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R

uminants have been identified as the major animal reservoir
of Escherichia coli O157:H7, with cattle being one of the main
sources of human infection (1–3). Carriage of E. coli O157:H7 in
calves and adult cattle is largely asymptomatic (4, 5); however,
infection in humans can result in the development of hemolyticuremic syndrome (HUS), characterized by microangiopathic
hemolytic anemia, uremia, and thrombocytopenia (6, 7). The major virulence factors responsible for the most severe clinical presentations are the Shiga toxins (Stx1 and -2). Of the two Shiga
toxins, Stx2 was found to be at least 400 times more toxic to mice
than Stx1 (8). Although a clinically favorable prognosis may be
achieved with supportive treatments applied during the acute
phase of infection, the risk of long-term sequelae remains. Postinfection complications include hypertension, renal complications,
and neurological defects, particularly in children in whom primary infection occurred under the age of five (9). In New Zealand,
reported E. coli O157:H7 infections are sporadic, with no recorded
outbreaks, and infections are predominantly linked to environmental contaminations from animal sources or familial transmission (10). In addition, stx2 is more prevalent than stx1 in New
Zealand strains isolated from bovine, human, and water samples
(11).
The survival and persistence of E. coli O157:H7 in a variety of
environments outside an animal host have been documented, including animal hides, soil, and water, all of which pose a significant risk for transmission among cattle and to humans (12–18).
Persistent subtypes of E. coli O157:H7 were found in fecal samples
from feedlot cattle despite turnover of populations (19). Studies
showed that E. coli O157:H7 can survive on cattle hides for up to 9
days (12), in soil for up to 105 days (17), and in water troughs for
up to 245 days (20).
Low temperature and limited nutrient availability in aqueous
environments can induce bacteria, including E. coli O157:H7, to
enter into a viable but nonculturable (VBNC) state (21, 22). Entry
into the VBNC state is characterized by low metabolic activity and
decreasing recovery on standard solid culturing medium over the
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course of starvation (23). Detection and monitoring of foodborne pathogens, such as E. coli O157:H7, primarily depend on
enumeration of colonies on agar (24). It is likely that underestimation of VBNC E. coli O157:H7 in food products may result in
increased risk of transmission and human exposure.
Transitions from the host to the external environment and vice
versa involve physical changes in temperature as well as changes in
the level of available nutrients. To survive these changes and thrive
in both environments, physiological and metabolic adjustments
are required. In this study, the metabolic profiles of three New
Zealand bovine E. coli O157:H7 strains isolated from young calves
were compared. The growth and metabolic capabilities of a New
Zealand bovine E. coli O157:H7 isolate following starvation were
investigated; colony formation and changes in carbon utilization
kinetics under aerobic and anaerobic growth conditions were determined during starvation.
MATERIALS AND METHODS
Bacterial strains, culture, and starvation conditions. Three bovine Escherichia coli O157:H7 strains isolated from calf hides, N427, N635, and H11
(Meat Industry Research New Zealand culture collection), and
NCTC12900 (ATCC 700728; NZRM 3614) were used in this study. Stationary-phase cultures were obtained by culturing cells in Luria-Bertani
broth (LB; 5% yeast extract, 5% sodium chloride, and 10% tryptone) at
37°C without agitation for 24 h. Late-exponential-phase cultures were
obtained by culturing cells in LB at 37°C with shaking at 150 rpm for 4 h to
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The ability to maintain a dual lifestyle of colonizing the ruminant gut and surviving in nonhost environments once shed is key to
the success of Escherichia coli O157:H7 as a zoonotic pathogen. Both physical and biological conditions encountered by the bacteria are likely to change during the transition between host and nonhost environments. In this study, carbon starvation at suboptimal temperatures in nonhost environments was simulated by starving a New Zealand bovine E. coli O157:H7 isolate in
phosphate-buffered saline at 4 and 15°C for 84 days. Recovery of starved cells on media with different nutrient availabilities was
monitored under aerobic and anaerobic conditions. We found that the New Zealand bovine E. coli O157:H7 isolate was able to
maintain membrane integrity and viability over 84 days and that the level of recovery depended on the nutrient level of the recovery medium as well as the starvation temperature. In addition, a significant difference in carbon utilization was observed between starved and nonstarved cells.
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nm (color development plus turbidity; A590) and 750 nm (turbidity; A750).
The reaction within each well (W) was determined using equation 1 (26).
The reaction in each well containing a substrate was corrected to that
of the negative control, thus determining the level of metabolic activity
(Aactivity) (equation 2).
W ⫽ A590 ⫺ A750

