
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Apr. 2011, p. 2695–2700 Vol. 77, No. 8
0099-2240/11/$12.00 doi:10.1128/AEM.02401-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Biofilm Formation by and Thermal Niche and Virulence
Characteristics of Escherichia spp.�

Danielle J. Ingle,1 Olivier Clermont,2,3 David Skurnik,2,3 Erick Denamur,2,3

Seth T. Walk,4 and David M. Gordon1*
Research School of Biology, Australian National University, Canberra, ACT 0200, Australia1; INSERM, UMR-S 722, F-75018 Paris,
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In order to better understand the ecological and virulence characteristics of the various clades of Escherichia,
in vitro and in vivo experiments were undertaken. Members of the recently described cryptic clades of Esche-
richia (clades III, IV, and V) were found to have an enhanced ability to form biofilms compared to strains of
Escherichia coli, E. fergusonii, or E. albertii. Members of the cryptic clades were also able to replicate at a lower
temperature (5°C versus 11°C) than strains of the named species of Escherichia. Neither a strain’s maximal
growth rate nor its optimal temperature for growth varied with respect to the strain’s phylogenetic affiliation.
Escherichia strains not belonging to the species E. coli were positive for a mix of traits thought to enhance a
strain’s ability to cause either intestinal or extraintestinal disease. However, no non-E. coli Escherichia strain
was virulent in a mouse model of extraintestinal infection. The frequency of resistance to antibiotics was low,
and none of the strains tested harbored class 1, 2, or 3 integrons. The results of these experiments support the
hypothesis that members of the cryptic Escherichia clades may be better able to persist in the external
environment compared to E. coli, E. fergusonii, or E. albertii, isolates.

The application of techniques such as multilocus sequence
analysis and a growing interest in the ecology and evolution of
bacteria from nonhuman sources has revealed a wealth of
previously unrecognized diversity in even well-characterized
groups such as the Enterobacteriaceae. This is nowhere more
apparent than in the genus Escherichia. Escherichia coli is the
type species for the genus and was first described in 1885 by
Theodor Escherich (17). E. fergusonii was the second species to
be recognized (9), and E. albertii was described in 2003 (12).
Most recently, the existence of five novel clades of Escherichia
has been reported (32). Unlike E. albertii and E. fergusonii,
which are phenotypically distinct from E. coli, members of the
novel clades cannot be distinguished from E. coli using tradi-
tional biochemical criteria and hence their designation as cryp-
tic lineages (32).

Although we have a growing appreciation of the ecological
and life-history characteristics of E. coli (30), we have a very
poor understanding of these characteristics for most bacterial
species. We can infer that E. albertii, E. fergusonii, and the
cryptic clades of Escherichia have a cosmopolitan distribution,
but there is little else we know about these clades (32). The
data concerning the source of isolation suggests that the vari-
ous members of the genus are nonrandomly distributed. E. coli
is predominantly isolated from mammals (9), whereas data for
Australian isolates suggest that E. albertii and E. fergusonii can
only be detected as a dominant member of the aerobic micro-
bial community in birds. Although members of the cryptic

Escherichia clades can be isolated from birds and mammals,
members of some clades appear to be more often detected in
water and sediment samples (31, 32).

In order to better understand the ecological and life-history
characteristics of the various clades of Escherichia, a series of
in vitro and in vivo experiments were undertaken. Although E.
albertii has been implicated as an intestinal pathogen of birds
and humans (19) and E. fergusonii has been implicated as an
intestinal and opportunistic extraintestinal pathogen (2, 8, 16),
little is known of the virulence potential of the cryptic lineages
of Escherichia. Consequently, the presence of genes associated
with virulence was determined, and the potential of strains of
these Escherichia lineages to cause extraintestinal infection was
assessed in vivo.

