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simple and reproducible way.

MOTIVATION Despite the extensive availability of software for bacterial pangenome reconstruction, cur-
rent tools for pangenome data analysis do not provide end-to-end solutions because, once visualizations
are generated, users cannot use the same framework to return to the data and perform further comparisons
and more complex analyses using standardized methods. To fill this gap, we developed Pagoo, a flexible
and extensible but standardized framework that allows performing integrative pangenome analysis in a

SUMMARY

Pangenome analysis is fundamental to explore molecular evolution occurring in bacterial populations. Here,
we introduce Pagoo, an R framework that enables straightforward handling of pangenome data. The encap-
sulated nature of Pagoo allows the storage of complex molecular and phenotypic information using an
object-oriented approach. This facilitates to go back and forward to the data using a single programming
environment and saving any stage of analysis (including the raw data) in a single file, making it sharable
and reproducible. Pagoo provides tools to query, subset, compare, visualize, and perform statistical ana-
lyses, in concert with other microbial genomics packages available in the R ecosystem. As working exam-
ples, we used 1,000 Escherichia coli genomes to show that Pagoo is scalable, and a global dataset of
Campylobacter fetus genomes to identify evolutionary patterns and genomic markers of host-adaptation

in this pathogen.

INTRODUCTION

The exponentially growing number of diverse bacterial genomes
has prompted pangenome reconstruction as a gold standard to
uncover molecular evolution of bacterial populations (Tettelin
et al., 2005; Vernikos et al., 2015). This is because of the high
intraspecific diversity observed in bacterial genomes, which are
affected by horizontal gene transfer, variations in effective popu-
lation size, and constant colonization of new niches. As these
forces are influential in determining pangenome size and struc-
ture (Mclnerney et al., 2017), pangenome comparisons can
reveal genome evolutionary dynamics associated with important
biological processes, such as speciation, host adaptation,
pathogenicity, or the acquisition of antimicrobial resistance.
Pangenome reconstruction is typically performed from genes an-
notated in a set of whole-genome sequences. In general, coding
sequences of different strains are grouped in orthologous clus-
ters based on different similarity criteria. Then, pangenome
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data inform about the belonging of each gene encoded in each
genome to a certain orthologous cluster. In recent years, several
software tools have been developed to reconstruct bacterial pan-
genomes, such as Roary (Page et al., 2015), panX (Ding et al.,
2018), PanOCT (Fouts et al., 2012), PIRATE (Bayliss et al,,
2019), PEPPAN (Zhou et al., 2020), or Panaroo (Tonkin-Hill
et al., 2020). These tools focus on automation of steps, improve-
ment of clustering algorithms, and optimization of computational
costs to process thousands of sequences of increasingly large
genomic datasets. Many of these software include data visualiza-
tion modules along with other specific software that have been
developed with this purpose, including Phandango (Hadfield
et al., 2018) or PanViz (Pedersen et al., 2017). However, current
tools do not provide end-to-end solutions for customized pange-
nome data analysis, since, once visualizations are generated,
users cannot use the same framework to return to the data and
perform further comparisons and more complex analyses using
standardized methods.
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Here, we introduce Pagoo, a pangenome post-processing tool
that can take the output produced by pangenome reconstruction
software tools providing a standardized framework for its anal-
ysis. Pagoo is based on an object-oriented design built on a class
system in R (R Core team, 2017), which implements: (1) an inte-
grative data structure for standardized storage of pangenome
information, such as orthologous clusters, sequences, annota-
tions, and metadata, in a single object (shareable through a single
file); (2) a set of straightforward methods for responsive querying,
handling, and subsetting of this data structure; and (3) a set of
standard statistics and active visualizations leveraging flexible
downstream comparative analyses. Along with extensive docu-
mentation, we show how Pagoo interacts with other widely
used microbial genomics tools and the R ecosystem forimproved
analysis of molecular evolution in bacterial populations.

