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Abstract
Escherichia coli, one of the main causative agents of bovine mastitis, is responsible for sig-

nificant losses on dairy farms. In order to better understand the pathogenicity of E. colimas-

titis, an accurate characterization of E. coli strains isolated from mastitis cases is required.

By using phylogenetic analyses and whole genome comparison of 5 currently available

mastitis E. coli genome sequences, we searched for genotypic traits specific for mastitis iso-

lates. Our data confirm that there is a bias in the distribution of mastitis isolates in the differ-

ent phylogenetic groups of the E. coli species, with the majority of strains belonging to

phylogenetic groups A and B1. An interesting feature is that clustering of strains based on

their accessory genome is very similar to that obtained using the core genome. This finding

illustrates the fact that phenotypic properties of strains from different phylogroups are likely

to be different. As a consequence, it is possible that different strategies could be used by

mastitis isolates of different phylogroups to trigger mastitis. Our results indicate that mastitis

E. coli isolates analyzed in this study carry very few of the virulence genes described in

other pathogenic E. coli strains. A more detailed analysis of the presence/absence of genes

involved in LPS synthesis, iron acquisition and type 6 secretion systems did not uncover

specific properties of mastitis isolates. Altogether, these results indicate that mastitis E. coli
isolates are rather characterized by a lack of bona fide currently described virulence genes.

Introduction
Escherichia coli is one the main pathogens involved in cases of bovine mastitis. This common
dairy disease is of major economic interest [1–3]. Mastitis caused by E. coli is of acute onset, yet
the time for recovery of the gland may be long, during which milk composition remains
affected thus extending the economic impact of this pathogen in dairy production [4]. The E.
coli species is very diverse comprising commensal strains as well as pathogenic strains clustered
in different pathovars based on clinical data and and specific virulence properties. Strains
belonging to intestinal pathogenic pathovars (IPEC) are able to colonize the host intestine and
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can cause a large variety of symptoms ranging from mild diarrhea to severe dysentery [5]. On
the other hand, extraintestinal pathogenic E. coli (ExPEC) strains are involved in several dis-
eases including urinary tract infections and neonatal meningitis [6–8]. A Mammary Patho-
genic E. coli (MPEC) pathovar has been suggested to include strains associated with mastitis in
dairy animals, but still needs to be validated by the identification of MPEC specific traits [9].

The genetic bases underlying the classification of strains in a specific pathovar are partly
known. For example, specific virulence factors including toxins, autotransporters, type II and
III effectors were found in association with distinct pathovars [5]. But a more complex picture
progressively emerged. Close relationships may be observed among strains belonging to dis-
tinct pathovars, as a result of genomic plasticity and horizontal acquisitions [8, 10]. Other stud-
ies have questioned the specificity of virulence factors. This is the case for the Stx-toxin, which
was considered as a typical virulence factor of EHEC (enterohemorrhagic) strains, but was also
detected in the EAEC (enteroaggregative) E. coli responsible for the German outbreak of hemo-
lytic-uremic syndrome in 2011 [11].

The definition of an MPEC pathovar, along with criteria specific for these strains, is at the
cornerstone of studies focusing on bovine mastitis E. coli strains. So far, multiple studies have
failed to unravel a specific virulence gene set associated with mastitis strains [12–16]. This sub-
sequently underlines the role played by ‘cow factors’ in pathogenicity. A large number of
strains may be causative of bovine mastitis [17] and much remains to be done to assess whether
they share particular genomic traits.

Concerning MPEC-specific genes, candidates could be associated with the phenotypes rele-
vant for mastitis causative agents: ability to multiply and survive in the mammary gland milieu
[15], resistance to phagocytosis and killing by neutrophils [18–20], capacity to stimulate a pro-
inflammatory response by mammary epithelial cells through expression of Microbe-Associated
Molecular Patterns (MAMPs) [21, 22] or attachment and invasion of mammary epithelial cells
[23].

Comparative genomics may allow a better understanding of the genetic basis of these mech-
anisms. The present paper is an analysis based on the comparison of five genomes of E. coli
strains isolated from cases of bovine mastitis. The aim of this study was to identify genomic
properties supporting the MPEC pathovar hypothesis, first by investigating their gene reper-
toire, second by inferring their phylogenetic relationships to strains of other origins.

Materials and Methods

E. coli strains
A set of 40 E. coli strains isolated from cases of clinical mastitis was used in preliminary MLST
analyses. These strains were isolated in France from cases of severe, peracute mastitis, that is
from cows showing local signs of inflammation and systemic signs of infection (fever above
39.6°C and/or loss of apetite and/or prostration). E. coli strains included in the genomic com-
parative analyses are listed in Table 1 and included 5 mastitis related strains, isolated either
from clinical cases or from a case of persistent mastitis. Strains VL2874, D6-113.29 and D6-
117.07 were isolated from cases of severe, per-acute mastitis, whereas strain VL2732 was iso-
lated from a case of persistent mastitis, confirmed by multiple isolation of genotypically similar
bacteria from the same quarter over a six month period [13]. Strain P4 was isolated from clini-
cal mastitis in the UK [24] and has become largely accepted as a prototypical mastitis strain for
E. colimastitis research. Strain K71 was isolated from cow shed [15] and does not cause inflam-
mation in the mammary gland in mice [14] or cows (S. Blum, personnal communication). This
strain was included in the analysis along with 13 E. coli strains from other pathovars chosen to
represent the different phylogroups described in the E. coli species (Table 1). The Escherichia
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fergusonii strain ATCC 35469 was chosen as an outlier in phylogenetic analyses. Genomic
DNA sequences were downloaded from GenBank or described in previous reports [14, 25].
Strains P4 (CIRMBP-993), B41 (CIRMBP-546), D6-113.11 (CIRMBP-549) and D6-117.07
(2IM-260) can be obtained upon request at the International Centre for Microbial Ressources
—Bacterial Pathogens (CIRM-BP http://www6.inra.fr/cirm_eng/Pathogenic-Bacteria).

General genomic features
Genome annotation was performed by AGMIAL, an integrated bacterial genome annotation
system [33]. Prediction of coding sequences used SHOW, the self-training gene detection soft-
ware based on hidden Markov models [33].

PlasmidFinder [34] was used to detect plasmid-associated nucleotide sequences. Plasmid-
associated genes were next detected using a basic local TBLASTN search (identity cut-off 80%;
HSP score coverage cut-off 80%) [35]. For this, a database containing all previously published
E. coli plasmid sequences (retrieved from the ENA database) was used to query the gene nucle-
otide sequence dataset of each strain. A similar approach was used to detect phage-associated
genes using the phage sequences found in the ENA public database at the date of analysis.

Comparative genomics
Orthologues genes were clustered using OrthoMCL2 [36]. Under this scheme BLASTP align-
ments were performed within and between all genome pairs (e- value cut-off = 1E-5). The
resulting normalized similarity matrix was explored using a Markov Cluster algorithm in order
to define clusters containing orthologs and recent paralogs. Briefly, random walks were

Table 1. List of strains used in this study.

Strains Pathotype Phylogroup (a) Sequence reference Reference

E. coli P4 MPEC (clinical mastitis) A (ST10) AJQW00000000.1 [26]

E. coli VL2732 MPEC (persistent mastitis) A (ST10) JTFD00000000 [14]

E. coli VL2874 MPEC (clinical mastitis) A (ST10) JTFE00000000 [14]

E. coli D6-113.11 (b) MPEC (clinical mastitis) E (ST1301) CCCO000000000.1 [25]

E. coli D6-117.07 (b) MPEC (clinical mastitis) A (ST10) CCCP000000000.1 [25]

E. coli K71 cow shed B1 (ST58) JTFF00000000 [14]

E. coli K-12 MG1655 Commensal A (ST10) NC_000913.3 [27]

E. coli ATCC8739 Commensal A (ST3012) CP000946.1 (direct submission)

E. coli B41 ETEC A NZ_AFAH02000000 (direct submission)

E. coli CFT073 ExPEC B2 (ST73) AE014075.1 [28]

E. coli ED1A Commensal B2 CU928162.2 [29]

E. coli G58-1 Commensal A NZ_AFDX00000000.1 (direct submission)

E. coli HS Commensal A CP000802.1 [30]

E. coli IAI1 Commensal B1 (ST1128) CU928160.2 [29]

E. coli IAI39 ExPEC F CU928164.2 [29]

E. coli S88 ExPEC B2 CU928161.2 [29]

E. coli Sakai EHEC E NC_002695.1 [31]

E. coli SE11 Commensal B1 NC_011415.1 [32]

E. coli UMN026 ExPEC D NC_011751.1 [29]

E. fergusonii ATCC 35469 NC_011740 [29]

(a) sequence types (ST) were retrieved from EnteroBase (http://enterobase.warwick.ac.uk)
(b) also known as CIRMBP-549 (D6-113.11) and 2IM-260 (D6-117.07)

doi:10.1371/journal.pone.0147954.t001
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performed by successive matrix transformations (i.e. expansion and inflations) until reaching
an equilibrium state. The resulting doubly idempotent matrix may be next interpreted to delin-
eate distinct clusters [37].

