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Figure S1 Phylogeny of MFS sialic acid transporters of the ST1 and ST4 families. Maximum likelihood
phylogeny of MFS_1 sialic acid transporters that are linked to nan genes. ST1 sialic acid transporters clearly
separate into two distinct clades, NanT and NanX. This broadly reflects two different substrate affinities where
NanX has been shown to transport 2,7-anhydro-Neu5Ac/Neu5Ac2en and NanT selectively transports Neu5Ac (see
Text). NanZ is found widely among Bacteroidetes, Planctomycetes, and Verrucomicrobia, and has been shown to
transport Neu5Ac in Bacteroidetes (see main text). Reference systems are highlighted in red.
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Figure S2 Organisation of ST1 (nanT/X ) gene clusters in selected bacteria. ST1 transporter genes nanT
and nanX are colour-coded. Catabolic nan genes are pattern-coded and described in the key. For clarity other
conserved genes recurring in these clusters are not pattern-coded except when emphasising specific genetic links.
The function of other notable genes is reported (without pattern) if relevant for cluster annotation or to exemplify
instances of potential HGT. Reference gene clusters are highlighted with a red circle. nanOp operators highlighted
in the E. coli ST1 loci emphasise the occurrence of a single NanR regulon in this organism. Reg: regulator gene;
HGT: horizontal gene transfer.
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Figure S3 Organisation of ST4 (nanZ ) gene clusters in selected bacteria. NanZ is encoded in gene clusters
with other catabolic nan genes required for sialic acid metabolism. nanZ is colour-coded, catabolic nan genes
are pattern-coded and described in the key. For clarity other conserved genes recurring in these clusters are not
pattern-coded except when emphasising specific genetic links. The function of other notable genes is reported
(without pattern) if relevant for cluster annotation or to exemplify instances of potential HGT. Interestingly, there
are two novel examples of a NanM-NanZ mutarotase-transporter fusion found in Akkermansia spp. (NanM-like
domains are indicated by the appropriate pattern). Reg: regulator gene; HGT: horizontal gene transfer. SusCD:
outer membrane protein complex for glycan acquisition made of a TonB-dependent transporter (SusC) and an
extracytpolasmic lipoprotein (SusD). NanOU is an experimentally confirmed sialic acid-specific SusCD-family
complex1. We did not establish orthologous groups for all other, more divergent SusCD-family complexes in this
figure.
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Figure S4 Phylogeny of the ST2-SBP, SiaP, and organisation of ST2 (siaPQM) gene clusters in selected
bacteria. (A) Maximum likelihood phylogeny of sialic acid-binding extracytoplasmic protein, SiaP. Reference
organisms are highlighted in red. (B) Genetic organisation of siaPQM transporter genes within nan clusters.
The figure includes the finding of ST2 genes in Firmicutes, reported here for the first time2, but also includes
Fusobacterium spp. and T. brennaborense discussed in the Text. ST2 transporter genes are colour-coded, patterns
are used to distinguish among different subunits. Catabolic nan genes are pattern-coded and described in the
key. For clarity other conserved genes recurring in these clusters are not pattern-coded except when emphasising
specific genetic links. The function of other notable genes is reported (without pattern) if relevant for cluster
annotation or to exemplify instances of potential HGT. Reference gene clusters are highlighted in red. Reg: regulator
gene; SBP: solute-binding protein; TMD: transmembrane domain; HGT: horizontal gene transfer.
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Figure S5 Phylogeny of the ST3-SBP, SatA. Maximum likelihood phylogeny of sialic acid-binding protein compo-
nent (SatA) of the ST3 ABC transport system, SatABCD. Reference organisms are highlighted in red. Note how
sequences from Pasteurellaceae form a small clade (in grey) within a diverse family of ST3 transporters that is
otherwise exclusive to Actinobacteria.
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Figure S6 Organisation of ST3 (satABCD) gene clusters in selected bacteria. ST3 transporter genes are
colour-coded, patterns are used to distinguish among different subunits. Catabolic nan genes are pattern-coded
and described in the key. For clarity other conserved genes recurring in these clusters are not pattern-coded except
when emphasising specific genetic links. The function of other notable genes is reported (without pattern) if relevant
for cluster annotation or to exemplify instances of potential HGT. Reference gene clusters are highlighted with a
red circle. Note that no nanK orthologues occur in H. ducreyi3 and this work, and genes encoding for ManNAc
kinase function are yet to be identified (see also Fig. 2). Reg: regulator gene; SBP: solute-binding protein; TMD:
transmembrane domain; NBD: nucleotide-binding domain (ATP-ase protein); HGT: horizontal gene transfer.