New approaches

Description of the software

A pangenome can be represented as individual genes that
belong to organisms (genomes), which are then assigned to a
cluster of orthologous genes. Pagoo stores this as a three-col-
umn matrix, with one column identifying an individual gene, the
next one identifying the organism that this gene belongs to,
and the last one identifying the orthologous cluster that the
gene was assigned by the pangenome reconstruction method.
Optionally, this matrix can contain additional columns as gene-
specific metadata, such as annotations, functional assignments,
or genomic coordinates. Orthologous clusters and organisms
can also take metadata represented as two different matrices,
with the condition that each one must contain a column that
correctly maps each observation (cluster or organism) into the
former matrix. Gene sequences can also be added to this struc-
ture, with the condition that their names must also map to rows in
the first matrix (Figure 1A). This relational structure optimizes
data storage avoiding duplication, enables flexibility to work
with different types of metadata, and facilitates complex
querying and analysis.

A salient and unique feature of Pagoo is that these data struc-
tures are stored and managed in an encapsulated, object-oriented
fashion using the R6 package as backend. In contrast with tradi-
tional R programming, the R6 paradigm considers that methods
belong to objects rather than to generic functions, so an object
contains both the data and embedded methods to analyze it. In
this context, the Pagoo object is built on three R6 classes. PgR6
is the most basic class that contains methods and functions for
data handling and subsetting. Then, PgR6M inherits all the
methods and fields from PgR6 and incorporates statistical
methods and visualization tools based on the ggplot2 package
(Wickham, 2011). PgR6MS inherits all capabilities from the others
and adds methods for manipulation of biological sequences using
the Biostrings package (Figure 1B). These classes support the
main data types that typically represent a pangenome, providing
a synergistic framework to manage both the raw data and
methods to perform operations and explore results with custom-
ized visualizations. Moreover, any of these classes could be
further inherited and easily extended by third-party applications.

Another remarkable feature of Pagoo is that raw data stored in
the pangenome object are kept unaltered in the background,
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while users can query, mutate, or subset the object using active
bindings. This allows changing the state of the object without
altering the original data. For example, users can temporarily
hide certain organisms from the dataset, actively set thresholds
that change the definition of core genes, or extract specific
information from organisms, genes, clusters, or sequences.
Class-specific methods for generic subset operators are also im-
plemented, enabling extraction of relevant fields straight from
the object by using standard R subset notation.

Pagoo provides specific methods for generating the pange-
nome object from scratch by formatting output files from any
pangenome reconstruction software. In addition, Pagoo pro-
vides specific functions to automatically generate the pange-
nome object from output files produced by Roary and Panaroo.
Other popular pangenome reconstruction software, such as
PIRATE and PEPPAN, have functions to transform their outputs
into Roary’s output format, making them compatible with Pagoo.
Then, pangenome can be saved with any changes to the object
along with the unaltered original data as a single file. Pagoo has
been built and tested in all three major operative systems (Linux,
Windows, and Mac). A detailed explanation of each method and
operator for data input, saving, and loading, and for specific
comparative analyses, is provided in the online user manual (Gi-
tHub: https://iferres.github.io/pagoo/). Together, this implemen-
tation represents a conceptual advance for pangenome data
handling, facilitating reproducibility, and enabling multiple and
flexible analyses.

Data analysis and visualization

Pagoo includes statistical and visualization methods. Custom-
ized plots and statistical analyses can be generated directly
from the pangenome object using active bindings on the
console, or by deploying a built-in R-Shiny application. This inter-
active application is divided into two main components: (1) agen-
eral dashboard that interactively displays summary statistics,
including number of organisms, orthologous clusters and genes,
core and accessory genome sizes, gene frequency barplots,
pangenome curves, and scrollable information about core
genome clusters and genes (i.e., annotation or any other meta-
data); and (2) a specific dashboard showing clustering of
genomes according to accessory gene distances and principal-
component analysis (PCA), genome-specific accessory genome
sizes, visualization of gene presence/absence matrix with asso-
ciated metadata, and information about accessory gene clusters
(Figure S1). This interactive application allows responsive explo-
ration of evolutionary trends in bacterial populations, guiding
downstream analyses on the console that can be performed
overthe same pangenome object using methods provided by Pa-
goo or leveraging the interaction with other R tools.