Comparison to E. coli pangenome
We retrieved all the E. coli genes recorded in the Genoscope genomic databases (data kindly
provided by David Roche, Genoscope). TBLASTN was used to build the list and detect homol-
ogous genes within the E. coli genomic data available at the date of the comparison (identity
cut-off 80%; HSP score coverage cut-off 80%).

The resulting pangenomic dataset was used to query the genomes of the 5 mastitis-associ-
ated E. coli and the 14 strains retained for comparison (Table 1) by TBLASTN (identity cut-off
80%, HSP score coverage cut-off 80%). This yielded a list of genes shared by all of the E. coli 19
strains whose sequences were concatenated for further phylogenetic analyses. The data relative
to the genes only found in a subset of the 19 strains were treated as presence/absence binary
bits.

MLST analyses
The strains under analysis were first compared on the basis of Wirth et al.’s MLST scheme
[38]. For the sake of comparison we retrieved the allelic profiles of the 83 ECOR strains from
the MLST database managed by the University of Warwick (http://mlst.warwick.ac.uk/mlst/
dbs/Ecoli/documents/primersColi_html). The sequences at each locus were extracted from the
5 mastitis strains genomic using BLASTN. An additional set of 40 mastitis-associated strains
were characterized by direct sequencing of the seven MLST loci as described elsewhere [38].
These strains are available upon request to the International Centre for Microbial Resources
(CIRM-BP; http://www6.inra.fr/cirm_eng/Pathogenic-Bacteria). Salmonella enterica subsp.
enterica ser. Typhi was used as an outlier to root the tree (data taken from [38]).

Sequences were concatenated and aligned using the Run-mummer3 software included in
the MUMmer3.0 program suite [39]. Genetic relationships were inferred using a GTR model
with the CAT approximation of rate heterogeneity option implemented in RAxML v8.1 (Sta-
manakis 200). Node support was assessed using the rapid bootstrap procedure (100 boot-
straps). Tree visualization was done using Dendroscope 3.2.10 [40].

The expected distribution of the mastitis strains among the 5 phylogroups defined by Selan-
der et al. [41] was estimated using the frequency of each phylogroup within ECOR collection
(45[35%], 40[31%], 10[8%], 19[14%] for A, B1, B2, D and E group respectively). The observed
distribution was compared using a parametric Chi2 test.

Core genome phylogenetic analyses
The comparison of the pangenomic dataset (see above) to the genomes in the analysis yielded a
subset of 1976 genes common to all 19 strains. Homologous gene sequences were retrieved
from the Escherichia fergusoniii genome dataset using a similar BLAST comparison and used
as outgroups in further phylogenetic analyses.

Each of the 1976 genes was first treated separately. The best evolutionary model was inferred
for each of them under the GTR+gamma+I hypothesis using PhyML 20111216 [42]. Second, a
global composite model was next computed using the mean value of the relevant parameters
weighted by gene sizes. Concatenated data were analyzed using this composite model and a
quartet puzzling procedure implemented in TreePuzzle 5.2 to estimate branch support [43]. A
consensus tree maximizing the branch support was finally constructed using the 50% majority
rule.
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Accessory genome
A total of 10862 genes were found in at least one but not all the 19 compared strains. The
resulting presence/absence data were summarized by hierarchical clustering using binary dis-
tances. The computations were performed using R 2.15.1 [44].

E. coli virulence factors
A basic local TBLASTN search for putative virulence genes was performed using a list of 302
virulence genes [13, 45] (S1 Table). The results of the presence/absence matrix obtained were
treated using Cluster 3.0 with complete linkage analysis and euclidean distances [46].

Incongruences between species and individual gene trees
The concatenated sequences of the 1976 common genes were analyzed in order to detect local-
ized incongruence of phylogenetic signature. The topology found using the whole concatenated
dataset was used as reference. The likelihood of this particular topology was estimated using
TreePuzzle 5.2 under HKY model for any 5kb sliding window (spaced by 250bp) on the
concatenated dataset. The likelihoods and the numbers of polymorphic sites were used respec-
tively as dependent and explicative variables in a regression analysis performed on R v.2.15.1.
The deviation between observed and estimated likelihood was summarized in a score that took
negative values for an observed likelihood lower than estimated. The sizes of incongruent
regions were estimated relative to the positions of flanking genes on the E. coli EDL933 genome
sequence.

Results

MLSA-based phylogeny
In order to gain a broad view of the phylogenetic relationships between mastitis E. coli strains
and E. coli strains of other pathovars, we determined the MLST allelic profile of a collection of
40 strains isolated from cases of clinical mastitis, in addition to 5 mastitis strains for which the
complete genome was sequenced and analyzed as discussed below. In order to gain a better res-
olution of the genetic relationships between strains, the DNA sequences of alleles of these
strains were compared to that of strains from the ECOR collection [47].

The inference of phylogenetic relationships yielded consistent observations with the histori-
cal study of Selander et al. [41] and Herzer et al. [48] (Fig 1). The strains belonging to phyloge-
netic groups A, B1, B2, D and E were mostly found clustered within four monophyletic and a
paraphyletic clade (respectively V, IV, I, III and II; Fig 1). As in previous phylogenetic studies
[49, 50], the group B2 seems to have emerged first, followed by D, E and sister groups A and
B1. The relationships among the closely related strains belonging to group A, the more recently
evolving branch, are not well resolved and show only weak support. Mastitis-associated strains
were found across 4 of the 5 phylogroups. A total of 18 (41%), 21 (48%), 5 (9%) and 1 (2%)
mastitis strain fall within clades predominantly including A, B1, E and D strains. As previously
analyzed, K71 strain clustered with B1 strains [14]. The general distribution of the mastitis
strains is biased toward a higher frequency in A and B1 phylogroups (X2 test p-value = 0.01).

Genome repertoire comparison
Five recently sequenced strains of bovine mastitis-related E. coli (D6-113.11, D117.07 [25], P4
[26], VL2732 and VL2874 [14]) and one strain non-pathogenic in the mammary gland (K71
[17]) were used for the present study. The fully sequenced strains VL2732, VL2874 and D6-
117.07 were strongly related to the mastitis model strain P4 and belong to the phylogroup A
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Fig 1. MLST analysis of phylogenetic relationships betweenmastitis and ECOR E. coli strains. The 5
fully sequenced mastitis-related strains and strain K71 (grey dots; names in red) and 40 additional mastitis
strains were characterized by MLST. E. fergusoniiwas used as outgroup. Strains from the ECOR collection
are represented by dots colored depending on the phylogroups historically defined within the ECOR
collection (Herzer 1990). A, B1, E and D strains were mostly clustered within four monophyletic groups
(respectively V, IV, III and II) whereas B2 strains were found in a basal in a basal paraphyletic group (I). The
branch length separating the outgroup S. enterica Typhi is not to scale.

doi:10.1371/journal.pone.0147954.g001
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(Fig 1). The closest relative of D6-113.11 and K71 were respectively E and B1 strains. The gen-
eral features are summarized in Table 2. The genome length was comprised between 4.66 and
5.11 Mb; the number of annotated genes ranged between 4522 and 4982, including putative
plasmid genes. The G+C contents were very close to the value usually found in E. coli strains
(50.8% for MG1655). A number rRNA and tRNA genes of the same order of magnitude was
detected (respectively 4–8 and 68–73, against 22 and 89 in MG1655). Estimated numbers of
genes located on plasmids, of insertion sequences (IS), phage- or plasmid- associated genes did
not reveal strong differences between the newly sequenced mastitis strains and other E. coli
(Table 3) [29].

Core genome based phylogeny
The genome repertoire of E. coli strains can be separated into two sets: a core genome including
genes present in all strains and an accessory genome that confers specificity to each E. coli
strain. As a first step, we analyzed the core genome of the mastitis isolates: the pangenomic
data for the E. coli species retrieved from the Genoscope public database was compared to our
dataset including the 5 genomes of mastitis strains and 14 published E. coli genomes. The con-
catenation of the 1976 genes shared by all the 20 genomes under scrutiny yielded a 1 875 936
bp sequence for each strain. A strongly supported phylogeny was found by comparing these
sequences (Fig 2). The inferred phylogenetic tree is in accordance with the MLST-based
approach: P4, D6-117.07, VL2732 and VL2874 were clustered with phylogroup A strains
within a single monophyletic clade. K71 was more closely related to phylogroup B1 strains and
D6-113.11 to the phylogroup E strain Sakai.

Accessory genome analysis
We then attempted to analyze the relatedness of mastitis isolates in terms of accessory genome.
A hierarchical clustering was performed after analysis of the presence/absence of each gene of
the pangenomic dataset in each of the strains included in our analysis. One should note that
very similar clustering patterns were observed using the common genes phylogenetic approach
and accessory genes presence/absence. E. fergusonii, the B2 strains cluster and the strains repre-
senting the F and D phylogenetic group (respectively I1I39 and UMN026) were in basal posi-
tions (Fig 3). A larger cluster included the remaining E. coli with the E (Sakai) and B1 (IAI1
and SE11) strains was located basally. The mastitis E. coli were clustered within the same phylo-
genetic group as determined above (A for P4, D6-117.07, VL2732 and VL2874; E for D6-
113.11) and strain K71 clustered with group B1. These results do not argue for a large-scale
acquisition of mastitis related-specific genes.

