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Bacteriologists have strived toward attaining a natural classification system based on
evolutionary relationships for nearly 100 years. In the early twentieth century it was
accepted that a phylogeny-based system would be the most appropriate, but in the
absence of molecular data, this approach proved exceedingly difficult. Subsequent
technical advances and the increasing availability of genome sequencing have allowed
for the generation of robust phylogenies at all taxonomic levels. In this study, we
explored the possibility of linking biological characters to higher-level taxonomic groups
in bacteria by making use of whole genome sequence information. For this purpose,
we specifically targeted the genus Pantoea and its four main lineages. The shared
gene sets were determined for Pantoea, the four lineages within the genus, as well
as its sister-genus Tatumella. This was followed by functional characterization of the
gene sets using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. In
comparison to Tatumella, various traits involved in nutrient cycling were identified within
Pantoea, providing evidence for increased efficacy in recycling of metabolites within the
genus. Additionally, a number of traits associated with pathogenicity were identified within
species often associated with opportunistic infections, with some support for adaptation
toward overcoming host defenses. Some traits were also only conserved within specific
lineages, potentially acquired in an ancestor to the lineage and subsequently maintained.
It was also observed that the species isolated from the most diverse sources were
generally the most versatile in their carbon metabolism. By investigating evolution, based
on the more variable genomic regions, it may be possible to detect biologically relevant
differences associated with the course of evolution and speciation.

Keywords: genome-inferred biology, Enterobacteriaceae, phenotype, KEGG, bacterial systematics, Pantoea

INTRODUCTION

Since the early twentieth century scientists have recognized the value of phylogenetic inferences
in determining natural relationships between taxa, which is essential for both taxonomy and
evolutionary studies (Woese, 1987). However, the move toward a more natural classification
system by these early bacteriologists, based on phylogenetics, proved exceedingly difficult as
traditionally used morphological traits were not variable enough to group taxa reliably (Stanier
and Van Niel, 1941; Woese, 1987; Woese et al., 1990). Although this led to the use of physiological
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FIGURE 4 | The gene cluster involved in “Polyketide sugar unit biosynthesis” across the lineages of Pantoea. The dendrogram was inferred from the amino acid
based topology of the core genome of Palmer et al. (2017). The different lineages are indicated with colored blocks. The first locus, containing rfbA, rfbB, rfbC, and
rfbD (purple), was conserved in most members of Pantoea. The normalized dN-dS values for each codon position were plotted as an indication of the selective
pressures upon the codons. Both rfbA and rbfB could be observed to experience mainly purifying selection (proportion of non-synonymous substitutions < proportion
of synonymous substitutions), while rfbC and rfbD evolved mainly under diversifying selection (proportion of non-synonymous substitutions > proportion of
synonymous substitutions). The second locus was identified in P ananatis, P. stewartii subsp. stewartii and P, dispersa, with a partial locus present in P. stewarti
subsp. indologenes (maroon). This locus lacked an rfbB gene and evolved mainly under purifying selection.

Comparison of the processes involved in “Cysteine
and methionine metabolism” showed differences in the
synthesis of spermidine (speD and speE) and the methionine
salvage pathway (mtnA, mtnB, mtnC, mtnD, and mtnK)
(Table 3, Supplementary Files S3, S4). The two genes
required for the biosynthesis of spermidine allow for the
conversion of S-adenosyl-L-methionine and putrescine to
5-methylthioadenosine and spermidine (speE). These two
genes were present in all members of the genus except Pantoea
sp. GMO1 (P. rodasii lineage), P. eucrina and P. wallisii (both
from the P. dispersa lineage; Supplementary File S4). Genes
involved in the methionine salvage pathway allow conversion of
5-methylthio-D-ribose to 3-(methylthio)-propanoate through
5 different intermediate reactions (Supplementary File S3).
These methionine salvage pathway genes were absent in the
P. dispersa lineage (P. dispersa, P. eucrina, and P. wallisii)
(Supplementary File S4).