Creating recipes for more complex analyses

Remarkably, more complex comparative pangenome analyses
can be performed by applying concise code recipes. We define
recipes as relatively short snippets that pipe pangenome infor-
mation extracted from the object as input to other R tools. We
have developed example recipes (available in the online user
manual at GitHub: https://iferres.github.io/pagoo/articles/
6-Recipes.html) to build core genome phylogenies, identify pop-
ulation structure, explore genome-wide selective pressures
acting over the core genes, and compare individual gene
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Figure 1. Framework and overall design of Pagoo

(A) Example of the relational structure implemented to store, link, and operate over different pangenome data types.

(B) General description of the workflow from assembled genomes to Pagoo analysis. Once pangenome files are created with any available pangenome
reconstruction software, these files can be loaded to create the Pagoo object. The specific R6 classes store and manage different data types that can store all the
information in a single file or perform comparative analyses using the R console interface or the Pagoo Shiny application.
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Figure 2. Results extracted from the pangenome object

Exploration of the C. fetus pangenome using information directly extracted from the pangenome object and customized esthetics.
(A) Pangenome and core genome curves with gray circles representing different sub-samples at increasing numbers of genomes; the black lines show the fitting

to the power law and exponential decay functions, respectively.
(B) The distribution of genes in different subsets of genomes.

(C) The distribution of the pangenome in core genes and accessory genes (shell and cloud genes).

(D) A principal components analysis generated from the gene presence/absence matrix whose first principal component (PC1) clearly distinguishes between two
groups of genomes, one of mostly bovine-derived strains (right), and the other with various hosts (left).

(E) A heatmap (right) with gene count (paralogs) abundance (in columns) and per organisms in (rows, associated to a phylogenetic tree [left]) inferred from a
concatenated alignment of core genes. Between the tree and the heatmap, the color bars indicate, from left to right, the host associated to each isolate, and three

different depth levels of subpopulations inferred by the Rhierbaps package.

sequences against specific databases. Importantly, the devel-
opment and implementation of recipes enable full reproducibility
of publication-quality figures generated directly from the pange-
nome object. Despite the R ecosystem currently including
dozens of packages that allow performing diverse and complex
comparative analyses, it is possible that some specific tasks
could be difficult to implement in R. In this sense, Pagoo recipes
can be designed to interact with external tools to generate re-
sults outside the R session and integrate them into the pange-
nome object using standard R data input functions.

RESULTS

As a working example, we used a previously published study on
the genomic evolution of Campylobacter fetus (Iraola et al.,
2017), a zoonotic pathogen that presents a strong population
structure with different lineages adapted to livestock or humans.
In brief, we used Pagoo to analyze a pangenome reconstructed
from 164 C. fetus genomes (Figure 2). Using simple and readable
R code we were able to recover the main diversity trends reported

4 Cell Reports Methods 7, 100085, September 27, 2021

for this species, such as a marked difference in accessory gene
patterns between livestock- and human-adapted lineages. Specif-
ically, we identified a set of 78 highly discriminant accessory genes
that can differentiate between these lineages and could be used to
develop molecular typing tools (Table S1). In addition, automatic
extraction of core genes from the Pagoo object enabled robust
phylogenomic analyses in interaction with other R packages,
such as DECIPHER (Wright, 2015), for multiple sequence align-
ment, phangorn (Schliep, 2011) for phylogenetic reconstruction,
and Rhierbaps (Tonkin-Hill et al., 2018) for population structure
inference. This analysis revealed the same population structure
composed by eight main C. fetus lineages as reported in the orig-
inal study (Iraola et al., 2017). Then, we used Pagoo to compare
phylogenies built from every single core gene against the core
genome phylogeny. This allowed us to rank the core genes based
on their goodness to recover the population structure, mcp4 being
the one with the closest distance (Figure S2A). This enables the
future development of high-resolution C. fetus typing methods us-
ing amplicon sequencing of single core genes. Also, the PCA
based on the accessory genes allowed to recover previously
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observed patterns of variation separating bovine-adapted C. fetus
from other hosts, including humans (discrimination given by PC1 in
observed in Figure 2D). Using this approach we also detected a
separation between bovine-adapted genomes given by PC2 (Fig-
ure 2D). Further exploration of this demonstrated a specific group
of genomes from Spain with particular accessory gene patterns,
suggesting a previously unnoticed geographic structuring of this
pathogen.