We then tried to identify MPEC specific genes by orthologous gene clustering. This analysis
yielded a total of 88 clusters that included genes taken from 2 or more of the 5 mastitis strains.
For 59 of these clusters we nevertheless found a homologous gene in the pangenomic dataset
(see below) which means that they were already found in a previously studied E. coli strain.
These clusters were removed from the analysis. We then kept a total of 29 clusters that included
exclusively genes taken from respectively 2 of the 5 mastitis strains. A final BLASTP search was
performed by querying public databases in order to detect homologous genes. This step
allowed to detect close homology for all except for two of the genes included within the putative
mastitis-related clusters (identity percentage > 90%; coverage > 90%) (S2 Table).

As a second approach to identify MPEC-specific genes, we attempted to detect strain spe-
cific genes in each of the mastitis strains. This was first done by comparing their genomic data
to an E. coli pangenomic dataset. The TBLASTN search yielded a total of 675, 590, 365, 350
and 595 putative orphan genes (respectively found in D6-113.11, D6-117.07, VL2874, VL2732
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and P4). Short sequences (<200 pb) with no assigned function were considered as potential
pseudogenes and removed from the analysis.

The pangenomic dataset used for comparison included a single sequence for each gene.
This first step was thus likely to produce false orphans genes for highly polymorphic gene loci
and was thus refined using the 19 E. coli genomes for comparison. This second comparison
allowed detection of homologous genes for all except for 90, 47, 75, 98 and 92 genes (respec-
tively found in D6-113.11, D6-117.07, VL2874, VL2732 and P4).

A final BLASTP search was performed by querying public protein sequence databases in
order to broaden the homologous gene search among all previously published E. coli genetic
data. This allowed to find a close homologous gene (identity percentage> 90%;
coverage> 90%) for all except 1, 12, 8, and 15 genes for D6-113.11, VL2874, VL2732 and P4,
respectively (S3 Table). These 36 genes are therefore the only genes that could be considered as
mastitis isolate specific, although they are not present in every mastitis isolate.

Finally, a gene-candidate analysis was performed to assess the presence/absence of 302 can-
didate virulence genes in the 19 E. coli strains under comparison. Only a few of these genes
were detected in mastitis isolates (Fig 4). Hierarchical clustering indicated that mastitis isolates
P4, D6-117.07, D6-113.11, VL2874 and VL2732 cluster with the K-12 MG1655 strain.
Although the prevalence of ExPEC specific genes in mastitis isolates is rather low, a few key fea-
tures of this analysis are worth noting.

First, as noted in previous studies, the fecA gene is present in all mastitis isolates, as in
MG1655, but not strain K71, a strain isolated from cow shed that was recently described as not
able to induce mastitis in mice [14]. Whether this contributes to mastitis remains to be
explored. Indeed, other iron acquisition systems such as the enterobactin system are present in
mastitis isolates (see below).

Second, a link between long polar fimbriae and mastitis isolates has been suggested [51].
Several long polar fimbriae genes have been identified in the E. coli species, which were named

Table 2. General characteristics of whole-sequence datasets of E. coli strains of the present study.

Strain GC% (total size in
bp)

rRNA
genes

tRNA
genes

Putative
proteins

Assigned
function

Hypothetical
proteins

IS-
like

Phage
associated

D6-
117.07

50.78 5097170 5 68 4557 3729 828 88 24

D6-
113.11

50.51 4795662 8 59 4804 3760 1071 24 68

P4 50.56 4872465 8 65 4645 3979 666 43 22

VL2732 50.65 4665867 4 75 4522 3720 885 29 15

VL2874 50.54 4786508 5 73 4650 3729 828 88 24

K71 50.67 5117165 4 69 4982 3760 1071 24 68

doi:10.1371/journal.pone.0147954.t002

Table 3. Plasmid related genes found in the genome of E. coli strains of the present study.

Strain Putative proteins Assigned function Hypothetical proteins IS-like Phage associated

D6-117.07 126 104 22 73 1

D6-113.11 108 81 27 13 2

P4 120 102 18 31 1

VL2732 100 74 7 20 1

VL2874 126 104 29 32 1

K71 47 41 27 20 1

doi:10.1371/journal.pone.0147954.t003
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here lpfA_O104 (a.k.a. lpfA141), lpfA_O111 (a.k.a. lpfA154), lpfA_O157_1 and lpfA_O157_2
based on the serogroup of the strain from which the sequences were extracted. None of these
genes were found in phylogroup A strains P4, D6-117.07, VL2732 and VL2874. Only
lpfA_O111 and lpfA_O157_1 were found in strain D6-113.11 while only lpfA_O111 was found
in strain K71.

Third, type 6 secretion systems (T6SS) have been identified in other mastitis isolates [16].
The presence of five different types of T6SS was analyzed using the SecReT6 database [52]. The
T6SS subtype i2 from strain 536 was not observed in any of the mastitis isolates. Only one or
two genes homologous to T6SS subtype i1 from strain 536 were observed in strains VL2874
and P4, respectively. Concerning the T6SS from strain HS (subtype i1), only a few genes were
observed in mastitis isolates, suggesting that these systems might not be complete and fully
functional. On the contrary, the T6SS from strain HS was present in the genome of strain K71.
Four genes (out of 14) encoding components of the T6SS subtype i4b from strain 55989 were
found in strain VL2874. To summarize, these results show a rather low prevalence of T6SS sys-
tems in mastitis isolates and therefore question the role these systems could play during
mastitis.

Fig 2. Maximum likelihood phylogenetic analysis. Analysis was performed on the 5 fully sequenced mastitis strains and 14 additional genomes including
those of bovine mastitis model strain P4. The concatenated sequence of the 1976 shared genes were compared under a GTR+I model hypothesis. Branch
support are estimated by quartet puzzling (1000 steps). Phylogroups are represented with colored dots. The branch length separating E. fergusonii is not to
scale.

doi:10.1371/journal.pone.0147954.g002
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Given the importance of LPS in the response of cows to an E. coli infection, we analyzed in
more details the presence/absence of the genes involved in LPS synthesis (Fig 5). LPS is com-
posed of three different regions, namely, from inside to outside, the lipid A, the oligosaccharide
core region and the O-antigen [53–55]. As can be seen on Fig 5, lipid A synthesis genes are all
present as well as a conserved set of genes involved in lipid A modification. Based on these data
and according to published data, the type of core oligosaccharide can be inferred [56]. Mastitis
isolates P4 and D6-117.07 are predited to possess a K-12 core, VL2874 and VL2732 an R2 type
core, strain D6-113.11 an R4 type core and strain K71 an R1 type core. We cannot therefore
assign mastitis isolates to one specific type of core oligosaccharide. Our data also do not argue
for the presence of specific lipid A modifications that would interfere with the recognition of E.
coli by the immune system of the host [57].

Another set of genes for which a role in mastitis has been suggested are those involved in
iron acquisition. Indeed, iron is essential for the growth of E. coli and its transport into the bac-
teria requires the contribution of high affinity transport systems relying on different iron

Fig 3. Hierarchical clustering based on the presence of accessory genes. The binary presence/absence
was used to compute the distance among each pair of strains.

doi:10.1371/journal.pone.0147954.g003

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 10 / 22



Fig 4. Hierarchical clustering based on the presence of potential virulence genes. Presence/absence
matrix of a set of 302 potential virulence genes was analyzed using tblastn (black box indicates presence).
Hierarchical clustering of the results was performed using Cluster 3.0 and were visualized using Java
Treeview.

doi:10.1371/journal.pone.0147954.g004
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Fig 5. Presence/absencematrix of genes involved in LPS synthesis. Presence was analyzed using
tblastn (red indicates presence, green indicates absence). Mastitis isolates are in bold characters and
underscored.

doi:10.1371/journal.pone.0147954.g005
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sequestering molecules called siderophore [58, 59]. At least seven iron acquisition systems have
been described in the E. coli species [59]. We have thus analyzed the presence/absence of the
different genes that encodes the components of these systems. Fig 6 clearly shows two catego-
ries of iron acquisition systems: the enterobactin system along with genes involved in hydroxa-
mate uptake are present in nearly all strains tested and can thus be considered as core iron
transport systems. On the contrary, the sitABCD, aerobactin, salmochelin, yersiniabactin and
ferric citrate systems are only present in a subset of strains. When mastitis isolates are consid-
ered, except for strain VL2732, they only carry the two core systems and the ferric citrate
genes.

Among the strains that carry the least number of iron acquisition genes is the K71 non path-
ogenic isolate as well as the commensal strains SE11, IAI1 and HS.