We also found several multi-gene systems for two-component
systems (2 systems), ABC Transporters (14 systems) and

PTSs (2 systems) that were differentially present within these
lineages (Supplementary File S5). Local BLAST analyses
allowed identification of taxa where these genes were indeed
present, despite not being conserved within the specific gene
sets (Figure 6, Supplementary File S5). The two-component
systems identified were that for citrate as well as nitrate/nitrite
uptake. The ABC transporters identified were the systems for
nitrate/nitrite/cyanate, HMP/FAMP, spermidine/putrescine,
putrescine, maltose/maltodextrin, D-xylose, myoinositol-1-
phophate, phosphonate, glutamine, arginine, urea, glutathione
and iron(II)/manganese. The PTSs detected were those for
cellobiose and L-ascorbate.

Annotation of Lineage-Specific Genes

without KEGG Associations

A total of 264 genes were identified as being differentially present
in the Pantoea lineages, to which no KO term assignment could
be made. This set of uncharacterized genes consisted of 62
genes in the P. ananatis lineage, 75 genes in the P. agglomerans
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the normalized dN-dS value at each codon position was plotted across the clusters.

FIGURE 5 | The gene clusters involved in “Lysine degradation” and “Biosynthesis of siderophore group non-ribosomal peptides”. The dendrogram was inferred from
the species tree of Palmer et al. (2017). Lineages are indicated with colored blocks. Both these clusters encode for the biosynthesis of siderophores, namely
aerobactin and enterobactin, respectively. The locus required for the production of aerobactin was conserved in members of the P ananatis lineage, while the locus
required for enterobactin biosynthesis was present in most other members of Pantoea. The enterobactin biosynthesis locus was completely absent from the genomes
of the members of the R ananatis lineage, while the aerobactin locus was lacking in all other members of Pantoea. As an indication of selective pressures on the loci,

lineage, 98 genes in the P. rodasii lineage and 29 genes in the P.
dispersa lineage. Analysis of these genes with Blast2GO allowed
annotation of 182 genes. A further six genes could be assigned
GO terms, but could not be fully annotated upon merging of
annotations due to a lack in InterProScan hits. A total of 76 genes
had no functional associations. These unannotated genes could
however be used for blastp analyses to identify potential sources
of horizontally acquired genes.

The 62 genes of the P. ananatis lineage were subjected
to Blast2GO analyses, leading to the annotation of 38 genes.
In terms of biological processes (GO Level 3), the highest
number of genes were involved in “cellular metabolic processes”,
“primary metabolic processes” and “organic substance metabolic

processes”, followed by “regulation of cellular processes” and
“nitrogen compound metabolic processes” (Figure?7). This
lineage thus contained 24 genes present in all members of
the lineage, without KEGG or GO functional annotations.
Based on blastp hits, 15 of the 24 genes had their closest
homologs within other members of the Enterobacteriaceae,
while two genes had homologs in members of the Rhizobiaceae
(a-Proteobacteria). The closest homolog for three genes
was respectively from the Aurantimonadaceae (Martelella
mediterranea; a-Proteobacteria), Corchorus olitorius (bush okra;
Malvaceae, Eudicots), and Erwinia phage ENT90. The remaining
four genes had no BLAST hits (blastp) on the non-redundant
database (Supplementary File S6).
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FIGURE 6 | Differences between the lineages in processes involved in “Environmental Information Processing”. The presence (+) or absence (—) of complete (all
genes required for functional system) two component systems, ABC transporters and PTSs in the genomes of the species in the main lineages within Pantoea. The
dendrogram of the relationships within and between lineages were inferred from Palmer et al. (2017). The separate lineages are indicated with colored blocks.

Of the 75 genes conserved within the P. agglomerans lineage
not annotated with KEGG, 54 genes could be annotated with
Blast2GO. Most of these genes were involved, in descending
order, in “cellular metabolic processes”, “organic substance
metabolic processes”, “establishment of localization”, “primary
metabolic processes” and “biosynthetic processes” (BP GO
Level 3; Figure 7). The remaining 21 genes with no associated
GO terms could not be functionally classified. Homologs of
these genes were however, identified in other members of the
Enterobacteriaceae, often pathogens, with a single gene having
its closest homolog in the metagenome of a soil sample from an
unknown source (Supplementary File S6).