An additional dataset consisting of hundreds of multi-drug
resistant E. coli genomes (Decano and Downing, 2019) was
used to test scalability by measuring the time it takes Pagoo to
perform certain operations. First, Pagoo was able to upload
the output from Roary, including gene sequences automatically
extracted from GFF3 annotation files, and automatically build its
relational structure for 500 genomes in ~20 min. This time does
not scale linearly because it depends on the number and size of
gene clusters, but was completed in reasonable time (<2 h) for
1,000 genomes. Second, once the Pagoo object is created, in-
formation can be queried on the fly in matter of seconds or mi-
nutes. For example, one single operation can extract all core
genes from 1,000 genomes in ~2 min. Also, visualizations such
as gene distribution plots can be rendered in seconds just using
single operations (Figure S2B).

DISCUSSION

The advent of high-throughput sequencing technologies more
than 15 years ago pushed microbiology toward the field of
comparative genomics, which rapidly transitioned from studies
including few to thousands of genomes (Vernikos et al., 2015).
This substantially increased the complexity of datasets, requiring
new approaches to systematically handle and track different com-
ponents of interrelated pangenomic data. Pagoo introduces a
framework underpinned in a concept that leverages the simplicity
of storing all the information in a standardized and reproducible
manner in a single, shareable object, as well as providing specific
methods to query and analyze it. The implemented classes can be
easily inherited and extended, so users can eventually incorporate
methods able to cope with any kind of metadata added to the pan-
genomes, such as genomic coordinates or structural information.
Pagoo not only allows to perform basic exploratory analysis
through the Shiny application, but also facilitates expert bio-
informatic analysis to deliver more complex results through the R
console ecosystem working in concert with other population
genomic packages. The advantage of using an interpreted lan-
guage for post-processing of pangenomic data, like R, in contrast
to compiled tools that run from the terminal interface, is that users
can go back and forward to the data, producing both general and
fine-grained analyses in a single environment. Pagoo’s encapsu-
lated and object-oriented nature brings simplicity and intuition to
the experience of working with these kinds of complex relational
data, in combination with the active-binding feature of R6 classes,
which opens the possibility of changing the state of the objectas a
whole and its behavior. On the contrary, the classic functional ob-
ject-oriented R programming works well for simpler data struc-
tures, but falls short and becomes inconvenient when dealing
with complex and potentially mutable structures, which pange-
nomes are. Overall, Pagoo’s design aims to improve and facilitate
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current practices on the analysis of molecular evolution in bacterial
populations.

Limitations of the study

Although the R ecosystem includes dozens of packages to
perform diverse comparative genomic analyses, it is possible
that some specific tasks are difficult to implement in R or are bet-
ter covered by other pangenome analysis tools. Also, Pagoo has
been tested with hundreds to thousands of genomes, but a po-
tential limitation is the time it can take to generate Pagoo objects
from extremely big datasets. In particular, Pagoo’s Shiny appli-
cation for dynamic visualization has been designed to work
with small to medium size datasets.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Deposited data

Campylobacter fetus dataset

Escherichia coli ST131 dataset

Iraola et al. (2017)

Decano and Downing (2019)

https://doi.org/10.6084/m9.figshare.
13622354.v1

https://doi.org/10.5281/zenodo.3341535

Software and algorithms

Pagoo

Prokka

ggplot2
DECIPHER

Phangorn

Rhierbaps

Ape

Roary

Scripts to run all the analysis

Singularity
Singularity container hosted at singularity-
hub

This paper

Seemann, 2014
Wickham (2016)
Wright (2015)

Schliep (2010)

Tonkin-Hill et al., 2018
Paradis and Schliep (2019)
Page et al. (2015)