Genomic incongruences
We detected a total of 13 small genomic regions showing a low deviation score (S< -2) with a
size ranging between 10 and 40 kb (Fig 7). In addition we found two larger regions (respectively
120kb and 275kb) showing lower deviation scores (S< -3) and centered on the fim and rfb
gene clusters, respectively involved in bacterial adhesion and the O antigen synthesis. These
two regions were already described as major incongruence sources but a slightly higher number
of small incongruent regions (N = 23) was observed in our study [29]. The genes included in
these small regions mainly coded for membrane proteins (such as AroC, ABC transporters, rfa
locus coding for core lipopolysaccharide), putative virulence factors (fimbrial yad gene cluster,
gene involved in iron acquisition such fepA and fhuA, toxins, invasins, other putative factor
such as pvp). Three regions including respectively the ECA locus (Enterobacterial Common
Antigen), a genomic island including the non-virulence related phn cluster and a region includ-
ing CAS [60], and CAS genes involved in anti-viral defense were also associated with a strong
incongruence. Most of them included genes involved in genetic diversification and
pathogenicity.

Discussion
The pathovar definition relies on a combination of clinical or pathogenic observations in the
host and of genetic and virulence characteristics in the pathogen. As E. coli is one the primary
agents of bovine mastitis, a significant effort has been made to define a new pathovar, MPEC,
that would include the strains involved in this disease. Various studies have focused on identifi-
cation of a specific set of virulence factors but failed to identify virulence genes specific to or
significantly present in the majority of mastitis isolates [12, 13, 23, 51, 61–64]. Given the high
diversity of E. coli species, mastitis E. coli isolates could include a large diversity of genetic back-
grounds and various sets of virulence factors encoding for different traits determining pathoge-
nicity [9, 12].

Strongly supported phylogenetic analyses revealed a significant variety of genetic back-
ground among mastitis strains. Our MLST-based phylogenetic analysis showed that mastitis
strains seem to be mostly related to strains belonging to phylogroups A and B1 with a few
strains related to strains of two other groups (D and E), these phylogroups representing the
diversity of the E. coli species [65]. These results are in line with observations made in previous
phylogenetic studies indicating that mastitis isolates are mainly of phylogroup A and, to some
extent, of phylogroup B1 [12, 13, 51, 61, 66]. Whole-genome comparison of strains analyzed in
more details in this report approach yielded similar observations and confirmed that D6-
117.07, P4, VL2732 and VL2874 were related to the A group and K71 to B1 group.
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Fig 6. Presence/absencematrix of genes involved in iron acquisition. Presence was analyzed using
tblastn (red indicates presence, green indicates absence). Mastitis isolates are in bold characters and
underscored.

doi:10.1371/journal.pone.0147954.g006
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The dominance of particular phylogroups among mastitis strains should be linked with
studies emphasizing a relationship between phylogroup and phenotype (including pathogenic-
ity). Commensal intestinal strains are primarily found associated with the phylogroup A [50,
67]. Among pathogenic strains, extraintestinal pathogenic E. coli (ExPEC) are usually associ-
ated with the phylogroup B2, and to a lesser extent D, whereas intestinal and less pathogenic E.
coli strains predominantly derive from phylogroups A, B1, D and E [6, 67].

Most interestingly, genetic backgrounds tended to be associated with different subsets of
accessory genes, as observed to some extent by others [49]. Clustering of strains based on their
accessory genome is indeed very similar to that obtained with the core genome and was also
described by others [68]. Clearly, this indicates that properties conferred by the accessory
genome are likely to be different depending on phylogroups. This may therefore suggests that
different strategies could be used by mastitis isolates of different phylogroups to trigger masti-
tis. One could also suggest that genetic exchanges are more frequent between strains of similar
phylogroups, probably because of common lifestyle and sharing of ecological niches.

The predominance of phylogroup A strains among mastitis E. coli lends support to the
hypothesis that the mastitis strain group mainly includes “typically commensal” strains of
intestinal or fecal origin [12]. This hypothesis is also supported by the lack of shared virulence
genes as found in our analyses of the presence of a subset of 302 recognized E. coli virulence
genes.

More surprisingly, the present study reveals a relationship between phylogroup E strains
and several mastitis strains. This result was confirmed for D6-113.11 using a whole-genome
comparison approach. Because many phylogenetic studies are based on the initial rapid deter-
mination scheme purposed by Clermont et al. (2000), which only allow to distinguish among
the four main phylogenetic groups (A, B1, B2, and D), the number of phylogroup E group
strains may have been underestimated within mastitis E. coli. The E phylogroup has been his-
torically defined by clustering a few unclassified strains [48], the most known belonging to the
O157:H7 group involved in several deadly outbreaks [69]. The presence of several phylogroup
E strains within the mastitis E. coli group raises questions on their virulence mechanism. The
hypotheses based on a “commensal” origin pertain to D6-117.07, P4, VL2732 and VL2874,

Fig 7. Detection of incongruence regions among the 19 genomes analyzed. The concatenated sequence of the 1976 shared genes for each of the 19
strains were compared using TreePuzzle 5.2 under HKYmodel for any 5kb sliding window. The sizes of incongruent regions were estimated relative to the
positions of flanking genes on the E. coli EDL933 genome sequence.

doi:10.1371/journal.pone.0147954.g007
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which very likely belong to the mainly commensal A. By contrast, highly virulent O157:H7
strains are known to possess specific virulence factors, including toxins, molecules responsible
of the formation of secretion systems, and molecules involved in attaching/effacing lesions [70,
71]. Nevertheless, a specific search for candidate virulence genes showed that strain D6-113.11
was clearly different from the O157:H7 Sakai strain included in our comparison.

Indeed, screening for a rather extensive set of virulence genes found in the E. coli species
only pointed out to a few occasions were such genes were found in mastitis isolates. Yet, no
clear pattern of virulence genes could be observed. In particular, mastitis strains, apart from
strain VL2874, rarely carried a significant number of genes encoding type 6 secretion systems.
Similarly, genes encoding long polar fimbriae were only found in strain D6-113.11. The poor
content in virulence genes of mastitis strains is best observed with the hierarchical clustering
we performed: mastitis isolates are clustered with the non pathogenic E. coli K-12 MG1655
strain which clearly shows that they are different from strains belonging to the well-described
IPEC and ExPEC E. coli pathovars. Yet, this does not mean that they do not carry genes that
could contribute to mastitis. Although typically considered a non-pathogenic strain, the
genome of K-12 MG1655 does however include a number of putative virulence genes. In fact,
an MG1655 derivative carrying specific mutations in a histone-like protein, while remaining
non pathogenic, showed increased invasiveness toward eukaryotic cells [72]. Thus, the similar-
ity of mastitis strains to K-12 MG1655 in terms of gene content, which is in agreement with
previous studies [14], does not exclude the possibility that mastitis strains carry genes that
could promote pathogenicity in the mammary gland.

More detailed analyses of genes contributing to key properties of E. coli strains, namely LPS
synthesis and iron acquisition, also did not reveal features specific for mastitis isolates. LPS is a
major component of the outer membrane of E. coli and, when injected into the udder, is able to
trigger an innate response that is somehow similar to the one observed during E. colimastitis
[17]. It is composed of three regions: lipid A, the core oligosaccharide and the O- antigen. Rec-
ognition of LPS by the innate immune system relies on the interaction between the host TLR4
receptor and the lipid A moiety of LPS. Interestingly, several lipid A modification enzymes
have been described and, if present, could modulate the innate immune response of cows [57].
Yet, our analysis indicates that such lipid A modification enzymes are not present in mastitis
isolates. In addition, strains can be classified according to the structure of their core oligosac-
charide, with five different structures. Mastitis isolates analyzed in this report are predicted to
have K-12, R2 or R4 core types: we cannot therefore conclude that mastitis have a preferential
core oligosaccharide subtype. As to the O-antigen, previous results have already shown no
association of a particular serotype with mastitis isolates [62, 73, 74].

Another property that could contribute to the growth and adaptation of E. coli in milk is the
acquisition of iron. Because of its poor solubility, transport of iron requires the use of high
affinity iron transport systems. Seven such systems have been described in the E. coli species.
Based on our results, the two core iron transport systems (enterobactin and hydroxamate sys-
tems) along with the ferric citrate transport system are present in all mastitis isolates. Only
strain VL2732 is equipped with two additional systems: the sitABCD operon and the yersinia-
bactin system, as noted previously by Blum et al. [14].