(1)

Aactivity ⫽ Wsubstrate ⫺ Wnegative control

(2)

Negative Aactivity values were arbitrarily set to zero. The Aactivity measured
at the end of 24 hours of incubation was considered the endpoint
(Aendpoint) of substrate utilization. Aendpoint from duplicate experiments
were used to calculate the least significant difference with 95% confidence
(LSD95). Where the average Aendpoint difference between a substrate and
the negative control is greater than the LSD95, the substrate is considered
to be utilized. Where comparisons between strains or conditions were
made, average Aendpoint differences between strains or conditions greater
than the LSD95 were considered significant. Aendpoint values for the 95
substrates utilized by the three strains were used to generate a dendrogram
comparison of metabolic profiles in R using the pheatmap package developed by Kolde (27). The Euclidean distance matrix was used in clustering
data for dendrogram generation.
The lag time was measured as the time at which Aactivity became higher
than the Aactivity at time zero by an arbitrary threshold of 0.01. To determine the rate of substrate utilization, the maximum slope from the kinetic
curves was measured using the grofit package developed for R (28). The fit
of the slopes, as determined by the logistic, Gompertz, modified Gompertz, and Richards laws in grofit, was visually inspected for each curve, and
manual measurements of slopes were performed where necessary.

RESULTS

Metabolic variations between bovine isolates. The level of utilization of 95 carbon sources after 24 h (Aendpoint) was measured for
each strain. The averaged Aendpoint utilization of 49 substrates significantly differed (P ⬍ 0.05) between nonstarved N427, N635,
and H11 (Fig. 1; also, see Table S1 in the supplemental material).
Twenty-two of the 49 substrates used differently were carbohydrates, 16 were carboxylic acids, seven were peptides, and four
were nucleic acids (Fig. 1). The lag time and rate of carbon utilization were compared. Similar distribution patterns were observed on the scatter plots of the rate of utilization against lag time
for the three strains (Fig. 2). Utilization of most substrates lagged
for 1 to 3 h, with a rate of utilization (Aactivity) between 0.03 and
1.60 h⫺1 (Fig. 2; also, see Table S2 in the supplemental material).
While the kinetics of substrate utilization differed between strains,
a similar range of substrates were used by all strains tested. Overall,
many metabolic similarities were observed between the stationary-phase cells of the three bovine strains, particularly between
N635 and H11.
Survival and recovery of starved cells. For H11, the model
strain used in this study, no significant change in the number of
viable cells, determined by quantification of cells with intact membranes, was detected over 84 days for cells starved at 4 or 15°C (Fig.
3). When starved at 4°C, recovery of the cells after 84 days of
starvation on TSA was 6.9 log units, significantly higher (P ⬍ 0.01)
than the 5.2 log units recovered on PCA (Fig. 3A). However, no
significant difference in recovery on PCA and TSA was observed
from cells maintained at 15°C, with 7.1 and 7.2 log CFU ml⫺1
recovered on PCA and TSA, respectively, after 84 days of starvation (Fig. 3B).
The role of two specific nutrients, sodium pyruvate and sodium acetate, known to influence recovery of starved cells, was
investigated. Supplementing PCA with 0.2% (wt/vol) sodium ac-
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an optical density at 600 nm (OD600) of 0.7. For starvation assays, lateexponential-phase cultures were divided into two equal portions to form
biological replicates. Cells were harvested, washed three times, and resuspended in phosphate-buffered saline (PBS) at pH 6.8 (Lorne Laboratory,
United Kingdom). Each cell suspension was further divided into two
equal portions, one maintained at 4°C and the other at 15°C for up to 84
days.
Determination of cell viability. In this study, cells with intact membranes were deemed viable. Bacterial suspensions were stained with a
LIVE/DEAD BacLight bacterial viability kit (Invitrogen Life Technologies
New Zealand Ltd.) according to the manufacturer’s instructions. Where
necessary, bacterial suspensions were concentrated by pelleting cells using
centrifugation (4,000 rpm for 10 min) and resuspending into smaller
volumes. Stained cells were loaded into a Helber counting chamber with
Thoma ruling (Hawksley, Sussex, United Kingdom) and photographed
