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ABSTRACT The fhuACDB operon, present in a number of Enterobacteriaceae, en-
codes components essential for the uptake of ferric hydroxamate type siderophores.
FhuA acts not only as a transporter for physiologically important chelated ferric iron
but also as a receptor for various bacteriophages, toxins, and antibiotics, which are
pathogenic to bacterial cells. In this research, fhuA gene distribution and sequence
diversity were investigated in Enterobacteriaceae, especially Salmonella and Esche-
richia. Comparative sequence analysis resulted in a fhuA phylogenetic tree that did
not match the expected phylogeny of species or trees of the fhuCDB genes. The
fhuA sequences showed a unique mosaic clustering pattern. On the other hand, the
gene sequences showed high conservation for strains from the same serovar or se-
rotype. In total, six clusters were identified from FhuA proteins in Salmonella and
Escherichia, among which typical peptide fragment variations could be defined. Six
fragmental insertions/deletions and two substitution fragments were discovered, for
which the combination of polymorphism patterns could well classify the different
clusters. Structural modeling demonstrated that all the six featured insertions/dele-
tions and one substitution fragment are located at the apexes of the long loops
present as part of the FhuA external pocket. These frequently mutated regions are
likely under high selection pressure, with bacterial strains balancing escape from
phage infection or toxin/antibiotics attack via fhuA gene mutations while maintain-
ing the siderophore uptake activity essential for bacterial survival. The unusual fhuA
clustering suggests that high-frequency exchange of fhuA genes has occurred be-
tween enterobacterial strains after distinctive species were established.
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FhuA (ferric hydroxamate uptake protein A) is a multifunctional protein with a total
length of 747 residues in Escherichia coli strain MG1655, including an N-terminal

33-amino-acid signal peptide and a 714-amino-acid mature protein sequence (1). It
represents a transmembrane receptor, residing in the outer membrane (OM), which can
mediate the uptake of ferric iron (bound to the siderophore ferrichrome) into the
periplasm in a TonB-dependent manner (2–4). Iron is essential for bacterial survival and
virulence, but it is mainly present in the nonsoluble ferric form, and the bioavailable
concentration in the environment is often extremely low. To increase bioavailability,
bacteria secrete siderophore molecules that can chelate ferric iron with high affinity (5,
6). The iron-loaded siderophores can be recognized by bacterial membrane receptors
(e.g., FhuA) and transported into the periplasm. Further translocation of siderophores
across the inner membrane is mediated by ABC transporters. In the case of ferrichrome,
the transport into the cytoplasm depends on the binding protein FhuD, as well as the
integral membrane protein FhuB and the ATPase FhuC (reference 7 and references
therein). Besides the major physiological activity, FhuA is also usurped pathologically as
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the target for bacteriophages (T1, T5, �80, and UC-1) and bacterial toxins (colicin M and
microcin 25) (8). Some antibiotics also target FhuA as a receptor, e.g., albomycin and
rifamycin CGP 4832 (9, 10).

Functional FhuA, embedded in the outer membrane, is a monomeric �-barrel
protein, with its C terminus forming 22 antiparallel �-strands and the N terminus folded
inside the �-barrel from the periplasmic side to form a cork domain (3, 11). The cork
domain separates a pair of pockets, the larger one open to the external medium and
the smaller one facing the periplasm (3). The N-terminal portion of FhuA that contains
the TonB-interacting region (i.e., the TonB box) lies in the periplasm (4, 12, 13). The
�-strands are connected by 11 long loops at the outer surface (L1 to L11) and 10 short
turns within the periplasmic side (T1 to T10) (3, 11). The exact residues or motifs in the
external pocket of FhuA that specifically interact with ferrichrome remain elusive,
although conserved residues in loops L3 and L11 were found to be important for
binding (3, 14). Ferrichrome binding induces structural changes that go through the
entire FhuA molecule up to the N terminus, further signaling TonB binding and
activating the TonB-ExbB-ExbD transporting system to internalize ferrichrome mole-
cules (3, 15, 16). Other FhuA-binding molecules/ligands are also transported via the
TonB-dependent pathway, except for phage T5 (15, 17). The binding sites and speci-
ficity determinants for these components are frequently located within the external
loops of FhuA. For example, loops L4, L5, and L8 are involved in binding specificity of
phages T1 and �80, L5 and L8 are important for phage T5, and L3, L4, L7, L8, and L11
are involved in the sensitivity to colicin M and the antibiotics albomycin and rifamycin
(14, 15). Microcin J25 (MccJ25) binds at a location in FhuA similar to the location at
which ferrichrome binds (18).