The ferric citrate system is present in all mastitis isolates, while it is absent from some other
strains such as the K71 strain. Our results extend those of Blum et al. by showing that the entire
fec operon, not only fecA, is absent in strain K71 and present in mastitis isolates. Interestingly,
the K71 strain is not a mastitis isolate and was unable to trigger mastitis in murine [14] and
bovine models (S. Blum, Personnal communication). One hypothesis is therefore that the ferric
citrate system is required for growth in milk and that, given the high concentration of citrate in
milk [75, 76], there is no need for other accessory iron acquisition genes.
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In addition to the candidate gene-based approach, we attempted a bottom-up search of can-
didate virulence factors. A careful comparison to an E. coli pangenomic dataset allowed us to
identify 36 putative novel ORFs only detected in single mastitis strains. This may be compared
to the number of specific genes found within different groups of pathogenic E. coli (respectively
16 for ExPEC pathotypes strains; 28 for invasive diarrhea strain group, [29]). The functional
annotation process showed that several of the genes belong to large families whose representa-
tives are commonly involved in mechanisms of E. coli pathogenicity. These included an AraC/
XylS-like regulator, belonging to a gene superfamily including several virulence factors of
enteric E. coli [77, 78]; a MarR-like regulator whose superfamily is frequently involved in anti-
microbial resistance regulation against agents such as tetracycline and chloramphenicol [79]; a
putative adhesion protein and finally a gene coding for an O-antigen conversion protein. The
remaining proteins were annotated as putative transporters, transposase genes associated with
mobile elements and enzymes which implies highly diverse functional roles. Further functional
studies, including in vivo testing and larger samples of mastitis strains will be necessary to
assess the role of these genes in mastitis E. coli virulence.

In a similar fashion a genome comparison was performed to identify specific gene clusters.
Although several small clusters were apparently associated with mastitis strains this likely
arose from the initial choice of strains used for comparison. A broader BLAST search indeed
allowed us to find close homologous genes in previously published E. coli datasets. The func-
tion of the genes included in the remaining clusters were largely unknown (23/29 genes).
Among the 6 remaining genes 3 of them were likely mobile elements associated genes with
unknown function; the 3 other genes respectively coding for a transcriptional regulator belong-
ing to the AraC family, an oxygen-sensing protein (DosP) and a ClpK-like protein that may be
involved in heat resistance [80]. Several phenotypic traits are expected to be associated with
mammary infection strains. This include neutrophil killing evasion [9, 66] that may imply sev-
eral avoidance strategies based on oxygen sensing [81]. The precise role of the genes included
in these clusters is nevertheless worth further investigations. It must be noted however that
mastitis specific gene clusters identified here were those not present in strains from other
pathovars. However, the pathogenic potential of those strains in the mammary gland is actually
unknown, implying that shared gene clusters could still have a potential role in mastitis
pathogenesis.

A fine-scale analysis was finally undertaken in order to assess individual genes’ evolutionary
history. Incongruences may be caused by different biological processes such as drift, selection,
lateral gene transfer [82]. In E. coli, although most of the genome is clonally inherited, the pres-
ence of recombination hotspots is expected to cause local incongruences [29]. The signature of
such evolutionary events was however not detected after a phylogenetic comparison integrating
mastitis strains. A higher recombination was however detected around loci already known to
be involved in virulence and diversification [29].

The present paper sheds a new light on the diversity that may be observed within the bovine
mastitis E. coli. Taken as whole, our analyses suggest that mastitis isolates are rather character-
ized by the lack of genes identified as virulence determinants in other E. coli pathovars [9, 66].
Further studies should entail the whole diversity of this group with the aim of identifying mas-
titis-related specific gene content. This should imply full sequencing approaches, allowing a
better assessment of genomic polymorphism, and larger genome samples reflecting the diver-
sity of clinical cases as well as experimental evidence on the relative capacity of strains to cause
(or not) mastitis. For now the present study is an attempt of a whole genome comparison
within this E. coli group of major veterinary interest, which has been purposed to represent a
distinct pathovar (MPEC). Several studies have already tackled the limits of the pathovar con-
cept using comparative genomics approach, most of them revealing a low specific genes

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 17 / 22



diversity. In line with these results, mastitis E. coli show heterogeneous genomic background,
and only a few genes identified in the present study may be considered as putative virulence
factors. Their precise functional role should be investigated taking into account the known
mechanisms of bovine mastitis infection.

Supporting Information
S1 Table. List of E. coli virulence genes.
(XLSX)

S2 Table. List of mastitis related gene clusters.
(DOCX)

S3 Table. List of putative genes specific for a single mastitis strain.
(DOCX)

Acknowledgments
This work was supported by the French National Institute for Agricultural Research (INRA
AIP “Bio-Ressources”).

Author Contributions
Conceived and designed the experiments: PG FK SB. Performed the experiments: PG FK CS.
Analyzed the data: PG FK. Wrote the paper: PG FK SB GL.

References
1. Halasa T, Huijps K, Osteras O, Hogeveen H. Economic effects of bovine mastitis and mastitis manage-

ment: a review. Vet Q. 2007; 29(1):18–31. Epub 2007/05/03. doi: 10.1080/01652176.2007.9695224
PMID: 17471788.

2. Olde Riekerink RG, Barkema HW, Kelton DF, Scholl DT. Incidence rate of clinical mastitis on Canadian
dairy farms. J Dairy Sci. 2008; 91(4):1366–77. Epub 2008/03/20. doi: 10.3168/jds.2007-0757 PMID:
18349229.

3. Waage S, Mork T, Roros A, Aasland D, Hunshamar A, Odegaard SA. Bacteria associated with clinical
mastitis in dairy heifers. J Dairy Sci. 1999; 82(4):712–9. Epub 1999/04/23. doi: 10.3168/jds.S0022-
0302(99)75288-4 PMID: 10212457.

4. Blum SE, Heller ED, Leitner G. Long term effects of Escherichia colimastitis. Vet J. 2014; 201(1):72–7.
Epub 2014/06/08.

5. Kaper JB, Nataro JP, Mobley HL. Pathogenic Escherichia coli. Nat Rev Microbiol. 2004; 2(2):123–40.
PMID: 15040260.

6. Johnson JR, Russo TA. Extraintestinal pathogenic Escherichia coli: "the other bad E coli". J Lab Clin
Med. 2002; 139(3):155–62. Epub 2002/04/11. PMID: 11944026.

7. Russo TA, Johnson JR. Proposal for a new inclusive designation for extraintestinal pathogenic isolates
of Escherichia coli: ExPEC. J Infect Dis. 2000; 181(5):1753–4. Epub 2000/05/24. doi: 10.1086/315418
PMID: 10823778.

8. Kohler CD, Dobrindt U. What defines extraintestinal pathogenic Escherichia coli? Int J Med Microbiol.
2011; 301(8):642–7. Epub 2011/10/11. doi: 10.1016/j.ijmm.2011.09.006 PMID: 21982038.

9. Shpigel NY, Elazar S, Rosenshine I. Mammary pathogenic Escherichia coli. Curr Opin Microbiol. 2008;
11(1):60–5. Epub 2008/02/23. PMID: 18291708. doi: 10.1016/j.mib.2008.01.004

10. Hazen TH, Sahl JW, Fraser CM, Donnenberg MS, Scheutz F, Rasko DA. Refining the pathovar para-
digm via phylogenomics of the attaching and effacing Escherichia coli. Proc Natl Acad Sci U S A. 2013;
110(31):12810–5. Epub 2013/07/17. doi: 10.1073/pnas.1306836110 PMID: 23858472; PubMed Cen-
tral PMCID: PMC3732946.

11. Rasko DA, Webster DR, Sahl JW, Bashir A, Boisen N, Scheutz F, et al. Origins of the E. coli strain caus-
ing an outbreak of hemolytic-uremic syndrome in Germany. N Engl J Med. 2011; 365(8):709–17. Epub
2011/07/29. doi: 10.1056/NEJMoa1106920 PMID: 21793740; PubMed Central PMCID: PMC3168948.

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147954.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147954.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147954.s003
http://dx.doi.org/10.1080/01652176.2007.9695224
http://www.ncbi.nlm.nih.gov/pubmed/17471788
http://dx.doi.org/10.3168/jds.2007-0757
http://www.ncbi.nlm.nih.gov/pubmed/18349229
http://dx.doi.org/10.3168/jds.S0022-0302(99)75288-4
http://dx.doi.org/10.3168/jds.S0022-0302(99)75288-4
http://www.ncbi.nlm.nih.gov/pubmed/10212457
http://www.ncbi.nlm.nih.gov/pubmed/15040260
http://www.ncbi.nlm.nih.gov/pubmed/11944026
http://dx.doi.org/10.1086/315418
http://www.ncbi.nlm.nih.gov/pubmed/10823778
http://dx.doi.org/10.1016/j.ijmm.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21982038
http://www.ncbi.nlm.nih.gov/pubmed/18291708
http://dx.doi.org/10.1016/j.mib.2008.01.004
http://dx.doi.org/10.1073/pnas.1306836110
http://www.ncbi.nlm.nih.gov/pubmed/23858472
http://dx.doi.org/10.1056/NEJMoa1106920
http://www.ncbi.nlm.nih.gov/pubmed/21793740


12. Suojala L, Pohjanvirta T, Simojoki H, Myllyniemi AL, Pitkala A, Pelkonen S, et al. Phylogeny, virulence
factors and antimicrobial susceptibility of Escherichia coli isolated in clinical bovine mastitis. Vet Micro-
biol. 2011.

