
R =mma proteobacterium IMCC3088

Reinekea blandensis MED297

Marinobacter hydrocarbonoclasticus ATCC 49840
I Co'vwe!lia psychrerythraea 34H
I o> proteobacterium HTCC2207

C I G =ciccola nitratireducens FR1064
R G aciecola pallidula DSM 14239 = ACAM 615
N G|aciecola punicea DSM 14233 = ACAM 611
I \ibrio furnissii CIP 102972
R Ferrimonas balearica DSM 9799
R Shewanella frigidimarina NCIMB 400
N 5 vanella denitrificans 05217
N 5 v/anella amazonensis SB2B
N Shewanella baltica 05678
R Shewanella sp. HN-41
R Shewanella sp. MR-7
R Shewanella loihica PV-4
I Shevanella piezotolerans WP3
IR Shev/anella pealeana ATCC 700345
Shewanella halifaxensis HAW-EB4
Shewanella woodyi ATCC 51908
I Shevanella sediminis HAW-EB3
N Shewanella benthica KT99
N Shewanella violacea DSS12

C IR T redinibact er turnerae T7901
I Rheinheimera nanhaiensis E407-8
N Hahella chejuensis KCTC 2396
I Thiomicrospira crunogena XCL-2
R Thioalkalimicrobium aerophilum AL3
C R Thio2/kalimicrobium cyclicum ALM1
R O e animonas sp. GK1
R ~ <romonas media WS

C R A eromonas sp. 159
== |

phila subsp. i
o Wohlfahrtiimonas chitiniclastica SH04
R =mma proteobacterium HAN1
Marinobacterium stanieri S30
Alteromonas sp. S89
I P s domonas psychrotolerans L19
R Pscudomonas sp. HYS
R Pscudomonas putida S12
R Pscudomonas fulva 12-X
I Pseudomonas Syringae pv. mori str. 301020
I Pseudomonas pseudoalcaligenes KF707
R P - omonas alcaliphila 34
R Psccomonas sp. MA4TT1
C I s comonas luteola XLDN4-9
R A zotobact er vinelandii D)
R Pseudomonas sp. M1
R Pseudomonas aeruginosa E2
C N Pseudomonas fragi B2S
N Pseudomonas fragi A22
R Pseudomonas stutzeri T13
R Pseudomonas stutzeri SDM-LAC
Pseudomonas stutzeri DSM 10701
Thiothrix nivea DSM 5205
R < dosymbiont of Bathymodiolus sp.
R Psychromonas sp. CNPT3
I P 5y <hromonas ingrahamii 37
R \/ibrio shilonii AK1
I Photobact erium damselae subsp. piscicida DI21
I P hotobacterium sp. AK15
I ot ob act erium profundum SS9

R Photobacterium leiognathi subsp. mandapamensis svers.1.1

/N ot obact erium angustum S14.
R o+ 2nella morganii SCO1
I :\vardsiella tarda ATCC 23685

C N :dwardsiella tarda EIB202
R X< orhab dus nematophila ATCC 19061
R Photorhabdus asymbiotica
R P o' orhabdus luminescens subsp. laumondii TTO1
I P ot eUs penneri ATCC 35198

Proteus mirabilis ATCC 29906
I P roVidencia sneebia DSM 19967
I Providencia burhodogranariea DSM 19968
C IR o Videncia stuartii ATCC 25827
R P rovidencia rustigianii DSM 4541
I Providencia rettgeri Dmell
I Providencia alcalifaciens Dmel2
R Hafnia alvei ATCC 51873
N S 'rtia marcescens FGI94
N S¢r2tia odorifera DSM 4582
R Serratia marcescens WW4

Serratia symbiotica str. Tucson
I STt proteamaculans 568

C R Serratia sp. AS12

C I Y- rsinia ruckeri ATCC 29473
I Y- sinia enterocolitica subsp. palearctica Y0527
I Yersinia kristensenii ATCC 33638

Yersinia intermedia ATCC 29909

Yersinia pestis PY-32
R Yersinia mollaretii ATCC 43969
N Yersinia aldovae ATCC 35236
N Erwinia billingiae Eb661
N :nterobacter sp. Agl
I Escherichia hermannii NBRC 105704
N Echerichia blattae NBRC 105725
N \okenella regensburgei ATCC 43003
N terobacter sp. JC163
N 't <robacter cloacae subsp. dissolvens SP1
N Cronobacter dublinensis 582
I Conobacter malonaticus 507
I Conobacter turicensis 564
A P:ntoea sp. At-9b
R P ntoea sp. GMO1
R Pantoea sp. YR343

Haemophilus parastis SHO165
Haemophilus paraphrohaemolyticus HK411

O I ] Haemophilus sputorum HK 2154
OC_—"""" ] Haemophilus ducreyi 35000HP
O ] Actinobacillus minor 202