In E. coli, fhuA is located within the fhuACDB operon (19); the protein products of
fhuC, fhuD, and fhuB form a complex, mediating the translocation of ferrichrome from
the periplasm into the cytoplasm (20–22). In other species, fhuA and fhuCDB often
appear in the same operon but with a different transcription order, or they are
separated into two different operons (23–25). Fragmented gene sequences have been
reported for fhuA frequently (26, 27). Gene evolutionary studies also suggested positive
selection in fhuA rather than fhuB, fhuC, or fhuD (28, 29). Therefore, it has been
hypothesized that FhuA has a different evolutionary route with selection pressures that
are independent from the FhuCDB cluster. For example, in some Gram-negative
bacterial species, FhuD and FhuB display a broader ligand specificity than that of the
OM receptor proteins (such as FhuA) in that they accept and transport not only
ferrichromes but also other siderophores of the hydroxamate type, e.g., aerobactin and
coprogen (20).

Despite the large amount of research already performed on fhuA, the mechanisms
of gene evolution and the relationship with protein function remain largely unknown.
Nearly all studies have been limited to fhuA genes that are present in one or a few
closely related strains. To examine gene evolution in a larger subset of strains, we
compared fhuA genes from a comprehensive list of Salmonella and Escherichia serovars
and other close species to determine the gene distribution and overall sequence
diversity. This analysis identified evolutionary patterns with direct relevance to the
structure and potential interactions of FhuA.

RESULTS
Distribution and diversification of fhuA in Salmonella and Escherichia. In rep-

resentative genomes from the two Salmonella species, Salmonella enterica and Salmo-
nella bongori, and six subspecies of S. enterica, including Salmonella enterica subsp.
enterica, S. enterica subsp. arizonae, S. enterica subsp. diarizonae, S. enterica subsp.
indica, S. enterica subsp. salamae, and S. enterica subsp. houtenae, only one chromo-
somal copy of fhuA was identified in each strain. The order of fhuA and adjacent genes
fhuCDB was conserved among Salmonella phylogenetic clusters (Fig. 1a and b). Ex-
panded analysis of the genomic regions that flanked fhuA showed apparent collinearity
between different Salmonella genomes (Fig. 1c, top) and showed high gene synteny
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and sequence collinearity between Salmonella and E. coli strains (Fig. 1c, bottom). This
indicated that the fhuABCD locus existed at least in the most recent common ancestor
of the two genera.

When FhuA proteins were compared between Salmonella strains, the topology of
the phylogenetic tree (Fig. 1d) was far different from that of the core genome tree (Fig.
1a). Consistent with previous Salmonella species trees built on 16S rRNA sequences, the
phylogenomic tree is predicted to accurately reflect the evolution of Salmonella species
or subspecies, with strains clustered together within the same phylogenetic group (Fig.
1a). In the FhuA tree, however, the strains belonging to a unique phylogenetic group
diverged, while the ones from different phylogenetic groups clustered (Fig. 1d). For
example, S. bongori RKS3044 FhuA clustered away from the other two S. bongori strains,
whereas S. enterica subsp. indica 1121 FhuA clustered with S. bongori N268-08 and
NCTC12419 (Fig. 1d). The FhuA clustering pattern was independent of the methods
used for tree reconstruction or sequence nature (see Fig. S1a and b in the supplemental
material). In contrast, trees based on the fhuCDB genes (Fig. 1e; see also Fig. S1c and d)
or on the hrpB gene adjacent to fhuA in the genome (Fig. S1e) were similar to the
phylogenomics tree based on the Enterobacteriaceae core ortholog gene set (Fig. 1a).