MATERIALS AND METHODS

Strains examined. The strains used in the present study included those de-
scribed by Walk et al. (32), as well as Australian strains belonging to the cryptic
lineages that were discovered subsequent to the Walk et al. study. The identity
of these additional representatives of the cryptic clades was confirmed with
multilocus sequence analysis using the seven-gene MLST scheme described at
http://mlst.ucc.i.e. In addition, the characterization of a large collection of
French and Gabonese strains using the Institute Pasteur MLST scheme (http:
//www.pasteur.fr/recherche/genopole/PF8/mlst/EColi.html) revealed additional
members of the cryptic clades, and a subset of these strains was included in the
present study. The French and Gabonese strains were from a collection of 450
wild and domestic animal (French and Gabon) and human (France) commensal
strains (29) and from a collection of 1,100 human extraintestinal pathogenic
strains from France (4, 21). The E. coli strains were selected from a collection of
over 1,200 Escherichia isolates collected in an ad hoc manner from more than 350
native vertebrate species from throughout Australia (9, 10), from humans living
in Australia (11), and from soil, sediments, and water samples (23).

Only two representatives of clade II are known and, consequently, clade II
strains were only included in the antibiotic resistance and virulence assays. Clade
I strains were not included in the ecological assays since there is no evidence to
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suggest that they are over-represented in soil, water, or sediment samples com-
pared to vertebrate fecal samples.

Biofilm production. The ability of an isolate to form biofilms was assessed
using a method modified from Reisner et al. (25). The extent of biofilm forma-
tion was assessed on three occasions (repeats) for each strain. Strains were
assigned at random to the wells of 96-well microtiter plate. The remaining wells
on each plate acted as negative controls. Strains were propagated overnight in
minimal glucose medium [7 g of K2HPO4, 2 g of KH2PO4, 0.5 g of
Na3C3H5O(CO2)3, 0.1 g of MgSO4, 1 g of (NH4)2SO4, and 10 of glucose per liter
of distilled water supplemented with 1.0 ml of 0.2% thiamine solution] before 10
�l of each overnight culture was inoculated into either 150 �l of minimal glucose
medium or nutrient broth (Oxoid). Four plates were inoculated, two of the
glucose-limited medium and two of nutrient broth. For each of the media, one
plate was incubated for 48 h at 24°C, and the other plate was incubated at 37°C.
After incubation, all media were removed from each well of the microtiter plates,
and the wells were then rinsed twice with 200 �l of sterile saline solution (0.9%)
in order to remove all nonadhering bacterial cells. The remaining adherent cells
were stained by adding 160 �l of crystal violet (0.1% [wt/vol]). After 15 min of
staining, excess crystal violet was removed from the wells, and the wells were then
rinsed twice using 200 �l of a saline solution (0.9%). Ethanol (95%) was added
to every well in order to destain the adherent bacterial cells. After 5 min of
destaining, the amount of crystal violet in the ethanol was quantified by deter-
mining the absorbance at 590 nm using a Powerwave 10 scanning spectropho-
tometer (Bio-Tek Instruments, Inc.). The optical density data were log trans-
formed (loge) prior to analysis. When the data were analyzed, the bacterial
isolate represented an experimental unit, and the repeats of the experiment were
considered a random effect in the model.

Maximum growth rate and optimal temperature for growth. The manner in
which the growth rate of all isolates changed in response to temperature was
assessed in order to determine an isolate’s maximum growth rate and optimal
temperature for growth. Growth rate estimates for all isolates were made at 11
different temperatures: 27, 30, 32, 34, 36, 38, 40, 42, 44, 46, and 48°C. From the
freezer cultures, all strains were inoculated into the wells of a microtiter plate
containing 150 �l of LB broth, and the plates were incubated overnight at 37°C.
A 10-�l aliquot of each culture was used to inoculate another microtiter plate
containing 150 �l of LB broth. The plate was then incubated at one of the
experimental temperatures, and during incubation optical density readings (630
nm) were taken every 5 min by using a Powerwave 10 microplate scanning
spectrophotometer until each culture had reached stationary phase.

The peak growth rate of an isolate at a particular temperature was established
in the following manner. For every 15-min interval, the rate of change in the
optical density (�) was calculated as � � ln(ODt � 1)/ODt)/�t, where t is the time
interval in hours. The growth rate (�) of a strain was plotted against time, and the
peak growth rate observed was taken to be the growth rate of the strain at the
experimental temperature.