G ] Mannheimia haemolytica serotype A2 str. OVINE

O] Actinobacillus pleuropneumoniae serovar 6 str. Femo

I /o' e gatibacter actinomycetemcomitans Y4
] Aggregatibacter aphrophilus Nj8700
] Aggregat ibacter segnis ATCC 33393
N Pasteurella multocida 36950
R Aibacterium paragallinarum 72
I G:!libacterium anatis UMN179
I Pasteurella dagmatis ATCC 43325
] Actinobacillus succinogenes 1302

oG ] Mannheimia succiniciproducens MBEL55E
OO ] Pasteurella bettyae CCUG 2042
O """ | Haemophilus influenzae R3021

Haemophilus parainfluenzae HK2019

Haemophilus pittmaniae HK 85

B; Pr ia;

B; Proteobacteria;
ia;

Oceanospirilla

B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;

Gammaproteobacteria; Oceanospirillales
i illales

obacteria; ia

obacteria; unclassified eobacteria

Gammaproteobacteria;
Gammaproteobacteria;

unclassified Gammaproteobacteria
Methylococcales

B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales

B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;

Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;

unclassified Gammaproteobacteria
unclassified Gammaproteobacteria
unclassified Gammaproteobacteria

ATCC 7966

B; Proteobacteria; Gammaproteobacteria; Chromatiales
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; obacteria;
B; Proteobacteria; Gammaproteobacteri
B; Pr ia

B; Proteobacteria; Gammaproteobacteria; Chromatiales
B; Proteobacteria; Gammaproteobacteria; Chromatiales
B; Proteobacteria; ia;

B; Proteobacteria; obacteria;

B; Proteobacteria; Gammaproteobacteria; Chromatiales
B; Proteobacteria; eobacteria; Xant
eobacteria; Xant

B; Proteobacteria; eobacteria; Xant

B; Proteobacteria; eobacteria; Xant

B; Proteobacteria; Gammaproteobacteria; unclassified Gammaproteobacteria
B; Proteobacteria; Gammaproteobacteria; unclassified Gammaproteobacteria

B; Proteobacteria; eobacteria; unclassified
B; Proteobacteria; eobacteria; O piri
B; Proteobacteria; eobacteria; O P
B; Proteobacteria; obacteria; O

B; Proteobacteria; obacteria; Ocean

B; Proteobacteria; obacteria; Ocean

B; Pr ia; a; n
B; Proteobacteria; Gammaproteobacteria; Oceanospirillales
B; Pr ia; ia; O illales
B; Proteobacteria; Gammaproteobacteria; Chromatiales

eobacteria

obacteria; unclassified

eobacteria

B; Proteobacteria; Gammaproteobacteria; unclassified Gammaproteobacteria

B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales

B; Proteobacteria; Gammaproteobacteria; unclassified Gammaproteobacteria

B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; eobacteria; Alt

B; Proteobacteria; eobacteria; Alt

B; Proteobacteria; obacteria; Alt
B; Proteobacteria; obacteria; Alt
B; Pra a; It
; i It
ia; Alt
ia; Alt

obacteria; Alt
eobacteria; Alt
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Chromatiales
B; Proteobacteria; eobacteria; O i
B; Proteobacteria; Gammaproteobacteria; Thiotrichales
B; Proteobacteria; Gammaproteobacteria; Thiotrichales
B; Proteobacteria; Gammaproteobacteria; Thiotrichales

B; Proteobacteria; Gammaproteobacteria; Aeromonadales

B; Pr ia; ia;

B; Pri ia; ia;

B; Pr ia; ia;

B; Proteobacteria; obacteria;

B; Proteobacteria; obacteria; unclassified eobacteria

B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales

B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobact.
B obact:
B; Proteobacteria; obact

Pre ia;
B; Pr ia
B; Pr ia; ia;
B; Proteobacteria; ia;
B; Proteobacteria; obacteria;
B; Proteobacteria; eobacteria;
B; Proteobacteria; eobacteria;

B; Proteobacteria; Gammaproteobacteria; Thiotrichales

B; Proteobacteria; Gammaproteobacteria; unclassified Gammaproteobacteria

B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Alteromonadales
B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; Gammaproteobacteria; Vibrionales

B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacte
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
Enterobacteriales
; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales
B; Proteobacteria; Gammaproteobacteria; Enterobacteriales

B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
B; Proteobacteria;
[:}
B;

Proteobacteria;
Proteobacteria;
B; Proteobacteria;

Gammaproteobacteri
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteri
Gammaproteobacteria;
Gammaproteobacteri
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;
Gammaproteobacteria;

; Enterobacteriales

Enterobacteriales
Enterobacteriales
Enterobacteriales
Enterobacteriales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales

; Pasteurellales

Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales
Pasteurellales

B; Proteobacteria; Gammaproteobacteria; Pasteurellales