FhuA variance within a phylogenetic group was also confirmed by the tree recon-
structed for the Escherichia genus, which included Escherichia fergusonii as an outgroup
(Fig. 2a; see also Fig. S2). FhuA clustered into four clearly discernible groups, totally
independent of phylogenetic clustering results of Escherichia/Shigella strains based on

FIG 1 Distribution and phylogenetics of fhuA in Salmonella. (a) Phylogenomic neighbor-joining tree constructed for Salmonella using an Enterobacteriaceae core
orthologous gene set. Different Salmonella species or subspecies are shown in different colors. (b) Gene order and distribution of the fhuA locus in Salmonella.
The strains were in line with those shown in the tree in panel a. Pseudogenes are indicated with a red “�.” (c) Collinearity of the fhuA locus was compared
between S. Typhimurium LT2 and S. bongori NCTC 12419 (top) or E. coli MG1655 (bottom). (d and e) Neighbor-joining trees of FhuA and FhuB proteins in
Salmonella, respectively. E. coli MG1655 was used as the outgroup. Percentage scores from 1,000 bootstrapping tests are displayed at the nodes of the trees.

Gene Evolution of fhuA Infection and Immunity

November 2018 Volume 86 Issue 11 e00573-18 iai.asm.org 3

https://iai.asm.org


core gene data sets or oligonucleotide composition (Fig. 2a; see also Fig. S2) (30, 31).
In contrast, a FhuB protein tree did not form robust clusters due to the ultraconserva-
tion of corresponding sequences (Fig. S3). When proteins from representative Salmo-
nella and Escherichia strains were analyzed together, the FhuB tree was consistent with
the established evolutionary patterns of Escherichia and Salmonella species (Fig. 2b),
while the FhuA tree was clearly different (Fig. 2c).

Within-serovar/serotype conservation of fhuA in Salmonella and E. coli. We
obtained genome sequences for 66 Salmonella serovars, with draft genomes for two or
more strains (Table S1) (http://www.ncbi.nlm.nih.gov/genome). Two or three represen-
tative genomes were selected randomly from each serovar, followed by screening and
clustering analysis of the fhuA gene. Truncated alleles of fhuA were detected in all
strains of serovars Typhi and Paratyphi A and from at least one strain for serovars
Mississippi, Give, Javiana, Pullorum, and Johannesburg (Table S1). An unsupervised
clustering analysis revealed two robust FhuA clusters (S1 and S2) (Fig. 3a). For 54 of 59
serovars, the FhuA proteins of strains from the same serovar clustered together, with
the exceptions of serovars Bareilly, Mbandaka, Saintpaul, Senftenberg, and Wandsworth
(Fig. 3a). The conservation within serovars was not the result of selecting a limited
number of strains from each serovar, since inclusion of all sequenced genomes of

FIG 2 Phylogenetics of FhuA in Escherichia and Salmonella. (a) Neighbor-joining tree of FhuA constructed from E. coli or Shigella strain sequences. Different
subgroups of E. coli/Shigella strains are shown in different colors or shapes. Neighbor-joining trees for FhuB (b) and FhuA (c) were constructed from E.
coli/Shigella and Salmonella strain sequences using Pantoea ananatis LMG5342 as the outgroup. Percentage scores from 1,000 bootstrapping tests are displayed
at the nodes of the trees. E. col, E. coli; E. fer, E. fergusonii.
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serovars Typhimurium (41 strains), Enteritidis (58 strains), Heidelberg (23 strains),
Newport (19 strains), and Anatum (13 strains) led to similar S1 and S2 clustering (Fig.
S4a and Table S1). Only serovar Typhimurium FORC 015 and Newport CDC 2010K-2159
strains did not match the observed pattern (Fig. S4a and Table S1). We also included
FhuA proteins from 112 Salmonella serovars that had only one genome-sequenced
strain (Table S1), but no new pattern was disclosed (Fig. S4b and Table S1).

