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Chemotaxis allows bacteria to more efficiently colonize optimal microhabitats within their larger environment. Chemotaxis in
Escherichia coli is the best-studied model system, and a large number of E. coli strains have been sequenced. The Escherichia/
Shigella genus encompasses a great variety of commensal and pathogenic strains, but the role of chemotaxis in their association
with the host remains poorly understood. Here we show that the core chemotaxis genes are lost in many, but not all, nonmotile
strains but are well preserved in all motile strains. The genes encoding the Tar, Tsr, and Aer chemoreceptors, which mediate che-
motaxis to a broad spectrum of chemical and physical cues, are also nearly uniformly conserved in motile strains. In contrast,
the clade of extraintestinal pathogenic E. coli strains apparently underwent an ancestral loss of Trg and Tap chemoreceptors,
which sense sugars, dipeptides, and pyrimidines. The broad range of time estimated for the loss of these genes (1 to 3 million
years ago) corresponds to the appearance of the genus Homo.

Escherichia coli strains are ubiquitous colonizers of the intestines
of mammals and birds (1). There are several highly adapted E.

coli clones that have acquired virulence traits and cause a broad
spectrum of disease, including enteric/diarrheal disease, urinary
tract infections (UTIs), and sepsis/meningitis (2). Depending on
the site of infection, pathogenic strains are classified as intestinal E.
coli (IPEC) or extraintestinal pathogenic E. coli (ExPEC), and dis-
tinct pathotypes (based on clinical manifestation) are recognized
within both categories. The most common ExPEC pathotypes in-
clude uropathogenic E. coli (UPEC), meningitis-associated E. coli
(MNEC), and avian-pathogenic E. coli (APEC) (2, 3). Motility was
shown to be important for the colonization of both commensal
and pathogenic E. coli strains, as well as for the pathogenesis of the
latter (4, 5): however, the exact role of motility and the underlying
chemotaxis system in these processes remain poorly understood.
The molecular machinery that controls chemotaxis in E. coli has
been the subject of intensive investigation (6, 7). Its components
include chemoreceptors, also known as methyl-accepting che-
motaxis proteins (MCPs), a histidine kinase (CheA), an adaptor
protein (CheW), a methyltransferase (CheR), and a methyles-
terase (CheB), as well as a response regulator (CheY) and its phos-
phatase (CheZ). E. coli has five chemoreceptors. Tsr mediates at-
tractant responses to serine and quorum autoinducer AI-2 (8, 9),
as well as responses to oxygen, redox, and oxidizable substrates
(10, 11). It was also recently shown to mediate taxis to 3,4-dihy-
droxymandelic acid, a metabolite of norepinephrine that is pro-
duced by human cells (Mike Manson, personal communication).
Tar mediates attractant responses to aspartate and maltose (9, 12)
and negative responses to metal ions (13). Trg mediates attractant
responses to ribose and galactose (14), and Tap mediates attract-
ant responses to dipeptides and pyrimidines (15, 16). Aer medi-
ates responses to oxygen and energy taxis (11, 17). The majority of
the chemotaxis proteins are encoded in two adjacent operons,
mocha (motA, motB, cheA, and cheW) and meche (tar, tap, cheR,
cheB, cheY, and cheZ), whereas the remaining three chemorecep-
tors (Tsr, Trg, and Aer) are encoded elsewhere on the chromo-
some. On a large evolutionary scale, the chemotaxis system, which
appeared in a common ancestor of Bacteria, underwent drastic

changes displaying a wide array of variations in component design
(18). Even the closest relatives of E. coli show substantial differ-
ences in the chemotaxis machinery. In Salmonella enterica, the
majority of chemotaxis components are orthologous to those of E.
coli, but it lacks Tap and contains additional chemoreceptors and
the second adaptor protein, CheV (19). However, the driving
forces that shape the chemotaxis system on a small evolutionary
scale remain unknown.