(Olympus BX60; Olympus America Inc.) using a Nikon DS-5Mc camera.
The same field was photographed using both phase contrast and fluorescence with excitation wavelengths between 450 and 480 nm (U-MWIB
filter; Olympus America Inc.). Two slides were prepared for each sample,
and a total of 16 squares were photographed per slide. Image analysis and
cell counting were performed using Adobe Photoshop CS3. The number
of viable cells per ml was calculated as the number of green-fluorescent
cells counted in the photographs. Statistical comparisons of viable cell
counts were conducted using Student’s t test assuming two-tailed distribution with unequal variance. P values less than 0.01 were considered
significant.
Determination of cell culturability. Culturability was determined as
the ability of cells to form colonies on tryptic soy agar (TSA; 1.5% casein
peptone, 0.5% soy peptone, 0.5% sodium chloride, and 1.5% agar) and
plate count agar (PCA; 0.5% peptone, 0.25% yeast extract, 0.1% glucose,
and 1.5% agar). Cultures were diluted in PBS and plated to achieve counts
of between 30 and 300 colonies per plate. Plates were incubated aerobically unless otherwise stated. An anaerobic atmosphere of 5% H2, 10%
CO2, and 85% N2 was used to test for anaerobic growth. To allow comparison of colony development, all plates were incubated at 37°C for precisely 24 h. Plates were photographed using Alliance 4.7 (Uvitech, Cambridge, United Kingdom). Image analysis was performed using Adobe
Photoshop CS3 to measure the horizontal and vertical width and circularity of colonies. Threshold values were used to separate colonies from
the image background. Data were analyzed using Microsoft Excel. Single
colonies were distinguished from clusters of multiple colonies by excluding measurements with circularities less than 0.8. The smaller of the horizontal and vertical width measurements was used as the measure of colony diameter to prevent inclusion of doublet colonies which appeared
circular. Statistical comparisons of cell culturability were conducted using
Student’s t test assuming a two-tailed distribution with unequal variance.
P values less than 0.01 were considered significant. The distribution of
colony diameter was graphed in R (version 3.0.2), a free software environment for statistical computing and graphics, using the beanplot package
developed by Kampstra (25). Briefly, the colony size data were imported
into R, where data were sorted by the type of medium. Vertical histograms
of day 0 and day 84 distributions, as well as the mean of the distributions,
were shown on each side of the bean.
Utilization of carbon sources. Ninety-six-well carbon source phenotypic microarrays (PM1 MicroPlate, Biolog Inc.) were used to determine
carbon utilization by E. coli O157:H7. Metabolic activity in each well was
detected by the reduction of tetrazolium violet to formazan and was measured by monitoring the change in color. The lag time, maximum rate of
utilization, and maximum level of utilization after 24 h were measured.
Cultures were adjusted to an OD600 of 0.07 in inoculating fluid (IF10a, Biolog Inc.) containing 1⫻ redox dye mix A (Biolog Inc.). One hundred microliters of the resulting cell suspension was dispensed into each
well of the Biolog PM1 MicroPlate (Biolog Inc.). Plates were incubated at
37°C for 24 h in a VersaMax ELISA microplate reader (Molecular Devices). Optical density measurements were taken every 15 min at both 590
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etate had no significant effect on the number of colonies recovered
from cells starved at 4 or 15°C (Fig. 3). Although recovery of cells
starved at 15°C on PCA was not affected by supplementation with
0.2% (wt/vol) sodium pyruvate (Fig. 3B), recovery of those
starved at 4°C was significantly higher (P ⬍ 0.01) on pyruvatesupplemented PCA than on PCA alone (Fig. 3A).
In addition to the observed decrease in the number of colonies
recovered after 84 days of starvation at 4°C on all recovery media,
changes in colony size were also observed. By standardizing the
duration of incubation as well as the method of photography,
variations in colony diameter on different recovery media were
detected. No significant change in colony diameter was observed
for cells starved at 15°C (data not shown), but for cells starved at
4°C, a gradual decrease in colony diameter over the starvation
period was observed.
Unimodal distributions in diameter were observed from colonies recovered on day 0 (Fig. 4). The mean diameters of colonies