This paper

Kurtzer et al. (2017)
Sochat et al. (2017)

https://cran.r-project.org/package=pagoo
and https://github.com/iferres/pagoo and
https://doi.org/10.6084/m9.figshare.
15074652.v1

https://github.com/tseemann/prokka
cran.r-project.org/package=ggplot2

https://www.bioconductor.org/packages/
release/bioc/html/DECIPHER.html

cran.r-project.org/package=phangorn
cran.r-project.org/package=rhierbaps
cran.r-project.org/package=ape
https://sanger-pathogens.github.io/Roary/
github.com/iferres/
pagoo_publication_scripts and https://doi.
org/10.6084/m9.figshare.15074673.v1
https://sylabs.io/singularity/
https://singularity-hub.org/collections/
5123

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Gregorio Iraola (giraola@

pasteur.edu.uy).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Pagoo code has been deposited and is available at the Comprehensive R Archive Network (CRAN). Pagoo’s source code is
also available at GitHub. We provide a Singularity (Kurtzer et al., 2017) image with all dependencies needed to fully reproduce
analyses using the two working dataset (C. fetus and E. coli), from downloading the data to generating the plots. The Singularity
definition file along with the scripts are publicly available at GitHub. The prebuilt Singularity image is hosted at Singularity-hub

(Sochat et al., 2017).

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Re-analysis of C. fetus dataset

Genome assemblies were obtained from a previously published study by (Iraola et al., 2017). Genome re-annotation was performed
with Prokka (Seemann, 2014) and the pangenome was reconstructed using Roary (Page et al., 2015) with default parameters.
Assessment of genome quality revealed that 4 assemblies contained an abnormal number of genes (Figure S2C), so they were hidden
from the dataset using Pagoo’s ‘drop()’ function. This function is recommended only with exploratory purposes or when the number
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of hidden organisms is small. Otherwise, it is recommended to reconstruct the pangenome by removing undesired genomes from the
beginning. Plots describing summary statistics were generated using Pagoo’s built-in methods and the ggplot2 package (Wickham,
2011).

Core genes were extracted from the pangenome object using Pagoo’s method ‘core_seqs_4_phylo’, were aligned with DECIPHER
(Wright, 2015) and a reference phylogeny was reconstructed from concatenated core gene sequences using the phangorn package
(Schliep, 2011). The Rhierbaps package (Tonkin-Hill et al., 2018) was used to infer population structure. Each individual core gene
was aligned to reconstruct gene-specific phylogenies as described above. The topological distance between the reference phylog-
eny and gene-specific phylogenies was calculated with the ‘dist.topo’ function from the ape package (Paradis and Schliep, 2019). A
tanglegram was plotted to compare the reference phylogeny with the closest topology obtained with single genes.

Scalability assessment using E. coli genomes

To evaluate scalability, annotated GFFS3 files from 1,000 E. coli genomes were obtained from (Decano and Downing, 2019). We used
subsets of 10, 100, 500 and 1,000 genomes to build pangenomes using Roary (Page et al., 2015) with default parameters. Then, we
assessed the time Pagoo takes to complete five different operations using these pangenome datasets (Figure S2B). The evaluated
operations were grouped in two categories: (1) loading pangenome data, and (2) querying already loaded pangenome data. In the first
category, we evaluated the time it takes to: (1.1) create a Pagoo object using the built-in function ‘roary_2_pagoo()’ providing only the
gene presence/absence matrix file, (1.2) create a Pagoo object using the ‘roary_2_pagoo()’ function but also providing the GFF3 files
to include sequences into the Pagoo object, and (1.3) create a Pagoo object from already loaded information and sequences into the
R session using the ‘pagoo()’ function. In the second category we measured the time it takes to (2.1) retrieve core genome sequences,
and (2.2) generate a pangenome frequency plot. Each operation was repeated 10 times.