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Figure S7 Organisation of ST5 (siaT/siaX/siaF ) gene clusters in selected bacteria. Based on phylogeny, the
ST5/SSS transporters can be resolved into three distinct clades (Fig. 4). The different transporter genes are
colour-coded based on their clade within the ST5 phylogeny. Catabolic nan genes are pattern-coded and described
in the key. For clarity other conserved genes recurring in these clusters are not pattern-coded except when
emphasising specific genetic links. The function of other notable genes is reported (without pattern) if relevant for
cluster annotation or to exemplify instances of potential HGT. Reference gene clusters are highlighted by a red
circle. SiaT clusters are widespread in bacteria and all characterised transporters from these clusters have been
shown to transport Neu5Ac. The siaT sialic acid utilisation cluster of B. pilosicoli B2904 (not shown) is identical
to locus 1 of strain WesB, but locus 2 is present only in WesB. The SiaX clade is common among Firmicutes and
includes both Neu5Ac and potential anhydro-Neu5Ac transporters. As for the Neu5Ac transporters of this clade,
there is an example of demonstrated Neu5Ac specificity for the C. difficile transporter. Candidate anhydro-Neu5Ac
transporters are genetically linked to anhydro-Neu5Ac metabolic enzymes, namely the oxidoreductase NanOx/NanY
and an IT-sialidase, as seen here in S. pneumoniae TIGR4 and S. pseudintermedius NA45 (the latter organism also
possesses a siaT orthologous gene at a different locus). The SiaF clade, occurring near-exclusively in Bacteroidetes
and Planctomycetes/Verrucomicrobia, feature proteins that are all fusions between the sialic acid mutarotase NanM
(pattern-coded accordingly) and a ST5 transporter. Reg: regulator gene; HGT: horizontal gene transfer. SusCD:
outer membrane protein complex for glycan acquisition made of a TonB-dependent transporter (SusC) and an
extracytpolasmic lipoprotein (SusD).
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Figure S8 The sialic acid binding-site is conserved across ST5 sialic acid transporters. (A) Clustal alignment
of ST5 sequences highlighting the Neu5Ac-binding residues (red and black boxes) and selected Na+ binding
residues (green boxes) in PmSiaT4. Residues in red and green boxes have been subjected to mutagenesis, with
deleterious effects only seen for residues in block colour4. The alignment, visualised with ESPript (see Methods) for
mapping to the PmSiaT structure (Table 1), includes all candidate anhydro-Neu5Ac transporters of the SiaX clade
listed in Fig. 4, all characterised SiaT and SiaX Neu5Ac transporters (P. mirabilis, S. typhimurium, S. aureus, L.
sakei, and C. difficile), the SiaF protein from A. timonesis, and finally the uncharacterised ST5 transporter from B.
thetaiotaomicron (see Discussion). (B) Co-ordination of Neu5Ac by the binding site residues in PmSiaT (adapted
from4).
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Figure S9 Phylogeny of the ST6-SBP (SatE) and the ST7-SBP (SatX) components of ABC sialic acid trans-
porters. Maximum likelihood phylogeny of sialic acid-binding protein components (SatE and SatX, respectively) of
the ST6 and ST7 ABC transport systems. Reference organisms are highlighted in red. Treponema spp. possessing
“orphan” satE genes linked to genes for methyl-accepting proteins (see main text) are marked out by dark blue
branches.
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Figure S10 Organisation of ST6 (satEFG) gene clusters in selected bacteria. ST6 transporter genes are
colour-coded, patterns are used to distinguish among different subunits. Catabolic nan genes are pattern-coded
and described in the key. For clarity other conserved genes recurring in these clusters are not pattern-coded
except when emphasising specific genetic links. The function of other notable genes is reported (without pattern) if
relevant for cluster annotation or to exemplify instances of potential HGT. Reference gene clusters are highlighted
with a red circle. While ST6 transporter loci normally do not contain an NBD gene, relying instead on multitask
msmK -like genes for function5, note here two cases where specific NBD genes have been recruited to the cluster.
The incomplete SAT3 cluster of the sialic acid-utilising organism, Ruthenibacterium lactatiformans strain 585-16 was
completed by matching it to a near-identical locus in the sequenced genome of strain 82B1, which was then used to
annotate the remaining genes. Some Treponema spp. only contain the satE gene coding for the SBP component
(Fig. S9), which however possesses a conserved genetic link with a methyl-accepting chemotaxis protein (MCP),
suggesting a role in sialic acid sensing independent of a role in uptake. In T. denticola, the ST6 locus also contains
an allelic variant of the flagellar motor switch protein gene, fliG. Reg: regulator gene; SBP: solute-binding protein;
TMD: transmembrane domain; NBD: nucleotide-binding domain (ATP-ase protein); HGT: horizontal gene transfer.
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Figure S11 Organisation of ST7 (satXYZ ) gene clusters in selected bacteria. ST7 transporter genes are
colour-coded, patterns are used to distinguish among different subunits. Catabolic nan genes are pattern-coded
and described in the key. For clarity other conserved genes recurring in these clusters are not pattern-coded except
when emphasising specific genetic links. The function of other notable genes is reported (without pattern) if relevant
for cluster annotation or to exemplify instances of potential HGT. Reference gene clusters are highlighted with a red
circle. While ST7 loci are normally devoid of NBD genes, presumably relying on multitask msmK -like for function
as shown for S. pneumoniae SatEFG5, note here two cases where different NBD genes have been recruited to
the cluster, namely in H. haemoglobinophilus (satW ) and S. sanguinis SK36 (msmK4 coding for supernumerary
allelic variant of msmK ). Reg: regulator gene; SBP: solute-binding protein; TMD: transmembrane domain; NBD:
nucleotide-binding domain (ATP-ase protein); HGT: horizontal gene transfer.
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Figure S12 Phylogeny of ST8 (GPH) sialic acid transporters, and organisation of ST8 (nanG) clusters in
selected bacteria. ST8 transporter genes are colour-coded. Catabolic nan genes are pattern-coded and described
in the key. For clarity other conserved genes recurring in these clusters are not pattern-coded except when
emphasising specific genetic links. The function of other notable genes is reported (without pattern) if relevant for
cluster annotation or to exemplify instances of potential HGT. Reference gene clusters are highlighted in red. Note
that S. lutrae possesses two predicted anhydro-sialic acid transporter genes. Reg: regulator gene; HGT: horizontal
gene transfer.
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