Of the 98 genes conserved within the P. rodasii lineage without
KEGG annotations, 76 could be annotated with Blast2GO.
The five highest biological processes in which these genes
were involved were “organic substance metabolic processes”,
“cellular metabolic processes”, “primary metabolic processes”,

“regulation of cellular processes” and “nitrogen compound
metabolic processes” (GO Level 3; Figure 7). This resulted in
22 genes without any functional annotation with either KEGG
or GO analyses. Homologs for all 22 genes were identified in
other members of the Enterobacteriaceae, of which 21 genes
were most closely related to genes from human pathogens
(Supplementary File S6).

Of the 29 unique genes in the P. dispersa lineage without
any KEGG annotations, 14 genes could be annotated with
Blast2GO. These genes were primarily involved in “cellular
metabolic processes”, “organic substance metabolic processes”,
“primary metabolic processes”, “nitrogen compound metabolic
processes” and “biosynthetic processes” (Figure7). Of
the 15 unannotated genes, homologs for all genes were
identified in other members of the Enterobacteriaceae,
particularly those associated with the stinkbug, Plautia stali
(Supplementary File S6).
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FIGURE 7 | The top 20 biological processes (Level 3) for the P ananatis, P agglomerans and P, rodasii lineages and the 16 biological processes for the P dispersa
lineage, of the 182 genes annotated with Blast2GO. The dendrogram indicating the relationships between the lineages was inferred from the species tree of Palmer
et al. (2017). The GO terms for the shared processes are indicated in the same color across the lineages. Processes highlighted in bold are shared by all four lineages.

DISCUSSION

Our findings suggest that in silico mining of bacterial genome
sequences is a feasible approach for inferring large sets
of biological characters for particular taxa. This approach
is invaluable for unveiling large repertoires of potential
bacterial phenotypes and can thus contribute hugely toward
identifying biologically relevant diagnostic characteristics from
whole genome sequences. Furthermore, by superimposing
such characters onto the phylogeny of a particular bacterial
group it appears to be possible to identify those traits that
might have contributed toward the initial emergence of a
taxon and/or its subsequent stable persistence in nature.
Here we identified extensive sets of biological characters
specific to Pantoea and its main phylogenetic lineages. Our
study thus outlines the initial steps toward linking biological
functions (based on the variable genomic components)
to taxonomy (based on the stable, conserved genomic
components).

Genome-Based Comparisons of Specific

Processes between Genera

The methodology employed in this study allowed for the
identification of biological characters that potentially define and
differentiate bacterial genera from one another. Despite the
necessity of these taxonomic ranks, our understanding of what
constitutes and distinguishes genera is mostly limited. Previous
attempts to obtain natural and logical groupings have always
been based on a limited view of the organisms metabolic
potential, often with a focus on what was considered to be
clinically relevant data rather than from a biological outlook
(Konstantinidis and Tiedje, 2005a,b; Sutcliffe, 2015). Although,
the current classification system aims to identify and describe
naturally occurring groups by employing an evolution-based
approach, it still does not provide any biologically meaningful
information for the organisms (Cohan, 2002; Konstantinidis
and Tiedje, 2005a; Tindall et al., 2010). However, our study
of Pantoea and Tatumella clearly highlights how diverse sets
of biological characters for bacterial genera may be inferred
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from genome data. Apart from so-called genus-defining traits
that can potentially be used to differentiate these taxa, these
characters also provide information on the general biology of the
taxa investigated (see Table 3). Our findings indicate that such
genome-based analyses provide a more informed view of the
biology of the organisms, and the information emerging from
comparing metabolic differences can be linked to the shared
ancestry of groups of organisms.

Pantoea appears to be metabolically more versatile than its
sister genus Tatumella. Different from Tatumella, it encodes a
range of additional pathways potentially enabling it to use diverse
compounds as nutrient sources [e.g., fatty acids (Schulz, 1991;
Fujita et al., 2007; Liu et al.,, 2010) and various carbohydrate
derivatives (Mehler and Tabor, 1953; Anderson and Magasanik,
1971; Berkowitz, 1971; Yoshimoto et al., 1976; Baecker et al,
1986; Fouet et al., 1986; Deeg et al., 1987; Amemura et al., 1988;
Sprenger, 1993; Van Beers et al., 1995; Boer et al., 1996; Schwede
et al., 1999; Yoshida et al., 2004; Sim et al., 2008; Chandra et al.,
2011; Yang et al., 2011)]. Pantoea also encodes additional nutrient
cycling or salvage systems [e.g., purine, pyrimidine and co-factor
cycling (Kimiyoshi et al., 1993; Colloc’h et al., 1997; Giorgelli
etal., 1997; Nygaard et al., 2000; Moftatt and Ashihara, 2002; Yang
etal., 2003; Ollagnier-de Choudens et al., 2005; Katoh et al., 2006;
Cendron et al,, 2007; Gossmann et al., 2012; Armenta-Medina
et al., 2014)]. These systems have been shown to allow for the
recycling of compounds that are no longer utilized in the cell, and
might enhance Pantoea’s ability to perform basic, yet essential
cellular functions under nutrient limiting conditions (Krismer
et al., 2014; Shimizu, 2014).