QUANTIFICATION AND STATISTICAL ANALYSIS
A Principal Component Analysis (PCA) based on accessory gene presence/absence patterns was generated with Pagoo’s method
‘pan_pcal()’. Then, those accessory genes which most contributed to discriminate between livestock-associated and human-asso-

ciated lineages were identified based on the eigenvector of the first component. Genes with a loading value lower than —0.05 and
greater than 0.05 were selected (Figure S2D; Table S1).
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Supplementary Figure 1. Overview of Pagoo Shiny Application. Related to Figure 1. A) Dashboard showing
summary statistics and core genome characteristics of the dataset under analysis (Summary tab). The header is
permanently displayed and shows the number of organisms, the number of orthologous clusters and the number
of individual genes under analysis (panel 1). The left menu (panel 2) has several dropdown and scrollable menus
that control parameters whose values affect plots and information displayed in the dashboard. The “Organisms”
menu lists names for all organisms in the analysis and the user can select or deselect them. If the user deselects
one or several organisms, they will be excluded from the analysis and plots will be automatically updated
without that information. The “Variable” menu lists all metadata columns associated with organisms present in
the pangenome object. This menu is associated with the “Category” menu which displays all possible values for
any selected variable. For example, in the provided dataset, the user can select “host” in the “Variable” menu so
the “Category” menu will display the host of each organism. Then, the user can filter organisms for example by
keeping only those having human host by deselecting the “Bovine” value. The “Core level” slide bar controls
the percentage of organisms that must contain a certain gene for this to be considered a core gene. For example,
if the core level is set to 90, a certain gene needs to be present in at least 90% of organisms (in this case 62 out
of 69) to be counted as a core gene. The “Core number” (panel 3) displays the number of retained core genes at



different core levels. As expected, a more stringent core level (near 100%) will result in a smaller set of core
genes. Hovering over dots will display a label in the format “(95, 1586)”, with the first number being the core
level and the second being the number of core genes. The “Summary” pie chart (panel 4) shows the percentage
of core genes defined as those who appear in a frequency higher than the core level, the percentage of shell
genes defined as those accessory genes present in more than 1 genome, and the percentage of cloud genes
defined as genome specific genes. Hovering over the pie chart will display a label showing the number of genes
and percentages corresponding to these subsets. The “Frequency plot” (panel 5) displays the number of genes
while adding genomes in the dataset. This plot typically shows a “U” shape that describes the distribution of
genes in the pangenome. The “Pangenome curves” plot (panel 6) shows the cumulative number of genes as
genomes are added in the dataset that tend to adjust to a power law function. This is useful to rapidly explore if a
certain pangenome is open or closed. This plot also shows the number of core genes as genomes are added in the
dataset that tend to adjust to an exponential decay function. The “Core clusters” scrollable menu (panel 7) lists
names of all core genome clusters and displays associated metadata like cluster annotation, etc. The “Core
genes” scrollable menu (panel 8) responds to the previous “Core clusters” menu. Once a certain core cluster is
selected, those individual core genes belonging to the cluster are displayed in the “Core genes” menu. For each
gene, information like start and end position in the genome, annotation, gene name and strand are displayed. B)
Dashboard showing summary statistics and accessory genome characteristics of the dataset under analysis
(Accessory tab). In the left menu, the “Accessory frequency” slide bar controls the minimum and maximum
frequency for any certain accessory gene to be considered in the analyses. The “Gene presence/absence” plot
(panel 9) displays the gene presence/absence matrix highlighting present accessory genes in each genome in
blue and absent genes in white. The rows (organisms) are ordered according to a clustering analysis displayed
on the right side that is based on the Bray-Curtis distance calculated over the presence/absence matrix. The bar
plots on the left show the number of the accessory genes in each genome. A vertical colored strip highlights
each genome according to any metadata that the user selects in the “Color by” menu. Gene presence/absence
blocks can be explored in detail by selecting a desired area of the plot that will zoom in automatically. The
“PCA” plot (panel 10) is based on the sample gene presence/absence matrix but users can select the principal
components to be displayed. Also, information about the contribution of each principal component is shown at
the top. Points can be colored by selecting metadata in the “Color by menu”. “Accessory clusters” and
“Accessory genes” panels work as explained for panels 7 and 8, respectively.
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Supplementary Figure 2. Supporting analyses. Related to Figure 2. A) Tanglegram between mcp4 gene
phylogeny and the core genome phylogeny. Links are colored by the host associated with each isolate. B)
Scalability of Pagoo was tested by measuring the time to perform certain operations as a function of the number
of genomes included in the pangenome. Operations were divided into “Load” operations (top) and “Query”
operations (bottom). In the “Load” panel: time to load a Pagoo object from a roary output