The relationship between an isolate’s growth rate and temperature was described
by using the function �T � (B � CT)DT, where T is the temperature and B, C, and
D are parameters describing the shape of the curve. This function was fitted to the
data for every replicate of an isolate using a nonlinear curve fitting routine imple-
mented in JMP 7.01 (SAS Institute). Using this function, the maximum growth rate
of a strain (�max) is defined as �max � (C/lnD)exp[(BlnD/C) � 1], and the optimal
growth temperature (Topt) is defined as Topt � B/C � 1/lnD.

Growth at low temperatures. Overnight LB broth cultures of the isolates were
prepared and incubated at 37°C. Aliquots (100 �l) of these overnight cultures
were used to inoculate test tubes containing 5 ml of phenol red broth (10.0 g of
pancreatic digest of casein, 5.0 g of NaCl, 5.0 g of glucose, 0.018 g of phenol red
per liter of distilled H2O). Each isolate, together with a negative control, was
cultured in phenol red broth and incubated at each of four temperatures: 2, 5, 8,
and 11°C. After 11 days of incubation at each temperature, the cultures were
examined to determine whether the medium had changed in color from red to
yellow.

Low temperature survival in the absence of nutrients. Overnight LB broth
cultures of the strains were prepared and incubated at 37°C. The overnight
cultures were then serially diluted using sterile saline (0.9%) in order to achieve
a density of 105 cells ml�1. Cells from this dilution were then added to test tubes
containing 12.5 ml of sterile water such that the final cell density was �103 cells
ml�1. One tube containing cells suspended in water was prepared for each isolate
and incubated at 5°C. The change in viable cell density over time was determined
at regular intervals by plating a 50-�l aliquot of the water in the experimental
tube onto LB agar plates. The plates were incubated overnight at 37°C, and the
number of colonies on each plate was determined. The average life span of each
isolate at each temperature was determined by fitting an exponential decay
function to the number of cells alive at time t days, that is Nt � Noe��t, where

No is the initial number of cells and � is the mortality rate (1/� � the average life
span of a cell in days). Although life span estimates are typically obtained using
initial cell densities (No) in the range of 108 to 109 cells ml�1, such high initial
densities are not required. The value of No is only important in that in deter-
mines, in part, how many samples can be taken prior to the number of cells in a
culture declining below detection frequency. Provided there are cell density
estimates for at least four time points, an adequate estimate of � can be ob-
tained. Indeed, high initial cell densities can lead to increased experimental error
because high cell densities initially require the experimental cultures to be
serially diluted one or more times prior to obtaining an estimate of cell density.
Each serial dilution step adds error, and these errors are compounded with each
dilution step (15). Since the number of dilutions required generally declines as
cells die, the number of dilution steps required also declines, and this leads to a
situation where the amount of experimental error associated with each cell
density estimate changes through time. The model of exponential decay was
fitted to the data for each of the isolates using the nonlinear curve fitting routine
implemented in JMP 7.01 (SAS Institute). Survival estimates were log trans-
formed prior to analysis.

Virulence factor screening. Escherichia strains not belonging to the E. coli
lineage were PCR screened for the presence of virulence factors involved in
intestinal (elt [LT-A], astA, eaeA, and cdtA) and extraintestinal virulence (kpsE,
sfa, iroN, aer/iutA, papC, papG, hlyD, cnf1, ompT, ibeA, and fyuA) as described by
Gordon et al. (11) and Diard et al. (6).

Mouse virulence assay. A mouse model of systemic infection was used to
assess the intrinsic virulence of the strains (21). For each strain, 10 outbred
female Swiss OF1 mice (3 to 4 weeks old, 14 to 16 g) were challenged subcuta-
neously in the abdomen with a standardized bacterial inoculum (109 CFU of
log-phase bacteria/ml in 0.2 ml of Ringer solution). Mortality was assessed over
7 days postchallenge. The urosepsis strain CFT073 was used as a positive control
(killing 10 mice out of 10), whereas the feces-derived strain K12-MG1655 was
used as a negative control (killing no mouse out of 10) (13).