0.2

recovered on PCA, TSA, and sodium pyruvate-supplemented
PCA were similar on day 0 (51, 49, and 46 pixels, respectively),
while the mean diameter of colonies on PCA supplemented with
sodium acetate was 31 pixels, significantly lower (P ⬍ 0.05) than
on other media (Fig. 4A). After 84 days of starvation at 4°C, colony
diameter on all four media was significantly (P ⬍ 0.05) smaller
than that on day 0 (Fig. 4A). The greatest decrease was observed
for colonies recovered on PCA with sodium acetate, where the
mean colony diameter decreased by 63% over 84 days. For PCA,
PCA with sodium pyruvate, and TSA, the decreases in mean colony diameter were 61, 49, and 35%, respectively, over 84 days. In
addition to the overall decrease in mean colony diameter over the
duration of 4°C starvation, greater variance in the distribution of
colony diameter was observed for colonies recovered on PCA,
TSA, and PCA with pyruvate (Fig. 4A). No significant change in
variance was observed for colonies recovered on PCA with sodium
acetate between day 0 and day 84 cultures (Fig. 4A).
Effect of anaerobic conditions on the recovery of starved
cells. E. coli is a facultative anaerobe. To test the hypothesis that
the growth phenotype exhibited by starved cells during anaerobic
metabolism differs from that observed under aerobic conditions,
recovery of starved and nonstarved cells was compared under anaerobic conditions. On day 0, prior to starvation, no significant
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FIG 2 Comparison of the patterns in lag and rate of substrate utilization
between N427, N635, and H11. A scatter plot of the rate of substrate utilization
against the lag time of substrates utilized by stationary-phase N427 (blue),
N635 (green), and H11 (red) is shown.
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starvation at 4 and 15°C. Viability count (crosses) and colony count on PCA
(circles), PCA with 0.02% sodium pyruvate (diamonds), PCA with 0.02%
sodium acetate (triangles), and TSA (squares) cells starved at 4°C (A) and 15°C
(B) are shown. Each data point of the viability count represents the average for
two independently prepared counting chamber slides; 16 squares were photographed and counted per slide. Data points of the colony counts are the averages for four technical repeats. The maximum standard deviations of all data
points are indicated by the error bars.
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FIG 1 Clustering of the Aendpoint profiles of the E. coli O157:H7 strains used in this study. A hierarchical clustering analysis of the Euclidian distances of averaged
Aendpoint values for 95 substrates used by stationary-phase cells was generated using the pheatmap package in R. The levels of Aendpoint are color coded from blue
to red, representing lowest to highest substrate utilization after 24 h incubation at 37°C. Red arrows indicate substrates for which a significant difference (P ⬍
0.05) in Aendpoint was observed between N247, N635, and H11.