E. coli is the most sequenced bacterium to date, and phyloge-
netic studies provided important insights into the processes of its
genome evolution (20–22). E. coli strains are too closely related to
each other to be resolved by classical 16S rRNA- and ribosomal
protein-based phylogeny. Based on several other independent
methods, including multilocus enzyme electrophoresis, multilo-
cus sequence typing, intergenic sequence comparison, feature fre-
quency profiles, and whole-genome phylogeny, E. coli strains are
classified into several phylogenetic groups: A, B1, B2, D, E, and F
(20, 22–25). The phylogenetically defined E. coli clade (1, 26, 27)
also includes Shigella clones that have been previously considered
a separate genus due to distinct phenotypic features, such as loss of
motility, metabolic profile, and clinical manifestation (28). Che-
motaxis has been studied extensively using derivatives of a single
E. coli strain, K-12 (the A group), and the functionality and con-
servation of the chemotaxis system have not been specifically
studied in members of other E. coli groups. Several studies sug-
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gested the dispensability of both core and accessory chemotaxis
components in E. coli. The core genome of E. coli contains nearly
2,000 genes (21). Interestingly, only a subset of the chemotaxis
genes belongs to the core genome according to this study. Key
components of the chemotaxis system, i.e., CheW and CheB as
well as two major chemoreceptors, Tar and Tsr, are missing from
this core set, suggesting that chemotaxis might be a dispensable
function in E. coli. Furthermore, several uropathogenic E. coli
strains were shown to lack Trg and Tap receptors, and it was pos-
tulated that the gene loss was a result of a lack of selective pressure
on sugar- and peptide-sensing receptors in the urinary tract,
which is void of these substrates (29). Here, we analyzed the che-
motaxis system of E. coli by comparing genomes of more than 200
strains, which included commensals and pathogens from all
known phylotypes. We show that the chemotaxis system is well
preserved in E coli, even among some strains that have lost motil-
ity, and that the major evolutionary event was the loss of Trg and
Tap receptors that occurred not only in some uropathogenic
strains but in the common ancestor of a large clade corresponding
to the loosely defined B2 phylotype. We propose that among other
factors, losing the ability to sense sugars, peptides, and nucleotides
might have contributed to the emergence of extraintestinal clones,
including pathogens.

MATERIALS AND METHODS
Data sources and bioinformatics software. The following software pack-
ages were used in this study: HMMER v3.0 (30), Jalview (31), MAFFT
v6.847b (32), MEGA v4.0 (33), PhyML v3.0 (34), and BLAST� v2.2.4�
(35). All multiple-sequence alignments were built in MAFFT with its l-
INS-i algorithm. All maximum-likelihood phylogenetic trees were built in
PhyML with standard parameters and with subtree pruning and regraft-
ing topology search. Genomes, proteomes, and genome annotations of all
distinct Escherichia and Shigella strains available in the NCBI nr database
as of 12 January 2012 were collected (219 genomes). All strains and rele-
vant information are listed in Data Set S1 in the supplemental material.
The pathotype information was retrieved from primary literature and
public databases.

Construction of a phylogenetic tree for Escherichia. An Escherichia
phylogenetic tree was constructed using the arcA, aroE, icd, mdh, mtlD,
pgi, and rpoS genes (36). The nucleotide sequence sets for each gene were
aligned individually in MAFFT. The alignments were concatenated, and
the resulting alignment was used to build a maximum-likelihood tree in
PhyML.

Identification of chemotaxis and accessory proteins from genomic
data sets. Chemotaxis and accessory genes and proteins were retrieved
from the genome of E. coli W3110 (model wild type for chemotaxis) and
used as BLAST queries against the genome set. Protein and nucleotide
searches were performed to ensure retrieval of missing and partial genes.
Gene neighborhoods were extracted from NCBI genome feature files.

Multiple-sequence alignment and phylogenetic analyses. The nucle-
otide and protein chemotaxis sequence sets (MotA, MotB, CheA, CheW,
Tar, Tap, CheR, CheB, CheY, CheZ, Tsr, Trg, and Aer) were individually
aligned by MAFFT. The alignments of the chemotaxis operons, mocha
and meche, were concatenated and used to build a maximum-likelihood
tree in PhyML.

sSNP molecular clock calculation. All of the chemotaxis genes (ex-
cept trg and tap) and recA from clades B2 and A were individually aligned
and concatenated to produce a gapless alignment. After removing se-
quences with errors, the final set consisted of 58 sequences (see Table S1 in
the supplemental material). The alignment spanned 4,360 codons. The
equation used to calculate time of divergence is as follows: (number of
synonymous single-nucleotide polymorphism [sSNP] sites)/(number of
potential sSNP sites � mutation rate � generations per year � 2). Poten-

tial sSNP sites were determined using the parsimonious assumption that
each codon has only one potential sSNP site. Generations per year were
estimated at a range from 100 to 300 to allow for a broad estimation
(37–40). The experimentally determined synonymous mutation rate of
1.4 � 10�10 (41) was used.