gene presence absence.csv file and including the gff3 information (violet), time to load a Pagoo object from the
roary output but only the genes presence_absence.csv file (sky-blue), time to create a Pagoo object but with all
input already loaded into the R session (green). In the “Query” panel: time to retrieve the core gene sequences
(yellow), and time to plot a frequency plot (orange). C) Number of CDS per genome, sorted in decreasing order.
The four biggest genomes, with an abnormal number of CDS, were removed from the dataset. D) Loadings
density plot of the first principal component. Based on this graph, we define as “highly discriminative” those
genes whose loadings were lesser than -0.05 and greater than 0.05.



Supplementary Table S1. Related to Figure 2. Genes identified as having a highly discriminative
distribution among bovine or human isolates.

group_1140
barS1
CirA_2
dapH
dctA_2
dpnM_2
exsA
fabG_1
fabG_2
fmt_2

glf
group_1024
group_1026
group_1350
group_1149
group_1153
group_1282
group_1350
group_1371
group_1565
group_1371
group_1760
group_1798
group_1799
group_1859
group_1923
group_2327
group_2328
group_2508
group_2880
group_3321
group_3323
group_3325
group_3336
group_3361
group_3371
group_3372
group_3390
group_446

putative nicotinate-nucleotide pyrophosphorylase
[carboxylating]

hypothetical protein

hypothetical protein

Competence protein ComM
Serine/threonine transporter SstT
hypothetical protein

hypothetical protein
Imidazoleglycerol-phosphate dehydratase
hypothetical protein

Type IV secretion system protein virB8
hypothetical protein

hypothetical protein

hypothetical protein

FhuE receptor

hypothetical protein

hypothetical protein

Arginine transport ATP-binding protein ArtM group_1359 hypothetical protein
hypothetical protein

hypothetical protein

2-iminoacetate synthase

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein
4-hydroxy-tetrahydrodipicolinate synthase
hypothetical protein

Ribosomal RNA small subunit methyltransferase G
Endoribonuclease YbeY

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

aminotransferase

hypothetical protein

hypothetical protein
D-inositol-3-phosphate glycosyltransferase

hypothetical protein



group_447
group_449
group_544
group_455
group_643
group_472
group_475
group_764
group_482
group_505
group_509
group_512
group_1153
group_593
group_543
group_544
group_593
group_625
group_626
group_627
group_643
group_7159
group_762
group_764
group_766
group_830
group_832
group_909
group_1798
group_986
hidD_1
lexA_2
lexA_3
moaA_1
moaA_2
pctA

rfbE
trmR_2

Guanosine-5'-triphosphate,3'-diphosphate pyrophosphatase
putative acyltransferase YihG

Prophage integrase IntS

hypothetical protein

hypothetical protein

Zinc-type alcohol dehydrogenase-like protein
Holliday junction ATP-dependent DNA helicase RuvB
hypothetical protein

GTP cyclohydrolase 1 type 2

hypothetical protein

Vitamin B12 transporter BtuB

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

DNA adenine methylase

Uridylate kinase

hypothetical protein

5-hydroxyisourate hydrolase

Hemin receptor

Single-stranded DNA-binding protein
L-xylulose/3-keto-L-gulonate kinase
hypothetical protein

LexA repressor

hypothetical protein

hypothetical protein

Multidrug resistance protein MdtE

Type IV secretion system protein virB2
hypothetical protein
3-oxoacyl-[acyl-carrier-protein] synthase 1
Col shock-like protein CspE

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

Trifunctional NAD biosynthesis/regulator protein NadR
hypothetical protein

Protein RarD
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