Pantoea and Tatumella differ markedly in terms of KEGG’s
“Environmental Information Processing” functional category,
which includes all signaling and membrane transport pathways
(Kanehisa et al., 2002). Various ABC transporters (Nohno et al.,
1986; Scripture et al., 1987; Gowrishankar, 1989; Stirling et al.,
1989; Kehres and Hogg, 1992; Kempf and Bremer, 1995; Van der
Ploeg et al., 1996; Walshaw et al., 1997; Kappes et al., 1999; Ko and
Smith, 1999; Hosie and Poole, 2001; Schneider, 2001; Vanneste
et al., 2001; Suzuki et al., 2005; Javaux et al., 2007; Novikova
et al,, 2007; Metlitskaya et al., 2009) and phosphotransferase
systems (PTSs) (Hall and Xu, 1992; Dahl et al., 2004; Uehara
et al., 2006; Jaeger and Mayer, 2008; Plumbridge, 2009) were
differentially present in the two genera. Among the various ABC
transporters identified only in Pantoea, one has been associated
with susceptibility to microcin C in the absence of a microcin
C-specific efflux pump (Metlitskaya et al., 2009), which is part
of a group of antibiotic produced by certain Enterobacteriaceae
(Vanneste et al., 2001; Metlitskaya et al., 2009). The absence
of this ABC transporter in Tatumella and the concomitant
antibiotic resistance may increase ecological competitiveness
of species exposed to these compounds (Hacker and Carniel,
2001). Ecological advantages are likely also obtained from some
of the predicted PTSs, which have previously been linked to
enhanced recycling of cell wall components under nutrient-poor
conditions (e.g., PTSs involving N-acetylmuramic acid and N-
acetylglucosamine; Jaeger and Mayer, 2008), and the uptake of
plant-derived carbon compounds (e.g., PTS involving arbutin
and salicin; Zangoui et al., 2015).

Taken together, these findings suggest that evolution has
equipped Pantoea with extensive repertoires of metabolic
processes that make them generally more versatile in their ability
to adapt to changing environments. Compared to Tatumella, they
can utilize a wider range of carbon sources and use available
resources more efficiently by recycling metabolic byproducts.
This potentially also provides them with a competitive advantage
in nutrient-poor environments such as mammalian blood. The
various genus-defining traits we identified for Pantoea may thus
contribute to our understanding of the complex, and often
opportunistic, relationships these species have with their plant
and animal hosts (De Baere et al., 2004; Cruz et al., 2007; De
Maayer et al., 2012a).

Genome-Based Comparisons of Specific

Processes between Lineages of Pantoea
Comparisons of the metabolic processes inferred from whole
genome sequences allowed for the identification of various sets
of traits specific to one or more lineages of Pantoea. Based
on previous work in diverse bacteria (including Pantoea), we
attempted to correlate these processes to the lifestyles of the taxa
investigated. Although a number of the identified processes were
likely related to pathogenicity (see Table 4), most probably play
roles in niche adaptation and utilization in a non-pathogenic
capacity (see Table 5).