For E. coli and Shigella, inclusion of FhuA from more strains led to more definitive
identification of the four major clusters, E1, E2, E3, and E4 (Fig. 3b). The FhuA proteins
of E. coli serotypes with multiple strains, including O157:H7 (19), O145:H28 (4), O104:H4
(4), and O25b:H4 (2), also exhibited conservation within the serotype (Fig. 3b; see also
Table S1).

Categorization of FhuA proteins with specific sequence features. To identify
potential sequence signatures within Salmonella and E. coli and between each species,
FhuA protein sequences from Salmonella (clusters S1 and S2) and Escherichia (clusters
E1 to E4) were compared. The FhuA alleles clustered into three large groups: (i) E1, S1,
and E2; (ii) E3 and S2; and (iii) E4 only (Fig. 4a). The FhuA sequence alignment identified
insertions or deletions that were unique to each major group, subgroup (i.e., E1/S1 or
E2), or individual cluster (Fig. 4b; see also Table S2). Group E4 proteins had unique
insertions in regions termed indel 1 and indel 2 (Fig. 4b). There were also fragment
insertions in the same regions of FhuA from Pantoea, which served as the outgroup for
the phylogenetic tree (Fig. 4b). The E1/S1/E2 FhuA cluster all had peptides inserted in
two regions termed indel 3 and indel 4, with more sequence homology between E1 and
S1 than E2 (Fig. 4b). For the E3/S2 group, unique peptide insertions were detected at
indel 5 and indel 6 (Fig. 4b). The FhuA proteins of E1 and S1 (or E3 and S2) had high
similarity, and no unique insertions/deletions could be detected between them. Indi-
vidual amino acid differences were sufficient to distinguish each individual group,
however, since the insertions/deletions were removed before generating the clustering
tree (Fig. 4a). For example, distinct amino acid sequences were detected at regions

FIG 3 Distribution of FhuA clusters among serotypes of Salmonella and E. coli. (a) FhuA clusters identified from a Salmonella-based sequence alignment. Strains
belonging to the same serovar but with different clusters of FhuA are shown in red or blue. (b) FhuA clusters identified from an E. coli-based sequence
alignment. For both panels, clustering was based on neighbor-joining trees of full-length FhuA protein sequences. Percentage scores from 1,000 bootstrapping
tests are displayed at the nodes of the trees.
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termed Sub1 between groups E3 and S2 and Sub2 and indel 4 between E1 and S1 (Fig.
4b; see also Table S2).

To generate a thorough categorization of FhuA within the Enterobacteriaceae,
representative genomes from other species, including Cronobacter, Enterobacter, Er-
winia, Klebsiella, Rahnella, Raoultella, and Serratia, were analyzed (Fig. 5a). With the
inclusion of these new organisms, the FhuA proteins clustered into four major groups
(I to IV), where E1/S1/E2 and E3/S2 belonged to group I, E4 belonged to group II, group
III appeared to be unique to Serratia, and Pantoea FhuA belonged to group IV (Fig. 5a).
The main variation for insertions/deletions among the four major groups remained in
the indel 1 to 6 locations identified previously, indicating that there was easy gain or
loss and variation of fragments in these positions (Fig. 5b). The first 50 amino acids in
the FhuA N-terminal region, which represents the signal peptide sequences and the
unstructured fragment (3, 11), were highly variable. However, the TonB box was
conserved (Fig. S5). When FhuA trees were built after removal of all the indels and
flanking variable amino acid positions or removal of 200-amino-acid fragments from
the N- or C-terminal region, the clustering patterns remained the same as for the
full-length FhuA proteins (Fig. 5c). This indicated that the group-specific variations were
not constrained to the insertion/deletion regions or to specific fragments but rather
that frequent recombination along the entire FhuA length may have occurred.