Antibiotic resistance assays. Antimicrobial susceptibilities for the strains
sourced from France and Gabon were determined by the method of disc diffu-
sion, according to the guidelines of the French Society of Microbiology Anti-
biogram Committee (CASFM; www.sfm.asso.fr). The resistance profiles of all
other strains were determined using the BBL Sensi-Disk antimicrobial suscep-
tibility test disks according to the manufacturer’s protocol. All strains were tested
for sensitivity to chloramphenicol, kanamycin, streptomycin, tetracycline, and
nalidixic acid, and the strains sourced from France and Gabon were also
screened for amoxicillin and sulfamethoxazole resistance. Carriage of class 1, 2,
and 3 integrons were determined using the methods described by Skurnik et al.
(28).

RESULTS

The in vitro experiments were undertaken using the strains
reported in Walk et al. (32), as well as additional isolates from
Australia. For each of the experiments, the number of strains
of each of the Escherichia clades is reported in Tables 1,
2, and 3.

Biofilm formation. Escherichia clade, temperature, and me-
dia all accounted for a significant amount of the observed
variation in the degree of biofilm formation. Although all in-

TABLE 1. Differences in the extent of biofilm formation among
Escherichia cladesa

Escherichia clade No. of strains Predicted meanb

Clade IV 5 0.610A

Clade III 6 0.592A

Clade V 22 0.118B

E. fergusonii 6 –0.185C

E. albertii 13 –0.390C

E. coli 39 –0.415C

a Predicted means (loge optical density) after adjusting for the effects of cul-
ture media and temperature.

b Means with the same superscript capital letter are not significantly different
(Student t test, � � 0.05).
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teraction terms were significant, the effects were small relative
to the main effects and cumulatively accounted for 	10% of
the observed variation (results not presented). In general,
there was greater biofilm formation at 24°C than at 37°C and
greater biofilm formation when the strains were grown in nu-
trient broth compared to minimal glucose medium (Fig. 1).
The one exception to these outcomes was for E. fergusonii,
where the greatest degree of biofilm formation was observed
when the isolates were grown at 24°C in minimal glucose me-
dium (Fig. 1). This outcome (high E. fergusonii biofilm forma-
tion at 24°C on minimal glucose medium) accounted for the
majority of the observed interaction effects. Overall, isolates
from clades III, IV, and V showed enhanced levels of biofilm
formation relative to isolates of E. coli, E. fergusonii, and E.
albertii (Table 1).

Thermal “niche.” The Escherichia clade membership of an
isolate did not predict its maximum growth rate (analysis of
variance [ANOVA]: F(5, 83) � 0.598 P � 0.701) or the temper-
ature at which the maximum growth rate occurred (ANOVA:
F(5, 83) � 0.70, P � 0.624). Growth rates ranged between 0.88
and 0.95 h�1, while the optimal temperatures for growth varied
by less than 1°C among Escherichia clades (Table 2).

Isolates were tested for their ability to replicate at low tem-
peratures. This experiment revealed that Escherichia clade
membership of an isolate was a significant predictor of an
isolate’s lower growth limit (Kruskal-Wallis test, 
2

(5) � 49.58,
P 	 0.0001). None of the strains tested had the ability to
replicate at 2°C. All strains belonging to clades III, IV, and V
had the ability to replicate at 5°C. No isolates of E. coli, E.
fergusonii, or E. albertii could grow at 5°C. Some isolates of E.
coli (5 of 15 strains) and E. fergusonii (2 of 6 strains) could grow
at 8°C, but most could only replicate at 11°C, and no E. albertii
isolate could grow at less than 11°C.

The Escherichia clades were tested for their ability to survive

in the absence of nutrients. Escherichia clade membership was
a significant predictor of an isolate’s life span at 5°C (ANOVA:
F(5, 54) � 4.41, P � 0.0019). On average, E. coli cells survived
the longest, followed by strains of clades III, IV, and V,
whereas E. albertii and E. fergusonii isolates had the shortest
life spans (Table 3).