The processes likely associated with pathogenesis, particularly
in the Enterobacteriaceae, were those involved in O-antigen
(Stevenson et al., 1994; Whitfield, 1995; Wang and Reeves, 1998;
Kohchi et al., 2006; Greenfield and Whitfield, 2012), siderophore
(Montgomerie et al., 1984; Williams and Carbonetti, 1986; Opal
et al,, 1990; Fecteau et al., 2001; Fiedler et al., 2001; Torres et al.,
2001; Hubertus et al., 2003; Raymond et al., 2003; Garcia et al.,
2011; Gao et al.,, 2012) and polyamine (Khan et al., 1992; Ha
et al., 1998; Gugliucci and Menini, 2003; Shah and Swiatlo, 2008;
Pegg, 2016) biosynthesis. Differences in the locus involved in O-
antigen biosynthesis (of which some Pantoea species have two)
were previously associated with a pathogen’s ability to escape host
responses (Whitfield, 1995; Kohchi et al., 2006; Greenfield and
Whitfield, 2012). Our results further showed that all species in
the P. ananatis lineage likely produce aerobactin, while many of
those in the other lineages produce enterobactin. Although these
siderophores essentially perform the same function, aerobactin
is more efficient at scavenging iron during nutrient limitation,
and may in some instances even assist in resistance against
iron-dependent antimicrobials (Williams and Carbonetti, 1986;
Torres et al., 2001; Garcia et al., 2011). Also, all of the examined
species in the P. agglomerans and P. ananatis lineages are
predicted to be capable of producing the polyamine spermidine
(this process was detected in only some of the species in the other
two lineages). Apart from their essential cellular functions (Ha
et al,, 1998; Shah and Swiatlo, 2008; Pegg, 2016), polyamines
have been implicated in biofilm formation, escape from host
phagolysosomes and toxin production and activity (Shah and
Swiatlo, 2008).

The group of processes likely associated with niche
adaptation and utilization were those related to nutrient
metabolism and “Environmental Information Processing”
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TABLE 4 | Pathogenicity-associated processes with differences between the lineages.

Process Gene cluster Function, biological role and contribution Distribution across lineages? References
to pathogenicity
O-antigen biosynthesis rfb locus 1 e Encodes for the synthesis of polysaccharide P, ananatis lineage (2/4) Stevenson et al., 1994; Whitfield,
unit of O-antigen P, agglomerans lineage (5/7) 1995; Wang and Reeves, 1998;
e Cause variation on outer membrane of cells P, rodasii lineage (2/3) Kohchi et al., 2006; Greenfield
e Assists in host immune response evasion P, dispersa lineage (2/3) and Whitfield, 2012
rfb locus 2 e Encodes for the synthesis of the O-antigen’s P, ananatis lineage (3/4) Stevenson et al., 1994; Whitfield,
polysaccharide P, dispersa lineage (1/4) 1995; Wang and Reeves, 1998;
e Cause variation on outer membrane of cells Kohchi et al., 2006; Greenfield
e Assists in host immune response evasion and Whitfield, 2012
Siderophore production iuc locus e Encodes for the synthesis of aerobactin P, ananatis lineage (4/4) Montgomerie et al., 1984;
o Efficient at scanvenging iron during nutrient Williams and Carbonetti, 1986;
limitation Opal et al., 1990; Fecteau et al.,
® Assists in resistance against iron-dependent 2001; Torres et al., 2001; Garcia
antimicrobials et al., 2011; Gao et al., 2012
ent locus e Encodes for the synthesis of enterobactin P, agglomerans lineage (5/7) Fiedler et al., 2001; Torres et al.,
¢ High affinity for iron, but susceptible to P, rodasii lineage (3/3) 2001; Hubertus et al., 2003;
inactivation by lipocalin-2 produced by P, dispersa lineage (2/3) Raymond et al., 2003; Garcia
mammalian hosts etal., 2011
¢ |ron acquisitioning in hosts
Polyamine biosynthesis spe locus e Synthesis of spermidine from P, ananatis lineage (4/4) Khan et al., 1992; Ha et al.,

S-adenosyl-L-methionine

Involved in protein and nucleic acid
biosynthesis, expression regulation,
membrane functioning and ROS scavenging
Contributes toward pathogenesis through
involvement in biofilm formation, escape from

P, agglomerans lineage (7/7)
P, rodasii lineage (2/3)
P, dispersa lineage (1/3)

1998; Gugliucci and Menini,
2003; Shah and Swiatlo, 2008;
Pegg, 2016

phagolysosomes and toxin production

4Brackets indicate the number of taxa for which the specific locus is present out of all taxa in a lineage. For complete distribution patterns see Supplementary File S4.