Structure variations in the extracellular surface of FhuA proteins. Based on the
coordinates of the recently solved structure of FhuA from E. coli K-12 (group E1) (3, 11),
we performed homology modeling to compute the structures of FhuA proteins from
groups E2, E3, E4, S1, and S2 as well as from Serratia (group III) and Pantoea (group IV)

FIG 4 Typical mutation patterns of FhuA clusters in Salmonella and Escherichia. (a) A diagram tree showing the clusters of FhuA determined for Salmonella and
Escherichia. (b) List of indels and substitutions and corresponding sequences that are able to distinguish the different FhuA clusters. Indel 1 and indel 2 can
distinguish E4 from E1/S1/E2/E3/S2, indels 3 to 6 can distinguish E3/S2 from E1/S1/E2, Sub1 can distinguish E3 from S2, and Sub2 can distinguish S1 from E1.
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(Fig. 5a). All proteins had similar, predicted cork barrel structures, with cork domains
showing high similarity in both sequence and structure (Fig. 6). The six indel regions
identified by sequence alignment were located in loops within the external pocket of
FhuA that faces the extracellular environment, corresponding to loops L3 (indel 1), L10
(indel 2), L4 (indel 3), L5 (indel 4), L6 (indel 5), and L7 (indel 6) (Fig. 6a; see also Table
S2). The Sub2 region corresponded to external surface loop L2, whereas Sub1 was
located in the T4 linker between �-strands (Fig. 6a). Few variations were observed in the
cork or transmembrane barrels or on the surface facing the periplasm, coinciding with
the results of the sequence alignment (Table S2). S1 FhuA proteins had a predicted
structure that was highly similar to that of E1, while E2 proteins showed an insertion in
L4 (indel 3) compared to E1/S1, causing the approaching of the domain with L3 (indel
1) and the formation of a compact surface structure (Fig. 6b, E2, left and right). In E3
proteins, L4 was shortened extensively, along with L5, but L6 and L7 were both
elongated and formed a fused surface (Fig. 6b, E3/S2, left, middle, and right). E4
proteins had a more diverse external surface structure, with insertions in L3 and L10, a
deletion in L4, and changes to loops L2, L5, L6, and L7. The loops L2 (Sub2), L3 (indel
1), and L4 (indel 2) became continuous, forming a local surface structure (Fig. 6b, E4, left
and right). The Pantoea and Serratia FhuAs also showed a diverse outer surface
structure but conservation in other regions (Fig. 6b, Pantoea and Serratia). Taken
together, the results of this analysis suggested that the main diversity of FhuA se-
quences was represented in structural variation in the exposed regions facing the
external environment.

DISCUSSION

The fhuACDB locus showed high conservation within the genomes of Salmonella
and Escherichia. Despite the fragmentation of the fhuA protein-coding frame in some

FIG 5 Typical mutation patterns of FhuA clusters in Enterobacteriaceae. (a) Neighbor-joining tree of FhuA protein in Enterobacteriaceae species supported
grouping FhuA into 4 main clusters (I to IV). (b) The indel patterns with corresponding amino acid sequence of different FhuA clusters. (c) Neighbor-joining
tree of FhuA proteins after removing the indels and flanking highly mutated sequences (left) and the N-terminal (middle) and C-terminal (right) FhuA protein
sequences. Percentage scores from 1,000 bootstrapping tests are displayed at the nodes of the trees.