Xavier et al.

Beanplot visualizations of the distribution of colony diameters measured from day 0 (dark gray) and day 84 (light gray) cultures recovered under aerobic (A) and
anaerobic (B) conditions are shown. The bean lines for each half of a bean are vertical histograms of the data distribution; the thicker, longer bean lines indicate
the mean of each distribution. The shape of each half of the asymmetric bean represents the Gaussian density estimation of the distribution. Data presented are
from combined colony measurements of biological duplicate cultures.

difference in the number of colonies recovered from aerobic and
anaerobic incubations was observed (Table 1). Under anaerobic
growth conditions, colony count on PCA decreased by 3 log units
over 84 days of starvation at 4°C. This was similar to the decrease
observed for aerobic recovery. Likewise, no significant difference
was observed between recovery of day 84 cells under aerobic and
anaerobic growth conditions on acetate supplemented PCA or
TSA. However, recovery of day 84 cells on pyruvate-supplemented PCA was significantly higher (P ⬍ 0.01) after anaerobic
growth than aerobic growth.
Both the average and distribution of colony diameter differed
significantly (P ⬍ 0.01) between aerobically and anaerobically
grown colonies regardless of the medium used (Fig. 4). On day 0,
the average diameter was consistently lower for colonies grown
under anaerobic conditions than for aerobically grown colonies
(Fig. 4). Under anaerobic growth conditions, the average colony
diameters of day 0 cells recovered on PCA and PCA with pyruvate
were the same. However, the average colony diameter on PCA
with sodium acetate was significantly lower than that on PCA,
while the average colony diameter on TSA was significantly higher

(Fig. 4B). The average diameter of aerobically grown colonies decreased by 35 to 63% over 84 days of starvation at 4°C; the reduction was markedly less for anaerobically recovered colonies, where
a decrease from 8 to 32% was observed (Fig. 4).
Carbon utilization by starved cells during recovery. While
nutrient levels had no effect on the recovery of cells starved at
15°C, high nutrient levels and supplementation of PCA with pyruvate significantly improved the recovery of cells starved at 4°C.
To examine the metabolic versatility of starved H11, cells starved
at 4°C for 38 and 42 days were used to inoculate PM1 MicroPlate.
Where the average lag time or rate of substrate utilization was
similar for both stationary-phase and starved cultures, data points
on the scatter plots lie close to the r ⫽ 1 line within LSD95 boundaries (Fig. 5). Data points on the left of the LSD95 boundaries
indicate longer lag times or higher utilization rates for the starved
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FIG 5 Substrate utilization kinetics for H11 stationary-phase and 4°C-starved
cultures. Scatter graph comparisons of average rate of substrate utilization (A)
and lag time (B) of stationary-phase and starved cultures are shown. Data
points are the averages for two independent replicates. Solid lines mark the
expected location of data points, assuming equal utilization kinetics. Dotted
lines mark the LSD95 boundaries.
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FIG 4 Distribution of colony diameters of cultures maintained at 4°C grown on PCA, PCA with 0.2% sodium acetate, PCA with 0.2% sodium pyruvate, and TSA.
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DISCUSSION