13. Blum SE, Leitner G. Genotyping and virulence factors assessment of bovine mastitis Escherichia coli.
Vet Microbiol. 2013; 163(3–4):305–12.

14. Blum SE, Heller ED, Sela S, Elad D, Edery N, Leitner G. Genomic and Phenomic Study of Mammary
Pathogenic Escherichia coli. PLoS One. 2015; 10(9):e0136387. Epub 2015/09/04. doi: 10.1371/
journal.pone.0136387 PMID: 26327312.

15. Blum S, Heller ED, Krifucks O, Sela S, Hammer-Muntz O, Leitner G. Identification of a bovine mastitis
Escherichia coli subset. Vet Microbiol. 2008; 132(1–2):135–48.

16. Richards VP, Lefebure T, Pavinski Bitar PD, Dogan B, Simpson KW, Schukken YH, et al. Genome
based phylogeny and comparative genomic analysis of intra-mammary pathogenic Escherichia coli.
PLoS One. 2015; 10(3):e0119799. Epub 2015/03/26. doi: 10.1371/journal.pone.0119799 PMID:
25807497; PubMed Central PMCID: PMC4373696.

17. Burvenich C, Van Merris V, Mehrzad J, Diez-Fraile A, Duchateau L. Severity of E. colimastitis is mainly
determined by cow factors. Vet Res. 2003; 34(5):521–64. Epub 2003/10/15. PMID: 14556694.

18. Hogan JS, Todhunter DA, Smith KL, Schoenberger PS. Serum susceptibility of coliforms isolated from
bovine intramammary infections. J Dairy Sci. 1989; 72(7):1893–9. Epub 1989/07/01. S0022-0302(89)
79308-5 [pii] doi: 10.3168/jds.S0022-0302(89)79308-5 PMID: 2674230.

19. Boulanger V, Bouchard L, Zhao X, Lacasse P. Induction of nitric oxide production by bovine mammary
epithelial cells and blood leukocytes. J Dairy Sci. 2001; 84(6):1430–7. Epub 2001/06/22. doi: 10.3168/
jds.S0022-0302(01)70175-0 PMID: 11417702.

20. Bouchard L, Blais S, Desrosiers C, Zhao X, Lacasse P. Nitric oxide production during endotoxin-
induced mastitis in the cow. J Dairy Sci. 1999; 82(12):2574–81. Epub 2000/01/12. doi: 10.3168/jds.
S0022-0302(99)75512-8 PMID: 10629803.

21. Gunther J, Esch K, Poschadel N, Petzl W, Zerbe H, Mitterhuemer S, et al. Comparative kinetics of
Escherichia coli- and Staphylococcus aureus-specific activation of key immune pathways in mammary
epithelial cells demonstrates that S. aureus elicits a delayed response dominated by interleukin-6 (IL-6)
but not by IL-1A or tumor necrosis factor alpha. Infect Immun. 2011; 79(2):695–707. Epub 2010/12/01.
IAI.01071-10 [pii] doi: 10.1128/IAI.01071-10 PMID: 21115717; PubMed Central PMCID: PMC3028868.

22. Porcherie A, Cunha P, Trotereau A, Roussel P, Gilbert FB, Rainard P, et al. Repertoire of Escherichia
coli agonists sensed by innate immunity receptors of the bovine udder and mammary epithelial cells.
Vet Res. 2012; 43(1):14. Epub 2012/02/15. doi: 10.1186/1297-9716-43-14 PMID: 22330199; PubMed
Central PMCID: PMC3305352.

23. Dogan B, Klaessig S, Rishniw M, Almeida RA, Oliver SP, Simpson K, et al. Adherent and invasive
Escherichia coli are associated with persistent bovine mastitis. Vet Microbiol. 2006; 116(4):270–82.
Epub 2006/06/22. PMID: 16787715.

24. Bramley AJ. Variations in the susceptibility of lactating and non-lactating bovine udders to infection
when infused with Escherichia coli. J Dairy Res. 1976; 43(2):205–11. Epub 1976/06/01. PMID: 783219.

25. Kempf F, Loux V, Germon P. Genome Sequences of Two Bovine Mastitis-Causing Escherichia coli
Strains. Genome announcements. 2015; 3(2). Epub 2015/04/11. doi: 10.1128/genomeA.00259-15
PMID: 25858841; PubMed Central PMCID: PMC4392153.

26. Blum S, Sela N, Heller ED, Sela S, Leitner G. Genome analysis of bovine-mastitis-associated Escheri-
chia coliO32:H37 strain P4. J Bacteriol. 2012; 194(14):3732. Epub 2012/06/29. doi: 10.1128/JB.
00535-12 PMID: 22740662; PubMed Central PMCID: PMC3393488.

27. Riley M, Abe T, Arnaud MB, Berlyn MK, Blattner FR, Chaudhuri RR, et al. Escherichia coli K-12: a coop-
eratively developed annotation snapshot—2005. Nucleic Acids Res. 2006; 34(1):1–9. PMID:
16397293.

28. Welch RA, Burland V, Plunkett G 3rd, Redford P, Roesch P, Rasko D, et al. Extensive mosaic structure
revealed by the complete genome sequence of uropathogenic Escherichia coli. Proc Natl Acad Sci
USA. 2002; 99(26):17020–4. PMID: 12471157.

29. Touchon M, Hoede C, Tenaillon O, Barbe V, Baeriswyl S, Bidet P, et al. Organised genome dynamics
in the Escherichia coli species results in highly diverse adaptive paths. PLoS Genet. 2009; 5(1):
e1000344. Epub 2009/01/24. PMID: 19165319. doi: 10.1371/journal.pgen.1000344

30. Rasko DA, Rosovitz MJ, Myers GS, Mongodin EF, Fricke WF, Gajer P, et al. The pangenome structure
of Escherichia coli: comparative genomic analysis of E. coli commensal and pathogenic isolates. J Bac-
teriol. 2008; 190(20):6881–93. Epub 2008/08/05. doi: 10.1128/JB.00619-08 PMID: 18676672; PubMed
Central PMCID: PMC2566221.

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 19 / 22

http://dx.doi.org/10.1371/journal.pone.0136387
http://dx.doi.org/10.1371/journal.pone.0136387
http://www.ncbi.nlm.nih.gov/pubmed/26327312
http://dx.doi.org/10.1371/journal.pone.0119799
http://www.ncbi.nlm.nih.gov/pubmed/25807497
http://www.ncbi.nlm.nih.gov/pubmed/14556694
http://dx.doi.org/10.3168/jds.S0022-0302(89)79308-5
http://www.ncbi.nlm.nih.gov/pubmed/2674230
http://dx.doi.org/10.3168/jds.S0022-0302(01)70175-0
http://dx.doi.org/10.3168/jds.S0022-0302(01)70175-0
http://www.ncbi.nlm.nih.gov/pubmed/11417702
http://dx.doi.org/10.3168/jds.S0022-0302(99)75512-8
http://dx.doi.org/10.3168/jds.S0022-0302(99)75512-8
http://www.ncbi.nlm.nih.gov/pubmed/10629803
http://dx.doi.org/10.1128/IAI.01071-10
http://www.ncbi.nlm.nih.gov/pubmed/21115717
http://dx.doi.org/10.1186/1297-9716-43-14
http://www.ncbi.nlm.nih.gov/pubmed/22330199
http://www.ncbi.nlm.nih.gov/pubmed/16787715
http://www.ncbi.nlm.nih.gov/pubmed/783219
http://dx.doi.org/10.1128/genomeA.00259-15
http://www.ncbi.nlm.nih.gov/pubmed/25858841
http://dx.doi.org/10.1128/JB.00535-12
http://dx.doi.org/10.1128/JB.00535-12
http://www.ncbi.nlm.nih.gov/pubmed/22740662
http://www.ncbi.nlm.nih.gov/pubmed/16397293
http://www.ncbi.nlm.nih.gov/pubmed/12471157
http://www.ncbi.nlm.nih.gov/pubmed/19165319
http://dx.doi.org/10.1371/journal.pgen.1000344
http://dx.doi.org/10.1128/JB.00619-08
http://www.ncbi.nlm.nih.gov/pubmed/18676672


31. Hayashi T, Makino K, Ohnishi M, Kurokawa K, Ishii K, Yokoyama K, et al. Complete genome sequence
of enterohemorrhagic Escherichia coliO157:H7 and genomic comparison with a laboratory strain K-12.
DNA Res. 2001; 8(1):11–22. PMID: 11258796.

32. Oshima K, Toh H, Ogura Y, Sasamoto H, Morita H, Park SH, et al. Complete genome sequence and
comparative analysis of the wild-type commensal Escherichia coli strain SE11 isolated from a healthy
adult. DNA Res. 2008; 15(6):375–86. Epub 2008/10/22. doi: 10.1093/dnares/dsn026 PMID: 18931093;
PubMed Central PMCID: PMC2608844.