RESULTS
Phylogenetic tree of Escherichia. We analyzed 219 (55 complete
and 164 draft) genomes of Escherichia and Shigella. This set in-
cluded genomes of Escherichia fergusonii and Escherichia albertii,
to serve as outgroups in the phylogenetic analysis. In order to
assign newly sequenced strains to the established phylogenetic
groups, we have constructed a phylogenetic tree of all 219 strains
in our data set. Because relationships between such closely related
strains cannot be resolved using traditional ribosomal trees, we
built a maximum-likelihood tree from concatenated alignments
of the arcA, aroE, icd, mdh, mtlD, pgi, and rpoS genes, as previously
suggested (36). The tree (see Fig. S1 in the supplemental material)
is in good agreement with previously published data, including
whole-genome-based phylogeny (21). A detailed classification of
all Escherichia genomes based on pathotype and phylogenetic
groups is shown in Data Set S1 in the supplemental material.

Core chemotaxis genes. The presence or absence of 11 che-
motaxis genes (cheA, cheW, cheY, cheB, cheR, cheZ, tsr, tar, trg, tap,
and aer) in all 219 genomes is shown as a bird’s-eye view in Fig. S2
in the supplemental material. The picture looks like a mildly used
shooting target: while concentric rings representing the presence
of each of the chemotaxis proteins are well preserved, there are
visible holes of different sizes, showing the absence of particular
genes. Many of the missing proteins can be found as pseudogenes
resulting from single-nucleotide frameshifts. Sequencing errors
(which occur at a rate of 1% for some next-generation sequencing
methodologies) appear to be the main source of missing proteins
(e.g., cheB is split as ECH7EC4401_1543 and ECH7EC4401_1544
in E. coli O157:H7 strain EC4401). Another common cause of
missing genes in draft genomes is a split between different contigs
(e.g., cheA is split between ZP_04536326 and ZP_04536327 in
Escherichia sp. strain 3_2_53FAA). An additional cause is errone-
ous gene calling (e.g., a complete cheA gene in E. coli strain K-12
substrain DH10 is missing). We have analyzed each and every
potential mutation in all chemotaxis genes, assigning them to ob-
vious sequencing, assembly, and annotation errors or potentially
true mutations (see Data Set S1 in the supplemental material).
Completely sequenced, closed genomes served as the main inter-
nal control. The distribution of chemotaxis genes in closed ge-
nomes only is shown in Fig. 1.

To better discriminate between potential sequencing/assembly
errors and true mutations, we analyzed the nature of mutations in
Shigella genomes. Shigella strains are nonmotile due to inactiva-
tion of their flagellar genes (42, 43); therefore, accumulation of
mutations in their chemotaxis genes was expected. Indeed, 30% of
Shigella strains had significant deletions and insertions in the mo-
cha/meche operons (see Data Set S1 in the supplemental mate-
rial). Deletions were present not only in draft genomes but also in
complete genomes of Shigella, reducing the chance of these results
being attributable to sequencing errors. Only 33% of Shigella
strains contained complete sets of intact chemotaxis genes. In a
striking contrast, none of the E. coli strains has accumulated inser-
tions or deletions in their core chemotaxis genes (cheA, cheW,
cheY, cheB, cheR, and cheZ). Single frameshift mutations in these
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genes were identified only in nine E. coli genomes; all of these
sequences were in draft status, and the results could be due to
sequencing errors. All completely finished E. coli genomes had
their core chemotaxis genes intact. No events of gene duplication
or horizontal gene transfer have been found among core che-
motaxis genes.

Chemoreceptor loss. In contrast to the case for core che-
motaxis genes, chemoreceptor loss was observed not only in Shi-
gella but also in some E. coli strains. In Shigella, all five chemore-
ceptors (Tar, Tsr, Trg, Tap, and Aer) have a nearly equal chance to
be eliminated, whereas in E. coli, chemoreceptor loss was strongly
biased toward Trg and Tap (Table 1). Most strikingly, this loss was
observed in specific phylotypes. All B2 group strains and the ma-
jority of F group strains underwent a deletion in the tap gene. The
identical nature of the deletions (Fig. 2; see Data Set S1 in the
supplemental material) suggests that the event occurred prior to
the B2 clade divergence. The majority (33 of 38) of B2 strains have
also undergone a deletion in the trg gene. Similarly to the deletion
of tap, the symmetrical nature of the trg deletion (Fig. 2; see Data

Set S1 in the supplemental material) suggests that the loss was an
ancestral event. Another four B2 group strains possess an identical
frameshift mutation within the trg gene. The symmetrical nature
of this frameshift and its presence in a completely sequenced ge-
nome of the E. coli 536 strain (Fig. 2) indicate that it is not a
sequencing artifact. Thus, it appears that trg and tap deletions

D

F
B2

E

A

B1

motA motB cheA cheW tar tap cheR cheB cheY cheZ tsr trg aer

APEC

MNEC

UPEC

Intestinal Pathogen

Commensal

FIG 1 Presence of chemotaxis genes in completely sequenced Escherichia/Shigella genomes. Full strain names and properties are listed in Data Set S1 in the
supplemental material. Phylogenetic relationships are shown in the center; a complete phylogenetic tree is available in Fig. S1 in the supplemental material.
Branches are colored according to previously established phylotypes. E. coli K-12 strain W3110 (model for chemotaxis) is marked with an asterisk.