(Supplementary Table S1). For example, other than those
in the P. dispersa lineage, all Pantoea species were predicted
to be capable of converting the environmental mutagen
chloroacetaldehyde to glycolate, thus providing the dual means
of disposing of the mutagen and accessing glycolate as carbon
source (Young Kim et al, 2007; Maciejewska et al., 2010).
Similarly, in all species, bar those of the P. dispersa lineage,
the methionine salvage pathway likely allow increased efficacy
under sulfur cycling in nutrient-poor conditions (Sekowska
et al,, 2000, 2004; Albers, 2009). Species in the P. ananatis
lineage encode the benzoate degradation pathways, which
likely enable their utilization of protocatechuate as carbon
source (Song, 2009; Brady et al., 2011; Gueule et al., 2015).
Additionally, differences were also observed in rhamnose (Badia
et al., 1985; Moralejo et al,, 1993; Saxena et al, 2010) and
galacturonate (Walton, 1994; Hématy et al., 2009; Richard and
Hilditch, 2009) utilization. The four lineages further differed
in terms of their ability to transport various nutrients (e.g., the
myoinositol-1-phosphate ABC transporter occurred only in the
P. ananatis lineage). The same was also true for the predicted
two-component signaling systems and other PTSs (e.g., except

for two P. agglomerans lineage species, only the P. ananatis
lineage encoded a two-component signaling system for citrate
utilization) (Supplementary Table S1).

Overall, we could correlate the versatility in lifestyle and
host to increased metabolic potential (in terms of compounds
utilized) as well as pathogen-associated traits between the
different lineages within Pantoea. Despite the association of
various Pantoea species with only clinical infections (P. brenneri,
P. conspicua, and P. eucrina), it appears that species associated
with opportunistic clinical infections (De Baere et al., 2004;
Cruz et al, 2007), possessed genes often associated with
animal pathogenicity within the Enterobacteriaceae. In general,
it appears that the lineages with the most diverse niche associated
processes also corresponded to those species isolated from the
most diverse environments. For example, members of the P.
agglomerans and P. ananatis lineages are routinely isolated from
various plant species, as epiphytes, endophytes, or pathogens, as
well as from insects, animals and humans (Coutinho and Venter,
2009; Walterson and Stavrinides, 2015), while members of the
P. dispersa and P. rodasii lineages are usually only associated
with a single host organism, with the exception of P. dispersa.
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TABLE 5 | Niche-associated processes (non-pathogenic) with differences between the lineages.

Process Gene cluster

to niche adaptation

Function, biological role and contribution

Distribution across lineages? References

L-rhamnose utlization rha locus e Convert L-rhamnose to S-lactaldehyde ® P ananatis lineage (2/4) Badia et al., 1985; Moralejo
e Catabolism of L-rhamnose as carbon source e P agglomerans lineage (7/7) et al., 1993; Saxena et al., 2010
e Potentially contributes toward niche * P rodasii lineage (3/3)
expansion e P dispersa lineage (2/3)
D-galacturonate uxa locus e Involved in the utilization of glucuronate and e P ananatis lineage (4/4) Walton, 1994; Hématy et al.,
utilization galacturonate as carbon sources ® R agglomerans lineage (7/7) 2009; Richard and Hilditch, 2009
e Integral parts of plant cell walls * P rodasii lineage (3/3)
e Can contribute toward colonization of plants ® P dispersa lineage (2/3 partial)
Benzoate degradation pca locus ¢ |nvolved in the utilization of protochatechuate ® R ananatis lineage (4/4) Song, 2009; Brady et al., 2011;
e Catabolism of protochatechuate as carbon e (note, P, stewartii ssp. stewartii Gueule et al., 2015
source e contains deletion)
e Potentially contributes toward niche
expansion
Chloroalkane and - e Conversion of chloroacetaldehyde to ® R ananatis lineage (4/4 Young Kim et al., 2007;
chloroalkene glycolate * P agglomerans lineage (7/7) Maciejewska et al., 2010
degradation e Chloroacetaldehyde binds to DNA and e P rodasii lineage (3/3)
causes conformational changes leading to
mutations
* Removes mutagen from environment and
utilize it as carbon source via glycolate
Methionine salvage mitn locus ¢ Salvage methionine through the conversion ® P ananatis lineage (4/4 Sekowska et al., 2000, 2004;

pathway of 5-methylthio-D-ribose to
3-(methylthio)-propanoate

Allows sulfur cycling

e P agglomerans lineage (7/7) Albers, 2009

* P rodasii lineage (3/3)

Can survive in low-sulfur environments

@Brackets indicate the number of taxa for which the specific locus is present out of all taxa in a lineage. For complete distribution patterns see Supplementary File S4.