Virulence characteristics. Escherichia strains not belonging
to the E. coli lineage were screened for a variety of traits
thought to enhance a strain’s ability to cause intestinal or
extraintestinal disease. Many of the traits were detected and
in some cases, such as astA, kpsE, ibeA, and ompT, at high
frequencies (Table 4). The traits sfa, cnf1, papC, and papG
were not detected. A number of traits were also detected at
higher frequencies in some lineages compared to others,
and these traits included astA, cdtA, elt, aer/iutA, fyuA, and
ibeA (Table 4).

Representatives of each of the Escherichia lineages originat-
ing from both Australian and French/Gabonese collections and
isolated from feces or extraintestinal sites (two urinary tract
and one septicemia isolate) were tested in a mouse model of
septicemia: four clade I, two clade II, three clade III, two clade

FIG. 1. Biofilm formation by the six Escherichia clades in rich (L
broth) and poor (minimal glucose) media at both 37 and 24°C. The
mean optical density readings for each of the Escherichia clades are
plotted on a log scale. The optical density readings were used to
quantify biofilm formation by measuring the absorbance values for
each bacterial culture at 590 nm obtained by extracting the cell bound
crystal violet.

TABLE 4. Frequency of intestinal and extraintestinal virulence
traits in Escherichia strains not belonging to the E. coli lineage

Trait

Frequency (%)a

Clade I
(n � 19)

Clade III
(n � 14)

Clade IV
(n � 6)

Clade V
(n � 52)

E. albertii
(n � 13)

E. fergusonii
(n � 6)

astA 21 50 0 67 23 0
eaeA 5 7 0 0 100 0
cdtA 0 0 0 33 38 0
hylD 5 0 0 0 0 0
elt (LT-A) 32 0 0 0 0 0
aer/iutA 16 7 0 32 15 17
iroN 0 0 0 4 8 0
fyuA 5 14 0 10 8 17
kpsE 74 100 67 88 85 100
ibeA 5 14 17 44 62 0
ompT 47 79 33 77 23 0

a n, number of strains screened.

TABLE 2. Differences among Escherichia clades in the growth rate
of isolatesa

Escherichia
clade

No. of
strains

Maximum growth
rate (h�1)

Optimal
temp (°C)

E. fergusonii 6 0.95A 41.1A

Clade V 22 0.94A 41.7A

E. coli 38 0.93A 41.7A

E. albertii 13 0.92A 41.9A

Clade IV 5 0.91A 41.5A

Clade III 6 0.88A 41.0A

a Means with the same superscript capital letter are not significantly different
(Student t test, � � 0.05).

TABLE 3. Differences among Escherichia clades in the average life
span (days) of isolates at 5°C in the absence of nutrients

Escherichia clade No. of strains Mean life span (days)a

E. coli 15 31.2A

Clade IV 5 18.6A,B

Clade V 15 15.6A,B

Clade III 6 15.6A,B

E. albertii 13 7.0B

E. fergusonii 6 4.6B

a Means connected by the same superscript capital letter are not significantly
different (Student t test, � � 0.05).
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IV, and five clade V strains, as well as the type strain of E.
albertii and E. fergusonii. All of the strains were avirulent in this
model as none of the 10 mice tested per strain were killed.

Antibiotic resistance assays. The frequency of antibiotic re-
sistance was low, and most strains were susceptible to most of
the antibiotics tested (Table 5). In most cases, the frequency of
resistance and sample sizes were too low for meaningful sta-
tistical analysis. However, no resistance to tetracycline was
observed among clade V isolates from Australia, while 57% of
the clade V isolates from France were resistant, a difference
that was statistically significant (contingency analysis: likeli-
hood ratio 
2 � 18.52, P 	 0.001). No integron was detected in
the strains from France or Gabon.

DISCUSSION

Bacteria that form biofilms are protected from conditions
found in the secondary habitat, such as predation and UV
radiation (3). This phenotype has been linked to persistence
and regrowth of E. coli in drinking water distribution systems
(18), and the most significant phenotypic characteristic identi-
fied in three E. coli strains associated with bacterial bloom
events in two Australian lakes was the formation of a thick
extracellular matrix, or capsule (23). Escherichia strains of the
cryptic clades III, IV and V exhibited a greater degree of
biofilm formation than did strains of E. albertii, E. coli or E.
fergusonii, so it appears that this phenotype has been conserved
among these distantly related lineages.