TABLE 1 Loss of chemoreceptor genes in E. coli and Shigella genomes

Lost genea

No. of genomes

E. coli Shigella

All (n � 183) Finished (n � 46) All (n � 28) Finished (n � 8)

tar 0 0 12 2
tsr 4 2 4 1
aer 1 1 12 4
trg 34 16 7 3
tap 41 18 10 2

a Excluding detected sequencing/assembly/annotation errors (see Data Set S1 in the
supplemental material for details).
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occurred in a common ancestor of a clade, which approximately
corresponds to the B2 phylogroup. Using molecular clock calcu-
lations, we estimated a time period during which the ancestral
chemoreceptor loss event occurred. We compared the number of
synonymous mutations in the B2 clade, in which the loss took
place, with that in the A clade, which contains the chemotaxis
wild-type K-12 strains. The B2 clade has overall and on average
more sSNPs than the A clade, indicating a longer time period of
divergence from respective common ancestors. Our estimates in-
dicate that B2 diverged from �1 to 3 million years ago (Ma),
whereas the A clade did so from �0.4 to 1.2 Ma (assuming 300 to
100 generations per year).

Chemoreceptor acquisition. While no chemoreceptor gene
duplication was observed in any analyzed genome, we detected
several receptor acquisition events (Table 2). All acquired chemo-
receptor genes were plasmid borne. In E. fergusonii ECD227, an
acquired chemoreceptor is 99% identical to the MCP from Salmo-
nella enterica subsp. enterica serovar Kentucky strain CVM29188,
the gene for which is also located on a plasmid. These plasmids are
similar and were implicated in antimicrobial resistance in Salmo-
nella and virulence in E. fergusonii (44). This chemoreceptor is
significantly different from canonical E. coli MCPs in sequence,

although it belongs to the same class 36H (45) and has the same
predicted membrane topology. E. coli O157:H7 strain EC4024 ac-
quired a chemoreceptor that was identified from its N-terminal
portion (residues 1 to 350) located at a contig end. This fragment
was 99% identical to an MCP from an Enterobacter hormaechei
strain (GI 334124148) and showed limited similarity to Trg (Table
2). The MCP gene is found neighboring a sucrose metabolism
gene cluster both on the plasmid and in the Enterobacter genomes,
suggesting a possible role of the MCP as a sucrose sensor. Finally,
seven E. coli genomes were found to possess an aer-like MCP gene
likely acquired from Aeromonas caviae, which is also known to
cause gastroenteritis (46). In six genomes, these MCP genes are
identical, suggesting a single recent acquisition event.

DISCUSSION

Despite a relatively short timeline of divergence, the chemotaxis
system in the genus Escherichia has undergone substantial
changes. First, the loss of the entire chemotaxis function, mani-
fested as severe mutations in core chemotaxis genes, was observed.
This event was unambiguously detected only in the nonmotile,
intracellular Shigella. All E. coli genomes contain intact core che-
motaxis genes, indicating that chemotaxis is critical for motile

FIG 2 Deletions in tap and trg genes in B2 group strains. Gene neighborhoods in representative genomes are shown. Full strain names and genomic locations of
deletions are listed in Data Set S1 in the supplemental material.

TABLE 2 Horizontally transferred chemoreceptor genes in Escherichia genomes

Genome

Acquired gene Closest BLAST hit

Name/GI no.

% Sequence identity
with E. coli K-12
homolog Organism/GI no.