These characteristics may contribute to the opportunistic nature
of lineages containing species like P. ananatis and P. agglomerans
that are proven plant pathogens, but isolated from diverse
environments including the clinical setting.

Evolution of Multi-gene Pathways in

Pantoea and Its Lineages
Various evolutionary mechanisms likely shaped the presence
and distribution of the multi-gene pathways inferred for
Pantoea. Bacteria propagate asexually and progeny are
anticipated to contain the same genetic material as the
parent (Daubin et al, 2002). Any changes in an individuals
genetic makeup can become fixed in populations if they
provide a competitive advantage, or at least have no
deleterious effects (Cohan, 2001, 2005; Caro-Quintero and
Konstantinidis, 2012). The most common forces facilitating
genetic change are random mutations (point mutations as
well as insertions and deletions) and horizontal gene transfer
(HGT) (Gogarten et al., 2002; Cohen et al., 2011). Accordingly,
more closely related species are likely to encode similar
pathways, while those subject to HGT would have a more
spurious distribution (Gogarten et al, 2002; Cohen et al,
2011).

Evolution of most of the multi-gene pathways in Pantoea
and its lineages involved complex processes, involving vertical
descent with lineage- and species-specific gene losses/gains via

duplication or HGT. For example, lineage- and species-specific
gene losses would be characterized by distribution patterns where
particular gene clusters are present in all taxa neighboring a
species lacking it, because of gene losses at a specific ancestral
node (Koskiniemi et al., 2012). In our study, such processes
were likely involved in the loci required for the conversion of
chloroacetaldehyde to glycolate and in the methionine salvage
pathway. In contrast to this, the sudden appearance of genes
or loci in a lineage that are lacking in all neighboring taxa
suggest they were acquired via HGT (Zaneveld et al., 2008).
An example of this is the locus required for protochatechuate
utilization. The evolution of the siderophore loci likely involved
gene losses together with the horizontal acquisition of genes.
This is evident from the absence of the enterobactin locus
(despite its presence in all closely related lineages) from the
P. ananatis lineage, and the presence of the locus encoding
aerobactin in only this lineage, thus acquired through an HGT
event.

Our results suggested that the gene clusters encoding the
various Pantoea pathways examined in this study, mainly
experience purifying selection. Numerous hypotheses attempt
to explain why genes cluster and how clusters are maintained
(Carbone et al,, 2007; Geddy and Brown, 2007; Fang et al,
2008; Sorrels et al., 2009). However, various studies have showed
that purifying selection may contribute to the stability and
functionality of gene clusters once they have formed (Carbone
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et al, 2007; Geddy and Brown, 2007; Fang et al, 2008;
Sorrels et al, 2009). Purifying selection seems to facilitate
the maintenance of ancient or ancestral gene clusters by
limiting the possibility of non-synonymous mutations becoming
fixed, which in turn allows out-competition of individuals
undergoing deleterious or lethal mutations inhibiting the
functioning of the gene cluster (Fang et al, 2008; Sorrels
et al, 2009). In our study, purifying selection appeared to
play a role in the maintenance and functioning of the loci
for siderophore biosynthesis (aerobactin and enterobactin loci)
and protochatechuate utilization, which are evolving mainly
under the influence of purifying selection. However, we also
detected diversifying selection for some of the genes/gene regions
examined [e.g., rfbC and rfbD (rfb locus 1), both associated with
the conversion of dTDP-6-deoxy-D-xylo-4-hexulose to dTDP-L-
rhamnose (Graninger et al.,, 1999)]. In these cases, selection is
causing non-synonymous changes in the sequences of genes or
parts of genes, thus driving the appearance of new alleles.