E. coli O157:H7 is a virulent zoonotic pathogen capable of causing
severe disease in humans with the possibility of long-term sequelae subsequent to the acute infection phase. Fecal shedding of
E. coli O157:H7 from ruminants has been shown to be the main
source of contamination in farm environments, food, food processing facilities, and water (3). The maintenance of a dual lifestyle
by E. coli O157:H7 involves surviving the decrease in temperature
and scarcity of nutrients when the bacterium is outside animal
hosts, as well as the initiation of growth once conditions become
optimal for growth.
In aqueous environments, E. coli O157:H7 from microcosm
sediments is culturable for at least 245 days (20), while Zhao and
Matthews (29) reported that at least 3 log units of cells with intact
membranes remained after 300 days of starvation in PBS at 4, 10,
and 22°C from a starting culture of 6 log units. In this study, the
quantification method used to determine the number of cells with
an intact membrane per ml allowed rapid and accurate enumeration of viable cells within the starved culture. To mirror the average water temperature of New Zealand freshwater in warmer
months, cells were held at 15°C, and they were held at 4°C to
simulate the freshwater temperature in winter (30) as well as the
maximum refrigeration temperature used for storage of meat
products. In line with the literature, we found that the number of
E. coli O157:H7 cells with intact membranes in aqueous environments with limiting nutrient and suboptimal temperatures was
unaffected by starvation in PBS at 4 and 15°C for at least 84 days
(Fig. 3).
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Once ingested by a potential host, E. coli O157:H7 must initiate
cellular processes required to recover from starvation and maximize growth opportunities under aerobic and/or anaerobic conditions it will encounter during the passage through the gastrointestinal tract. No difference in the number of colonies under
aerobic and anaerobic incubation at 37°C was detected after starvation at 4°C for 84 days, except on PCA supplemented with 0.2%
sodium pyruvate (Table 1), where anaerobic recovery on day 84 in
the presence of sodium pyruvate was 1.1 log units higher than that
obtained after aerobic incubation. Sodium pyruvate has been
shown to “resuscitate” cells from the VBNC state (31–33) and is
present in human saliva (34). Our results suggested that the combination of anaerobic conditions such as those found in the intestinal tract and the presence of pyruvate would increase the likelihood of poststarvation recovery in a host.
Assuming that each colony recovered arose from a single bacterium, the size of colonies developed within the 24-hour incubation period may be indicative of direct effects on the cell cycle,
with the combined effect of the lag in growth initiation and the
rate of cell division in the early phases of recovery. Changes in
colony size in response to starvation at 4°C over 84 days were more
evident under aerobic conditions, where the reduction in average
colony diameter ranged between 35 and 63%, compared to an 8 to
32% reduction under anaerobic conditions (Fig. 4). These results
suggest that this initial recovery phase under anaerobic conditions
was less affected by starvation. It is worth noting that during starvation, cells were held under aerobic conditions.
Utilization of individual carbon sources was used as a measure
of the metabolic capability of stationary-phase and starved cells
under both aerobic and anaerobic incubation. Since E. coli
O157:H7 is likely to be in the culture equivalent of stationary
phase in the ruminant gut prior to shedding, metabolic profiles of
stationary-phase cells were used to determine the metabolic capability of the test strain.
Analysis of the data presented here clearly showed that starvation altered the utilization of specific carbon sources by E. coli
O157:H7. As expected, the majority of the 95 substrates tested
were metabolized by both stationary-phase and starved cells at a
similar rate (Fig. 5A); however, the lag time before detectable metabolic activity was observed was significantly longer for starved
cells (Fig. 5B). Cells entering the VBNC state have been found to
reduce cellular activities, including the transport of nutrients and
synthesis of macromolecules (22). We hypothesized that the
transporters and/or enzymes required for carbon transport
and/or catabolism in the starved cells must be synthesized and that
this results in the longer lag times observed for starved-cell carbon
utilization. It is likely that this observed increase in the lag time
after starvation at 4°C may also contribute to the observed decrease in colony size, with starved cells taking longer to increase in
mass and be able to undergo cell division.
Comparisons of aerobic and anaerobic endpoint carbon utilization by nonstarved stationary-phase cells revealed that more
substrates were utilized during anaerobic growth than during aerobic growth, although the level of substrate utilization during anaerobic recovery was generally lower than that under aerobic conditions (Table 2). However, in comparison to aerobic growth,
where the Aendpoint values for most substrates were similar for
stationary-phase and starved cells, substrate utilization endpoints
in general for anaerobic recovery of starved cells were lower (Table
2). The limitation of incubating Biolog plates in an anaerobic