33. Bryson K, Loux V, Bossy R, Nicolas P, Chaillou S, van de Guchte M, et al. AGMIAL: implementing an
annotation strategy for prokaryote genomes as a distributed system. Nucleic Acids Res. 2006; 34
(12):3533–45. Epub 2006/07/21. doi: 10.1093/nar/gkl471 PMID: 16855290; PubMed Central PMCID:
PMC1524909.

34. Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa L, et al. In silico detection
and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob
Agents Chemother. 2014; 58(7):3895–903. Epub 2014/04/30. doi: 10.1128/AAC.02412-14 PMID:
24777092; PubMed Central PMCID: PMC4068535.

35. Altschul SF, GishW, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215(3):403–10. Epub 1990/10/05.

36. Li L, Stoeckert CJ Jr, Roos DS. OrthoMCL: identification of ortholog groups for eukaryotic genomes.
Genome Res. 2003; 13(9):2178–89. Epub 2003/09/04. doi: 10.1101/gr.1224503 PMID: 12952885;
PubMed Central PMCID: PMC403725.

37. Enright AJ, Van Dongen S, Ouzounis CA. An efficient algorithm for large-scale detection of protein fam-
ilies. Nucleic Acids Res. 2002; 30(7):1575–84. Epub 2002/03/28. PMID: 11917018; PubMed Central
PMCID: PMC101833.

38. Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, et al. Sex and virulence in Escherichia coli: an
evolutionary perspective. Mol Microbiol. 2006; 60(5):1136–51. Epub 2006/05/13. MMI5172 [pii] doi: 10.
1111/j.1365-2958.2006.05172.x PMID: 16689791; PubMed Central PMCID: PMC1557465.

39. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al. Versatile and open soft-
ware for comparing large genomes. Genome Biol. 2004; 5(2):R12. Epub 2004/02/05. doi: 10.1186/gb-
2004-5-2-r12 PMID: 14759262; PubMed Central PMCID: PMC395750.

40. Huson DH, Scornavacca C. Dendroscope 3: an interactive tool for rooted phylogenetic trees and net-
works. Syst Biol. 2012; 61(6):1061–7. Epub 2012/07/12. doi: 10.1093/sysbio/sys062 PMID: 22780991.

41. Selander RK, Caugant D, Whittam TS. Genetic structure and variation in natural populations of Escheri-
chia coli. In: Neidhardt F, Ingraham JL, Low KB, Magasanik B, Schaechter M, Umbarger HE, editors.
Escherichia coli and Salmonella typhimurium: cellular and molecular biology. 2: American Society for
Microbiology; 1987. p. 1625–48.

42. Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by maxi-
mum likelihood. Syst Biol. 2003; 52(5):696–704. Epub 2003/10/08. PMID: 14530136.

43. Schmidt HA, Strimmer K, Vingron M, von Haeseler A. TREE-PUZZLE: maximum likelihood phyloge-
netic analysis using quartets and parallel computing. Bioinformatics. 2002; 18(3):502–4. Epub 2002/04/
06. PMID: 11934758.

44. R Development Core Team. R: A Language and Environment for Statistical Computing. 2012.

45. Zhao H, Chen C, Xiong Y, Xu X, Lan R, Wang H, et al. Global transcriptional and phenotypic analyses
of Escherichia coliO157:H7 strain Xuzhou21 and its pO157_Sal cured mutant. PLoS One. 2013; 8(5):
e65466. Epub 2013/06/06. doi: 10.1371/journal.pone.0065466 PMID: 23738017; PubMed Central
PMCID: PMC3667801.

46. de Hoon MJ, Imoto S, Nolan J, Miyano S. Open source clustering software. Bioinformatics. 2004; 20
(9):1453–4. Epub 2004/02/12. doi: 10.1093/bioinformatics/bth078 PMID: 14871861.

47. Ochman H, Selander RK. Standard reference strains of Escherichia coli from natural populations. J
Bacteriol. 1984; 157(2):690–3. PMID: 6363394.

48. Herzer PJ, Inouye S, Inouye M, Whittam TS. Phylogenetic distribution of branched RNA-linked multi-
copy single- stranded DNA among natural isolates of Escherichia coli. J Bacteriol. 1990; 172(11):6175–
81. PMID: 1699928.

49. Escobar-Paramo P, Clermont O, Blanc-Potard AB, Bui H, Le Bouguénec C, Denamur E. A specific
genetic background is required for acquisition and expression of virulence factors in Escherichia coli.
Mol Biol Evol. 2004; 21(6):1085–94. PMID: 15014151.

50. Tenaillon O, Skurnik D, Picard B, Denamur E. The population genetics of commensal Escherichia coli.
Nat Rev Microbiol. 2010; 8(3):207–17. Epub 2010/02/17. nrmicro2298 [pii] doi: 10.1038/nrmicro2298
PMID: 20157339.

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/11258796
http://dx.doi.org/10.1093/dnares/dsn026
http://www.ncbi.nlm.nih.gov/pubmed/18931093
http://dx.doi.org/10.1093/nar/gkl471
http://www.ncbi.nlm.nih.gov/pubmed/16855290
http://dx.doi.org/10.1128/AAC.02412-14
http://www.ncbi.nlm.nih.gov/pubmed/24777092
http://dx.doi.org/10.1101/gr.1224503
http://www.ncbi.nlm.nih.gov/pubmed/12952885
http://www.ncbi.nlm.nih.gov/pubmed/11917018
http://dx.doi.org/10.1111/j.1365-2958.2006.05172.x
http://dx.doi.org/10.1111/j.1365-2958.2006.05172.x
http://www.ncbi.nlm.nih.gov/pubmed/16689791
http://dx.doi.org/10.1186/gb-2004-5-2-r12
http://dx.doi.org/10.1186/gb-2004-5-2-r12
http://www.ncbi.nlm.nih.gov/pubmed/14759262
http://dx.doi.org/10.1093/sysbio/sys062
http://www.ncbi.nlm.nih.gov/pubmed/22780991
http://www.ncbi.nlm.nih.gov/pubmed/14530136
http://www.ncbi.nlm.nih.gov/pubmed/11934758
http://dx.doi.org/10.1371/journal.pone.0065466
http://www.ncbi.nlm.nih.gov/pubmed/23738017
http://dx.doi.org/10.1093/bioinformatics/bth078
http://www.ncbi.nlm.nih.gov/pubmed/14871861
http://www.ncbi.nlm.nih.gov/pubmed/6363394
http://www.ncbi.nlm.nih.gov/pubmed/1699928
http://www.ncbi.nlm.nih.gov/pubmed/15014151
http://dx.doi.org/10.1038/nrmicro2298
http://www.ncbi.nlm.nih.gov/pubmed/20157339


51. Dogan B, Rishniw M, Bruant G, Harel J, Schukken YH, Simpson KW. Phylogroup and lpfA influence
epithelial invasion by mastitis associated Escherichia coli. Vet Microbiol. 2012; 159(1–2):163–70.

52. Li J, Yao Y, Xu HH, Hao L, Deng Z, Rajakumar K, et al. SecReT6: a web-based resource for type VI
secretion systems found in bacteria. Environ Microbiol. 2015; 17(7):2196–202. Epub 2015/02/03. doi:
10.1111/1462-2920.12794 PMID: 25640659.

53. Raetz CR, Whitfield C. Lipopolysaccharide endotoxins. Annu Rev Biochem. 2002; 71:635–700. PMID:
12045108.

54. Whitfield C, Trent MS. Biosynthesis and export of bacterial lipopolysaccharides. Annu Rev Biochem.
2014; 83:99–128. Epub 2014/03/04. doi: 10.1146/annurev-biochem-060713-035600 PMID: 24580642.

55. Raetz CR, Reynolds CM, Trent MS, Bishop RE. Lipid A modification systems in gram-negative bacte-
ria. Annu Rev Biochem. 2007; 76:295–329. Epub 2007/03/17. doi: 10.1146/annurev.biochem.76.
010307.145803 PMID: 17362200; PubMed Central PMCID: PMC2569861.

56. Heinrichs DE, Yethon JA, Whitfield C. Molecular basis for structural diversity in the core regions of the
lipopolysaccharides of Escherichia coli and Salmonella enterica. Mol Microbiol. 1998; 30(2):221–32.
Epub 1998/10/29. PMID: 9791168.

57. Needham BD, Trent MS. Fortifying the barrier: the impact of lipid A remodelling on bacterial pathogene-
sis. Nat Rev Microbiol. 2013; 11(7):467–81.

58. Braun V, Hantke K. Recent insights into iron import by bacteria. Current opinion in chemical biology.
2011; 15(2):328–34.

59. Garenaux A, Caza M, Dozois CM. The Ins and Outs of siderophore mediated iron uptake by extra-intes-
tinal pathogenic Escherichia coli. Vet Microbiol. 2011; 153(1–2):89–98.

60. HickeyWJ, Chen S, Zhao J. The phn Island: A NewGenomic Island Encoding Catabolism of Polynu-
clear Aromatic Hydrocarbons. Frontiers in microbiology. 2012; 3:125. Epub 2012/04/12. doi: 10.3389/
fmicb.2012.00125 PMID: 22493593; PubMed Central PMCID: PMC3318190.