In Silico Predictions vs. Experimentally

Confirmed Multi-gene Processes

Although a large number of differential characters were identified
from the genome sequences of these organisms, little has been
done in terms of experimental verification. Also, a number
of characters could not be correlated to current experimental
knowledge as false negative and positive results for phenotypic
tests are common (Sutcliffe et al., 2012). For instance, despite
the presence of genes required for the utilization of arbutin and
salicin as carbon source in Tatumella, previous phenotypic tests
have previously tested negative (Brady et al., 2010b; Tracz et al.,
2015). This was also observed for the intra-generic comparisons.
Examples within Pantoea included the uptake and utilization of
cellobiose (Brady et al., 2009) and D-galacturonate, previously
identified as a genus-defining attribute (Gavini et al., 1989; Brady
et al., 2010a), as well as citrate (Brady et al,, 2010a, 2012). In
these cases, phenotypic tests previously confirmed the ability
to perform these functions, but these genes were lacking in
various Pantoea species (absence confirmed in available genome
sequences of additional isolates of these species). This lack
in correlation may either be as a result of gene expression
complexities during phenotypic tests, to sequencing, assembly or
annotation errors or the presence of as of yet uncharacterized
alternate pathways.

There were, however, also a number of in silico functional
predictions that correlated well with the results of previous
phenotypic tests. For example, the lack of genes required for
the utilization of histidine in Tatumella, correlated entirely
with negative results of all previous phenotypic tests (Brady
et al., 2010b; Tracz et al., 2015). Moreover, the utilization of
protochatechuate has previously tested positive in P. allii (Brady
et al, 2011), and our findings showed that the locus encoding
the necessary gene products is indeed present within this lineage.
Other examples of characters supporting previously performed
phenotypic tests are the transport for the utilization of D-
xylose, maltose, myo-inositol-1-P, and sucrose. In all of the
above mentioned examples gene clusters were only observed in

taxa previously testing positive for the associated phenotypic
characters (Brady et al., 2010a,b, 2011).

Perspectives and Relevance

The increase in data obtained from bacterial genome sequences
has superseded the rate at which gene discovery, characterization,
and verification can occur. This means that a number of genes
could not be assigned definitive functions as no homologs
were detected for these genes in the KEGG database. The
majority of these genes, at both the generic and lineage-specific
level, could be annotated with gene ontologies with Blast2GO,
although the functions of some genes remained unknown.
Of the uncharacterized genes, the most abundant GO terms
were generally quite similar (data for genera not shown). This
indicates that the unknown genes could be performing similar
functions within the different lineages or genera, despite not
being orthologous amongst the different gene sets. The genes
to which no functional annotation could be assigned seemed
to have originated mostly within the Enterobacteriaceae, either
acquired through lateral acquisition of genes from other taxa
within this family, or, in the case where genes are conserved in
most of the lineages, acquired by an ancestor and subsequently
lost in some lineages when the genes were no longer required.
A number of unique genes were also identified with no known
homologs, but expression of these genes should be confirmed
before they are considered for further investigation. Although no
functional information is available for the unannotated genes, the
distribution across various taxa provides insight into potential
HGT events.

The availability of whole genome sequence data has
transformed the approaches available for understanding
bacterial evolution. This has, however, not yet replaced
traditional methods such as DNA-DNA hybridization,
monophyly in phylogenetic analyses and physiological and
metabolic tests for the delineation of bacterial taxa. Although
physiologic capabilities provide an insight into what potential
metabolic differentiation may have occurred during speciation,
inconsistencies may still occur due to differential expression
of genes in different isolates or regulation of expression in
specific environments. In recent years, we have been moving
toward approaches aiming to identify natural groups at higher
taxonomic levels by implementing monophyly as a prerequisite
for taxon descriptions, but no light can be shed on the biology
of the organisms through these approaches. Instead we need to
investigate the more variable genomic compartments reflecting
the biology of the organisms to obtain a more natural and
robust taxonomic system. By employing this approach, one
would be able to supplement or supplant the available diagnostic
characters used in bacterial taxonomy. Additionally, obtaining
a holistic biological perspective from the genome will provide
power to predict the lifestyle and ecology of the organisms
and is essentially much more informative than only having
discriminative power between taxa. We thus believe that
this approach of identifying genome-based characteristics in
metabolic networks for the taxonomic levels higher than the
species, provide an approach of identifying biologically relevant
differences along the course of speciation.
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