Gene Evolution of fhuA Infection and Immunity

November 2018 Volume 86 Issue 11 e00573-18 iai.asm.org 7

https://iai.asm.org


FIG 6 Influence of typical mutations on FhuA structure. (a) Resolved E. coli FhuA structure (PDB accession code 1QFF) with mutation hot spots highlighted.
(b) Modeling structure of different FhuA clusters (E1/S1, E2, E3/S2, E4, Pantoea, and Serratia), with mutation hot spots highlighted. The overall protein
structure was displayed with PyMOL in cartoon format; the mutation hot spots were shown in either cartoon or surface format.
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serovars or strains, e.g., Salmonella serovar Typhi, the gene vestige can be well traced
like the fhuCDB genes within the same operon. This suggests that fhuA was not
acquired by horizontal gene transfer after the divergence of Salmonella and Escherichia.
However, the mosaic fhuA gene does not follow the established phylogenetic routes for
Salmonella or E. coli, which is in contrast to fhCDB, and tested housekeeping genes,
which show a clear separation of species. There have been previous reports that fhuA
is subject to positive selection, specifically in uropathogenic E. coli (UPEC) (28) and in
additional E. coli strains (29). We detected FhuA conservation within a given serovar/
serotype but diversity between serovars or serotypes, which is consistent with the
positive-selection hypothesis within a single genus (32). In this hypothesis, the fhuA
gene would vary to be better adapted to the specific environment in which strains of
the serovar/serotype survive. However, this simple positive-selection model has diffi-
culty in explaining the intergenus/interspecies shared fhuA sequence clusters and
mutation patterns disclosed here. Within a single genus or species, the ancient fhuA
may have diversified as the strains evolved and adapted to different growth environ-
ments. The intergenus/interspecies common sequence clusters and mutation patterns
could indicate convergent evolution of fhuA for strains living in similar environments
but originating from different genera or species. It suggests for fhuA that the selection
pressures based on the specific environment are stronger than taxon conservation.

The intergenus/interspecies common sequence patterns observed for FhuA are
more reflected by short-fragment insertions or deletions than by single-nucleotide
polymorphisms (29). Common insertions or deletions among widely varied gene se-
quences from different genera or species are more likely to be the result of recombi-
nation. However, in dN/dS ratio (ratio of nonsynonymous to synonymous evolutionary
changes)-based selection studies, these inserted/deleted sites are removed before
further analysis (33, 34). Previous analyses of fhuA were based on the premise of no
recombination happening in the gene (28, 29). Evidence for recombination may also
have been missed using the existent algorithms, especially when a low number of
strains were analyzed (28, 29). A more simplified explanation for the mosaic fhuA
sequences observed is that frequent recombination events have shaped the fhuA
sequence patterns. The amino acid substitution patterns within different peptide
fragments of FhuA can classify the protein sequences into clusters similar to those
grouped by insertion/deletion patterns. Therefore, we hypothesize that recombination
has occurred throughout the fhuA gene.

Two distinct clusters for fhuA genes in Salmonella (S1 and S2) and four distinct
clusters for fhuA genes in E. coli (E1 to E4) were clearly defined in our study. When the
taxa were enlarged to include more enterobacterial species, four fhuA superclusters (I
to IV) were detected. From these diverse comparisons, we identified eight clear
mutation hotspots in the fhuA protein sequence, corresponding to six insertion/
deletion sites and two amino acid substitution fragments that were frequently mutated
within all the Enterobacteriaceae strains. The most intriguing aspect of these findings
was that each indel region and one of the substitution regions mapped to the apexes
of FhuA surface loops that are exposed to the external environment (Fig. 6). In contrast,
the TonB box, �-strands, and the cork region showed high sequence conservation.
Consequently, the predicted overall structure did not vary greatly between FhuA
clusters (Fig. 6). The surface regions, especially the loops, are critical for recognition of
substrates and determine the binding specificity (14, 15). It needs to be verified
experimentally whether the loop conformation changes in different clusters of FhuA
influence the binding patterns to a variety of substrates, including bacteriophages.
Selection pressures based on bacteriophage binding have been observed in the past
(35, 36); we hypothesize that some of the changes in surface-exposed FhuA loops
evolved to provide resistance to key bacteriophages. We recently found that Yersinia
leucine-rich repeat genes had frequent mutations that were constrained to maintain
protein activity and overall structure (37). Instead of random nucleotide substitutions,
the amino acid codons tended to mutate with maximum parsimony (i.e., in the most
straightforward and simplest way), resulting in predictable patterns at the peptide level
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rather than total irregularity (37). For a protein such as FhuA, it is possible that activities
essential for organism survival will be conserved and under negative selection, while
other activities could be placed under positive selection. Such proteins could adopt
comutations at multiple loci to simultaneously change some function, such as altera-
tion of a ligand recognition motif, while still maintaining the essential activity (37).
Under these two hypotheses, the mosaic evolution patterns, the mutation loci, and the
possible protein activities of FhuA could be well explained.