61. Ghanbarpour R, Oswald E. Phylogenetic distribution of virulence genes in Escherichia coli isolated
from bovine mastitis in Iran. Res Vet Sci. 2010; 88(1):6–10.

62. Wenz JR, Barrington GM, Garry FB, Ellis RP, Magnuson RJ. Escherichia coli isolates' serotypes, geno-
types, and virulence genes and clinical coliformmastitis severity. J Dairy Sci. 2006; 89(9):3408–12.
Epub 2006/08/11. PMID: 16899673.

63. Kaipainen T, Pohjanvirta T, Shpigel NY, Shwimmer A, Pyorala S, Pelkonen S. Virulence factors of
Escherichia coli isolated from bovine clinical mastitis. Vet Microbiol. 2002; 85(1):37–46. Epub 2002/01/
17. PMID: 11792490.

64. Lehtolainen T, Pohjanvirta T, Pyorala S, Pelkonen S. Association between virulence factors and clinical
course of Escherichia colimastitis. Acta Vet Scand. 2003; 44(3–4):203–5. Epub 2004/04/13. PMID:
15074633.

65. Chaudhuri RR, Henderson IR. The evolution of the Escherichia coli phylogeny. Infect Genet Evol.
2012; 12(2):214–26.

66. Fernandes JB, Zanardo LG, Galvao NN, Carvalho IA, Nero LA, Moreira MA. Escherichia coli from clini-
cal mastitis: serotypes and virulence factors. J Vet Diagn Invest. 2011; 23(6):1146–52. Epub 2012/03/
01. doi: 10.1177/1040638711425581 PMID: 22362795.

67. Clermont O, Olier M, Hoede C, Diancourt L, Brisse S, Keroudean M, et al. Animal and human patho-
genic Escherichia coli strains share common genetic backgrounds. Infect Genet Evol. 2011; 11(3):654–
62.

68. Lukjancenko O, Wassenaar TM, Ussery DW. Comparison of 61 sequenced Escherichia coli genomes.
Microb Ecol. 2010; 60(4):708–20. Epub 2010/07/14. doi: 10.1007/s00248-010-9717-3 PMID:
20623278; PubMed Central PMCID: PMC2974192.

69. Wendel AM, Johnson DH, Sharapov U, Grant J, Archer JR, Monson T, et al. Multistate outbreak of
Escherichia coliO157:H7 infection associated with consumption of packaged spinach, August-Septem-
ber 2006: theWisconsin investigation. Clin Infect Dis. 2009; 48(8):1079–86. Epub 2009/03/07. doi: 10.
1086/597399 PMID: 19265476.

70. Reiland HA, Omolo MA, Johnson TJ, Baumler DJ. A Survey of Escherichia coliO157:H7 Virulence Fac-
tors: The First 25 Years and 13 Genomes. Advances in Microbiology. 2014; 4:390–423.

71. Spears KJ, Roe AJ, Gally DL. A comparison of enteropathogenic and enterohaemorrhagic Escherichia
coli pathogenesis. FEMSMicrobiol Lett. 2006; 255(2):187–202. Epub 2006/02/02. doi: 10.1111/j.1574-
6968.2006.00119.x PMID: 16448495.

72. Koli P, Sudan S, Fitzgerald D, Adhya S, Kar S. Conversion of commensal Escherichia coli K-12 to an
invasive form via expression of a mutant histone-like protein. MBio. 2011; 2(5). Epub 2011/09/08. doi:
10.1128/mBio.00182-11 PMID: 21896677; PubMed Central PMCID: PMC3172693.

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 21 / 22

http://dx.doi.org/10.1111/1462-2920.12794
http://www.ncbi.nlm.nih.gov/pubmed/25640659
http://www.ncbi.nlm.nih.gov/pubmed/12045108
http://dx.doi.org/10.1146/annurev-biochem-060713-035600
http://www.ncbi.nlm.nih.gov/pubmed/24580642
http://dx.doi.org/10.1146/annurev.biochem.76.010307.145803
http://dx.doi.org/10.1146/annurev.biochem.76.010307.145803
http://www.ncbi.nlm.nih.gov/pubmed/17362200
http://www.ncbi.nlm.nih.gov/pubmed/9791168
http://dx.doi.org/10.3389/fmicb.2012.00125
http://dx.doi.org/10.3389/fmicb.2012.00125
http://www.ncbi.nlm.nih.gov/pubmed/22493593
http://www.ncbi.nlm.nih.gov/pubmed/16899673
http://www.ncbi.nlm.nih.gov/pubmed/11792490
http://www.ncbi.nlm.nih.gov/pubmed/15074633
http://dx.doi.org/10.1177/1040638711425581
http://www.ncbi.nlm.nih.gov/pubmed/22362795
http://dx.doi.org/10.1007/s00248-010-9717-3
http://www.ncbi.nlm.nih.gov/pubmed/20623278
http://dx.doi.org/10.1086/597399
http://dx.doi.org/10.1086/597399
http://www.ncbi.nlm.nih.gov/pubmed/19265476
http://dx.doi.org/10.1111/j.1574-6968.2006.00119.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00119.x
http://www.ncbi.nlm.nih.gov/pubmed/16448495
http://dx.doi.org/10.1128/mBio.00182-11
http://www.ncbi.nlm.nih.gov/pubmed/21896677


73. Lipman LJ, de Nijs A, Gaastra W. Isolation and identification of fimbriae and toxin production by Escher-
ichia coli strains from cows with clinical mastitis. Vet Microbiol. 1995; 47(1–2):1–7. Epub 1995/11/01.
0378-1135(95)00108-M [pii]. PMID: 8604542.

74. Linton AH, Howe K, SojkaWJ, Wray C. A note on the range of Escherichia coliO-serotypes causing
clinical bovine mastitis and their antibiotic resistance spectra. J Appl Bacteriol. 1979; 46(3):585–90.
Epub 1979/06/01. PMID: 383678.

75. Peaker M, Linzell JL. Citrate in milk: a harbinger of lactogenesis. Nature. 1975; 253(5491):464. Epub
1975/02/06. PMID: 1110796.

76. Rainard P, Riollet C. Innate immunity of the bovine mammary gland. Vet Res. 2006; 37(3):369–400.
Epub 2006/04/14.

77. Munson GP. Virulence regulons of enterotoxigenic Escherichia coli. Immunol Res. 2013; 57(1–3):229–
36. Epub 2013/11/10. doi: 10.1007/s12026-013-8453-4 PMID: 24203442.

78. Porter ME, Mitchell P, Roe AJ, Free A, Smith DG, Gally DL. Direct and indirect transcriptional activation
of virulence genes by an AraC-like protein, PerA from enteropathogenic Escherichia coli. Mol Microbiol.
2004; 54(4):1117–33. Epub 2004/11/04. doi: 10.1111/j.1365-2958.2004.04333.x PMID: 15522091.

79. Ellison DW, Miller VL. Regulation of virulence by members of the MarR/SlyA family. Curr Opin Micro-
biol. 2006; 9(2):153–9.

80. Bojer MS, Struve C, Ingmer H, Hansen DS, Krogfelt KA. Heat resistance mediated by a new plasmid
encoded Clp ATPase, ClpK, as a possible novel mechanism for nosocomial persistence of Klebsiella
pneumoniae. PLoS One. 2010; 5(11):e15467. Epub 2010/11/19. doi: 10.1371/journal.pone.0015467
PMID: 21085699; PubMed Central PMCID: PMC2976762.

81. Urban CF, Lourido S, Zychlinsky A. How do microbes evade neutrophil killing? Cell Microbiol. 2006; 8
(11):1687–96. Epub 2006/08/31. doi: 10.1111/j.1462-5822.2006.00792.x PMID: 16939535.

82. Rokas A, Williams BL, King N, Carroll SB. Genome-scale approaches to resolving incongruence in
molecular phylogenies. Nature. 2003; 425(6960):798–804. Epub 2003/10/24. doi: 10.1038/
nature02053 PMID: 14574403.

Genome Comparison of Mastitis E. coli

PLOSONE | DOI:10.1371/journal.pone.0147954 January 25, 2016 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/8604542
http://www.ncbi.nlm.nih.gov/pubmed/383678
http://www.ncbi.nlm.nih.gov/pubmed/1110796
http://dx.doi.org/10.1007/s12026-013-8453-4
http://www.ncbi.nlm.nih.gov/pubmed/24203442
http://dx.doi.org/10.1111/j.1365-2958.2004.04333.x
http://www.ncbi.nlm.nih.gov/pubmed/15522091
http://dx.doi.org/10.1371/journal.pone.0015467
http://www.ncbi.nlm.nih.gov/pubmed/21085699
http://dx.doi.org/10.1111/j.1462-5822.2006.00792.x
http://www.ncbi.nlm.nih.gov/pubmed/16939535
http://dx.doi.org/10.1038/nature02053
http://dx.doi.org/10.1038/nature02053
http://www.ncbi.nlm.nih.gov/pubmed/14574403