aem.asm.org 4387

Downloaded from http://aem.asm.org/ on September 21, 2019 by guest

cells than for the stationary-phase cells, and vice versa for data
points on the right of the LSD95 boundaries.
Under aerobic growth conditions, endpoint utilization for
most substrates was similar between the stationary-phase and
starved cells (Table 2). Of the 95 substrates tested, 15 were used
differently by the two cultures (Table 2). No significant difference
in the rate of substrate utilization was observed between the stationary-phase and starved cells for the majority of substrates
tested (Fig. 5A). The lag time for most substrates was significantly
longer for the starved cells than the stationary-phase cells (Fig.
5B), except for uridine, L-malic acid, D-malic acid, D,L-malic acid,
fumaric acid, L-alanine, D-alanine, and sucrose (see Table S2 in the
supplemental material).
As expected, carbon utilization profiles of stationary-phase E.
coli O157:H7 H11 during anaerobic growth differed from those
observed during aerobic growth. During anaerobic incubation,
the 26 substrates utilized by stationary-phase cells were not utilized by starved cells, and 17 were utilized to a significantly higher
endpoint level by stationary-phase cells than starved cells (Table
2). Of the 95 substrates tested, 13 were utilized differently by cells
grown under aerobic and anaerobic conditions (Table 2). The
average Aendpoint for Tween 20, Tween 40, ␤-methyl-D-glucoside,
2-amino-2-deoxy-D-gluconate, and D-glucarate was significantly
higher (P ⬍ 0.05) after 24 h of anaerobic incubation than after
aerobic incubation (see Table S1 in the supplemental material).
Endpoint utilization of nine substrates did not differ significantly
between stationary-phase and starved cells regardless of the atmospheric growth condition (Table 2). Since it was possible to determine endpoints only from anaerobically incubated phenotypic
arrays, the delay in utilization or the rate of utilization could not
be determined.

Xavier et al.

TABLE 2 Comparison of Aendpoint observed after 24 h of aerobic or anaerobic incubation between H11 cells harvested during stationary phase (SP)
and after starvation at 4°C
Aendpointa
Aerobic

Anaerobic

Substrate

SP

Starved

SP

Starved

Ethylene glycols

Tween 20
Tween 40
Tween 80

—
—
—

—
—
—

0.510
0.113
0.352

0.176b
0.093
0.130b

Glycosides

␣-Methyl-D-glucosidec
␤-Methyl-D-glucoside

0.620
—

0.563
—

0.187
0.141

0.157
—b

Monosaccharides

D-Fructose

0.484
0.721
0.674
0.754
0.673
0.555
0.357
0.335
0.486
0.598
—
0.532

0.460
0.554b
0.716
0.619
0.504b
0.597
0.484
0.375
0.508
0.452
0.082
0.368

0.278
0.134
0.312
0.402
0.264
0.191
0.230
0.204
0.205
0.411
0.091
0.339

0.188b
—b
0.274
0.212b
0.122b
—b
—b
0.096b
0.134
0.172b
—b
0.091b

0.699
0.645
0.312
0.758
0.651
0.619
0.888

0.552b
0.496b
0.142b
0.525
0.422
0.594
0.533

0.260
0.234
—
0.306
0.318
0.270
0.363

0.144b
0.215
—
0.142b
0.220b
0.109b
0.263b

0.718
—
0.233

0.440b
—
0.555d

0.271
0.138
—

—b
—b
—

Fructose-6-phosphatec
Glucose-1-phosphatec
Glucose-6-phosphate

—
0.665
0.750
0.626

0.340d
0.520
0.634
0.603

0.112
0.335
0.303
0.472

—b
0.293
0.233
0.256b

Acetic acids

Acetic acid

0.344

0.188b

0.178

—b

Dicarboxylic acids

Bromo succinic acid
D,L-Malic acid
D-Malic acid
Fumaric acid
L-Malic acid
Monomethyl succinate
Succinic acid