There are many other questions about fhuA evolution that remain unanswered. For
example, the fhuA and fhuCDB genes show the same gene order and were reported to
form an operon sharing uniform gene regulation in E. coli (or Salmonella) strains (19,
21). However, in other species, the gene order was often changed and the genes were
sometimes divided into multiple operons (23–25). How did the expression regulation of
fhuA evolve, and what is its relationship with fhuCDB? We have inspected the sequence
patterns of fhuA only within the Enterobacteriaceae, and the distribution and evolution
of fhuA beyond the family level are yet largely unknown. Within a bacterial genome,
generally very few genes (i.e., �30) are thought to be under positive selection pressure
(28, 29). Besides FhuA, other �-barrel porins, e.g., OmpF, OmpC, and LamB, and iron
acquisition-related proteins, e.g., FepE, EntD, and EntF, were also enriched in the list of
proteins undergoing positive selection (28, 29). We anticipate that further analysis of
each individual protein and comparisons between them could inspire important insights
into the evolution and function of these proteins. Finally, fhuA has been annotated as a
“pseudogene” in many strains (26, 27). In the case of Salmonella serovar Typhi, the fhuA
pseudogene is the result of a 1- to 2-bp deletion or insertion leading to a frameshift. The
loss of a functional fhuA gene might be tolerated in this human-restricted serovar (38)
because it has less reliance on long-term survival in the environment (39), where acquisition
of ferric iron via ferrichrome would constitute a major fitness advantage. Most frameshift
events in fhuA result in a significant polar effect regarding the expression of the down-
stream fhuCDB genes. Polar fhuA mutants can be tolerated in serovar Typhi but possibly not
in other serovars, which would depend for certain periods of their life cycle on the uptake
of various hydroxamate siderophores transported by the FhuCDB complex, such as aero-
bactin, coprogen, and rhodotorulic acid.

In summary, the unusual FhuA mosaic clustering suggests that an exchange of fhuA
genes between different enterobacterial strains occurred after distinctive species were
established. For the moment, the “driving force” (i.e., selective pressure, phages, and
nutritional requirements) and mechanism(s) of genetic exchange (e.g., conjugation, trans-
duction, and mobile elements) remain largely unknown. It is also unclear for which period
this genetic exchange was happening and if the possibility of exchange still exists. It
appears that there was no significant fhuA gene exchange between Escherichia and
Salmonella and between different serovars in the near past, since the FhuA protein shows
invariance among strains belonging to the same Salmonella serovar or E. coli serotype. It
remains to be determined how the described changes in FhuA can influence or are
reflective of the life cycle, environmental niche, or geographical location of a given strain.

MATERIALS AND METHODS
Bacterial strains, genomes, and gene sequences. The genomes of Salmonella, Escherichia, and

other Enterobacteriaceae strains were downloaded from the National Center for Biotechnology Informa-
tion (NCBI) genome database. For each strain with a publicly available genome, the strain information,
including serovar/serotype, taxonomy, and pathogenicity, was manually annotated from the correspond-
ing genome annotation files, original publications, and NCBI taxonomy database. Genome annotation
files were the base for retrieving gene and protein sequences. The standalone BLAST suite was
downloaded from the NCBI website, installed, and used for screening FhuA, FhuB, FhuC, FhuD, GroEL,
and HrpB with E. coli MG1655 counterparts as the query sequences and with an identity cutoff of 70%.
The genomic loci of the genes were positioned based on the protein description within the correspond-
ing genome annotation file. For strains without a specific protein captured, the potential genomic locus
was reasoned according to its adjacent conserved genes, followed by retrieval, alignment, and compar-
ison of the nucleotide sequences. We have listed all of the fhuA sequence information (e.g., species,
serovar/serotype, strain, and protein accession) in Table S3.