The thermal tolerance exhibited by species is a key indicator
of a species’ ecological niche. In the Enterobacteriaceae there is
a distinct separation in the thermal profiles of host-associated
species compared to free-living species (14, 20). Free-living
bacteria, such as Buttiauxella agrestis and Rahnella aquatilis, are
frequently isolated from a variety of water sources (14). These
organisms are able to grow at temperatures as low as 1°C and
have an optimal temperature for growth of 25°C, and, as a
result, these species are classed as psychrotrophs (14, 24). In
contrast, predominantly host-associated species, such as E. coli
and Citrobacter freundii, have thermal limits ranging from 10°C
to 45°C (20). These mesophilic species have evolved to tem-
peratures that do not frequently occur in the secondary habitat,
but span the range of body temperatures of birds and eutherian
mammals. Members of clades III, IV, and V are able to rep-
licate at lower temperatures than strains of the other Esche-

richia spp. However, members of these cryptic clades have
retained their ability to grow at higher temperatures (Table 2).
Thus, clades III, IV, and V break the general trend within the
Enterobacteriaceae since it appears that their thermal tolerance
enables them to cope with a wider range of temperatures, like
those found in both the primary and secondary habitats.

No significant differences between the optimal growth tem-
peratures or maximum growth temperatures of the various
Escherichia clades were detected. Consequently, it appears that
Escherichia clades III, IV, and V have extended their thermal
niche without sacrificing their fitness at higher temperatures.
The lack of any apparent trade-off between growth at high and
low temperatures contrasts with the results of long-term evo-
lution experiments that have shown such a trade-off to occur in
E. coli laboratory populations (1, 22). Bacteria grown for 2,000
generations at lower temperatures demonstrated a loss of fit-
ness in terms of growth rate at high temperatures relative to
strains that had been maintained at higher temperatures.

There are a number of explanations for the lack of any
observed trade-off in thermal tolerance. It is likely that the
cryptic clades are still dependent on a host population, mean-
ing that compensatory mutations occurred elsewhere in the
genomes of these strains so that any fitness costs due to low
temperature adaptation were overcome. Finally, it may be that
the cryptic clades represent the ancestral Escherichia pheno-
type and that by adapting to warmer host environments, con-
temporary E. coli, E. fergusonii, and E. albertii strains lost the
ability to grow at lower temperatures. The most appropriate
explanation is likely to become clear as more data are collected
from representative strains of known and yet-to-be-discovered
Escherichia clades.

The enhanced ability of the three cryptic Escherichia clades
to form biofilms and to replicate at lower temperatures relative
to the other named Escherichia species supports the hypothesis
that they are better adapted to secondary habitats that strains
of E. coli. However, these strains did not have an increased
ability to survive in the complete absence of nutrients (Table
3), suggesting that this type of selective pressure was not im-
portant during the evolution of these lineages. It could be that
although nutrient concentrations are often lower in the sec-
ondary habitat compared to the primary habitat, the amount of
available nutrients may be sufficient to allow cell division to
replace the losses due to cell death. Future studies focused on
nutrient scavenging and not persistence when nutrients are
absent may shed light on this hypothesis.

Strains of the cryptic lineages possess an unusual mix of
virulence traits, and the virulence profiles are neither typical of
extraintestinal pathogens, such as those found in phylogroup
B2, nor similar to those found in intestinal pathogens, such as
those belonging to phylogroup E. Their avirulent phenotype in
a mouse model of septicemia suggests that they have little
potential to cause extraintestinal infection, despite the pres-
ence of important extraintestinal virulence determinants such
as the capsule and the high pathogenicity island (screened with
the fuyA gene). This observation accords with the fact that
strains belonging to the cryptic clades are rarely isolated from
extraintestinal sites in humans and, when isolated, the patients
are usually immunocompromised patients (data not shown).
These strains can thus be considered opportunistic pathogens.
Interestingly, E. albertii and E. fergusonii are also not virulent in

TABLE 5. Frequency of antibiotic resistance in Escherichia strains
not belonging to the E. coli lineage