% Sequence
identity

E. fergusonii ECD227 Tsr (MCPI)/424819104 37 S. enterica/194447140 99
E. coli

O157:H7 strain EC4024 Trg (MCPIII)/195941089 29 E. hormaechei/334124148 99
101-1 Aer (MCPV)/19443928 33 A. caviae/51470604 99
E1520 Aer (MCPV)/323937477 33 A. caviae/51470604 100
G58-1 Aer (MCPV)/345368913 33 A. caviae/51470604 100
MS 84-1 Aer (MCPV)/300904008 33 A. caviae/51470604 100
MS 85-1 Aer (MCPV)/315252457 33 A. caviae/51470604 100
MS 124-1 Aer (MCPV)/301305681 33 A. caviae/51470604 100
TA007 Aer (MCPV)/323969140 33 A. caviae/51470604 100
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strains. On the other hand, not all Shigella strains lost their che-
motaxis genes. For example, in S. flexneri K-671, the entire che-
motaxis system appears to be intact, whereas flagella are absent
due to mutations in the flhDC flagellar master operon (47). Sev-
eral Shigella strains retain intact mocha and meche operons. Thus,
the chemosensory apparatus in these strains might be used for
other functions. This is a common trend in the evolution of the
chemotaxis system on a larger evolutionary scale; it was coopted to
control such processes as gene expression in many bacterial spe-
cies (18, 48). On the other hand, severe defects in Shigella metab-
olism were linked to mutations in the promoter region, in the
absence of nonsense mutations in corresponding genes (49, 50),
and therefore it is possible that the mocha and/or meche operon is
not fully functional in Shigella, while remaining apparently intact.
Second, we detected changes in the chemoreceptor repertoire
caused by gene loss and, to a lesser extent, by horizontal gene
transfer, but not gene duplication. The major chemoreceptors Tar
and Tsr are well preserved in E. coli. This is consistent with their
roles as modulators of important behaviors, which, in addition to
sensing of various attractants and repellents, include energy taxis
(11), thermotaxis (51), and pH taxis (52). Tar and Tsr are equally
important for commensal and pathogenic strains. These chemo-
receptors are also necessary and sufficient for chemotaxis toward
urine in the pathogenic E. coli strain CFT073 (53). Although the
aerotaxis receptor Aer has been categorized as a minor receptor
according to its low abundance in the cell (54), it is also well
preserved in E. coli, likely due to its role in energy taxis and ther-
motaxis. Consequently, we propose to refer to Aer as a major
chemoreceptor, in addition to Tar and Tsr.

We have found evidence for at least three independent
events of new chemoreceptor acquisitions by E. coli strains. A
Trg-like chemoreceptor was found to be encoded in a sucrose
metabolism gene cluster. Both gene order conservation for this
receptor (together with fructokinase) in Enterobacteriaceae
plasmids and the known role for Trg of mediating chemotaxis
to ribose and galactose suggest that it might sense sucrose.
Sucrose and fructose metabolism gene clusters have been re-
ported in several E. coli extraintestinal strains (55, 56). Another
interesting case is an additional Aer-like chemoreceptor, which
is present in several E. coli strains but appears to be a result of a
single acquisition event. Multiple copies of Aer are not uncom-
mon among gammaproteobacteria. For example, they are pres-
ent in such pathogens as Vibrio cholerae (57) and Pseudomonas
aeruginosa (58).

Unambiguously, loss can be established only for Trg and Tap,
where large deletions were identified in corresponding genes in
many E. coli genomes. The overwhelming majority of these strains
belong to the B2 clade, which contains major extraintestinal
pathogens. The deletions occurred in the same chromosomal po-
sition in all B2 strains, strongly suggesting a single ancestral event.
This loss does not appear to be a result of relaxed selective pressure
on sensors to sugars and dipeptides that are exceedingly rare in
urine from individuals with healthy kidneys. Genomes that lost trg
and tap contain intact genes coding for ribose, galactose/glucose,
and dipeptide periplasmic-binding proteins that mediate the
sensing of these compounds through Trg and Tap. This suggests
continuing exposure to these molecules, which is not in line with
a selection-driven loss due to minimal exposure or nonexposure.
Furthermore, some B2 strains are persistent in the intestine, ex-
pressing enhanced features for colonization (59), and function as

commensals until they are outside the intestinal tract. Thus, they
are not exclusively under selection pressure from the urinary
environment. Finally, some extraintestinal B2 strains are not
found in the urinary tract but preferentially migrate elsewhere
(for example, MNEC strains). Taken together, these observa-
tions imply that it is possible that the ancestral loss of trg and
tap predisposed gut-inhabiting strains to seek other niches to
occupy or to develop new adaptive strategies to remain fully
competitive in the gut.

The molecular clock analysis of the chemotaxis system of the
B2 strains suggests that they branched off fairly early, which is in
agreement with the previously published data (25). Even with as
broad an estimation as �1 to 3 Ma, this places the divergence of
the B2 clade in the ballpark of the estimated appearance of the
genus Homo (2.3 to 2.4 Ma) (60) and provides yet another intrigu-
ing temporal link between human specialization and E. coli patho-
genicity.
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