Comparative genomics and phylogenetic analysis. The regions containing fhuA and neighboring
genes were depicted according to their order present in their corresponding genome to make synteny
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comparison among different bacterial strains. The genes of interest and their flanking sequences (100 kb
on each side) were also retrieved from the corresponding genomes, and PipMaker was used for
collinearity analysis (40). ClustalW was used to align the proteins or genes, with the default parameters
(https://www.ebi.ac.uk/). The whole-sequence alignment results with gaps removed were imported to
MEGA6.0, where a neigbor-joining method was implemented to calculate the pairwise distances and
build trees (41). To construct phylogenetic trees based on specified gene-containing regions, the original
multiple whole-gene/protein sequence alignment results (including the gaps) were based, desired
fragments were retrieved with in-house scripts written with GO programming language, and neighbor-
joining trees were built directly with a similar procedure. For all tree constructions, bootstrapping tests
were performed with 1,000 replicates. A node was considered robust only when the bootstrapping score
was above 50. Maximum parsimony or maximum likelihood method was also adopted when indicated
in context; these were implemented in MEGA6.0 with the default parameter settings.

Bacterial species phylogenomic trees were generated based on a high-confidence core orthologous
gene set of Enterobacteriaceae (Z. Chen, Y. Xu, X. Cheng, Y. Hu, M. A. Sun, W. Köster, A. P. White, and Y.
Wang, unpublished data). Twenty representative genera of Enterobacteriaceae and 158 strains were
selected for analysis, including the Legionella pneumophila Philadelphia 1 strain, which was used as the
outgroup. An oligonucleotide composition-based method (6- and 7-mer) was used for the initial round
of phylogenomic tree building (42). Based on these rough species clustering results, the Enterobacteri-
aceae core orthologous gene set was determined with a bottom-up strategy: homologous gene pairs
were determined for the stepwise nearest strains or representative strains of the nearest clades (blastp
was used with sequence similarity at �60% and length coverage at �70% of the average length of
the two aligned proteins). This was repeated until the top of the tree was reached and the Enterobac-
teriaceae core gene set was identified. The core genes were concatenated according to their mutual
order within the corresponding genomes. PipMaker was used to align any pair of concatenated core
gene sequences. Since the local collinearity would be broken if a gene was displaced, these genes were
removed from the core orthologous gene set. In total, 384 orthologous protein-encoding genes were
identified in the Enterobacteriaceae strains, and 246 were also found to be orthologous in Legionella
pneumophila Philadelphia 1, which were further used for species phylogenomic analysis (gene lists will be sent
by requisition from the authors). The 384 core genes/proteins were retrieved from Salmonella and E. coli
strains, and sequences were concatenated according to a predefined order, aligned with ClustalW, and used
for tree building with the neighbor-joining method implemented in MEGA6.0, with a procedure similar to
that described above for FhuA analysis. Bootstrapping tests were performed with 1,000 replicates. E. coli
MG1655 was used as the outgroup for Salmonella trees, and E. fergusonii was used as the outgroup for
E. coli trees. Table S4 lists the genome sequence accession numbers of the E. coli and Salmonella strains,
while Table S5 gives the locus tags of the 384 core orthologous clusters.

Structure modeling and comparison. The experimentally resolved structure of E. coli FhuA was used
as a reference (PDB accession code 1QFF), and the structures of other FhuA proteins were predicted with
PHYRE2 (43). PyMOL was used for structure visualization, analysis, and comparison (http://www.pymol.org).
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