Antibiotic

Frequency (%)a

Clade
I

Clade
III

Clade
IV

Clade
V

E.
albertii

E.
fergusonii

Nalidixic acid 20 (5) 0 (6) 0 (6) 2 (52) 8 (13) 0 (6)
Chloramphenicol 33 (3) 0 (13) 0 (6) 0 (50) 0 (13) 0 (6)
Kanamycin 0 (6) 0 (13) 0 (5) 0 (45) 8 (13) 0 (6)
Streptomycin 0 (6) 0 (13) 0 (5) 0 (44) 0 (13) 17 (6)
Tetracycline 67 (3) 8 (12) 0 (4) 37 (43) 15 (13) 50 (6)
Amoxicillin 17 (6) 0 (8) ND 0 (30) ND ND
Sulfamethoxazole 33 (6) 0 (8) ND 0 (30) ND ND

a The number of strains screened is indicated in parentheses. ND, not deter-
mined.
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mice. This suggests that extraintestinal virulence has emerged
relatively recently in the history of the genus and is largely
restricted to E. coli strains, especially phylogroup B2 strains
(21), where a fine-tuning between the genetic background and
the virulence determinants allows the expression of virulence
(7). There is a low frequency of antibiotic resistance in the
cryptic lineages, and this also accords with the observation that
strains belonging to the cryptic lineages are more likely to be
isolated from birds and nonhuman mammals than from hu-
mans, the host group more likely to be exposed to antibiotics
(29). E. coli isolated from native Australian vertebrates has a
low frequency of resistance to antibiotics compared to humans
living in Australia (27), and this pattern holds for strains be-
longing to other members of the genus Escherichia. The high
frequency of tetracycline resistance among clade V strains
from France probably reflects, compared to Australia, France’s
greater human and domestic animal population densities, and
the widespread use of tetracycline in veterinary medicine.

All of the available evidence indicates that members of the
cryptic Escherichia clades are rarely isolated from vertebrate
hosts (32). Less than 3% of hosts examined (humans and
animals) using conventional isolation techniques carried
strains of these lineages (O. Clermont, D. M. Gordon, S.
Brisse, S. T. Walk, and E. Denamur, unpublished data). Al-
though we cannot discount the possibility that members of
these clades are abundant in some rarely examined host group
(e.g., molluscs or insects), they are certainly uncommon among
vertebrate hosts. Like the cryptic clades, little is known con-
cerning the distribution of E. albertii and E. fergusonii. These
species have never been detected as a dominant member of the
aerobic community of fish, frogs, reptiles, or mammals living in
Australia, and they are rarely isolated from most Australian
bird species (19). However, both species can be quite common
in certain host species and, for example, E. albertii has been
isolated from one in five clinically normal chickens (19),
whereas E. fergusonii can represent one in six clinical isolates
from humans (16). In stark contrast to the other Escherichia
clades, E. coli can be detected in most individuals of most
mammalian species (9).

There is some evidence to suggest that E. coli is competi-
tively dominant to other members of the Enterobacteriaceae in
the lower intestinal tract of mammals (10). The rarity of the
cryptic Escherichia clades in vertebrate hosts, particularly hu-
mans, suggests that these strains are competitively inferior to
E. coli in the gastrointestinal tracts of many mammals. How-
ever, biofilm production and growth at lower temperatures
may increase the persistence of these organisms in the second-
ary habitat and allow for better transmission between hosts
compared to E. coli. Consequently, E. coli may dominate the
primary habitat (26), but this dominance may not translate to
the secondary habitat (26). In such situations, mathematical
models describing the population dynamics of competing bac-
terial strains have shown that there is a range of conditions
under which strains with the characteristics of E. coli and the
cryptic clades can stably coexist (5).

The results of the present study have revealed that strains of
different clades of Escherichia vary in their ecological charac-
teristics, specifically their ability to form biofilms and replicate
at low temperatures, but are sensitive to most antibiotics and
avirulent in a mouse model of extraintestinal infection. Further

studies are needed to quantify other ecologically relevant traits
in order to further characterize potentially important persis-
tence phenotypes in the secondary habitat.
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