—
0.279
0.451
0.253
0.338
—
0.229

0.124
0.374
0.299b
0.286
0.324
—
0.333

0.104
—
0.201
0.186
0.184
0.165
—

—b
—
—b
—b
—b
—b
—

Hydroxy acids

L-Lactic

0.665

0.515

0.132

—b

Keto acids

Methyl pyruvate
Pyruvic acidc

0.799
0.533

0.456
0.506

0.228
0.313

0.093b
0.253

Propionates

Propionic acid

—

0.111

—

—

Sugar acids

D-Glucuronic

acidc
Glucuronamide
c
L-Galactonic acid-␥-lactone
Mucic acid

0.727
—
0.733
—

0.609
0.324d
0.612
—

0.249
0.135
0.242
0.117

0.175
0.083
0.185
—b

D-Galactose

acidc
acid

D-Galacturonic
D-Gluconic
D-Mannose
D-Ribose
D-Xylose
L-Arabinose
c

L-Fucose

N-Acetyl-D-glucosamine
N-Acetyl-␤-D-mannosamine
␣-D-Glucose
Oligosaccharides

D-Melibiose
D-Trehalose

Lactulose
Maltose
Maltotriose
Sucrose
␣-D-Lactose
Sugar alcohols

D-Mannitol

Dulcitol
Glycerol
Sugar phosphates

D,L-␣-Glycerol-phosphate

acid

(Continued on following page)
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TABLE 2 (Continued)
Aendpointa
Aerobic

Anaerobic

Substrate

SP

Starved

SP

Starved

Formic acid

—

—

0.195

—b

Nucleosides

2-Deoxyadenosine
Adenosine
Inosine
Thymidinec
Uridine

1.160
0.879
0.958
0.669
0.794

0.623b
0.561b
0.629b
0.659
0.557

0.256
0.227
0.238
0.340
0.327

0.164b
0.216
0.279
0.321
0.127b

Amino acids

D-Alanine

0.253
—
—
—
0.197
—
0.536
0.407
—
—
—
—
0.375

0.225
—
—
—
0.210
0.289d
0.428
0.382
—
—
—
—
0.610

0.168
0.107
0.110
0.141
0.126
—
—
—
0.203
0.111
0.107
0.117
—

—b
—b
—b
—b
—b
—
—
—
—b
—b
—b
—b
—

Glycine
Glycyl-L-glutamic acid
Glycyl-L-proline
L-Alanine
L-Alanyl-glycine
L-Asparagine
L-Aspartic acid
L-Leucine
L-Phenylalanine
L-Proline
L-Pyroglutamic acid
L-Serine
a

Results are the averages from duplicates. —, substrate was tested but not utilized.
The value for stationary-phase cells is significantly greater than that for starved cells (P ⬍ 0.05).
c
Utilization did not differ significantly between stationary-phase and starved cells regardless of the atmospheric growth condition.
d
The value for stationary-phase cells is significantly less than that for starved cells (P ⬍ 0.05).
b

chamber to ensure consistency of anaerobic condition was the
inability to physically place the spectrophotometer inside chamber to collect kinetic carbon utilization data. While it is possible
that the energy generated from the carbon sources during anaerobic growth was insufficient to initiate the synthesis of transporters and/or enzymes required for substrate catabolism by starved
cells, it is difficult to extrapolate the underlying explanation of the
difference observed in anaerobic carbon utilization between stationary-phase and starved cells.
Interestingly, despite the differences in the overall stationaryphase utilization and starved-cell utilization observed between
aerobic and anaerobic growth, endpoint utilization for nine substrates, including fructose-6-phosphate, glucose-1-phosphate,
pyruvic acid, and thymidine, was not affected by starvation regardless of whether the cells were recovered aerobically or anaerobically (Table 2). This showed that the ability to catabolize these
substrates was preserved by starved cells, allowing prompt utilization of these substrates when they became available. Together with
the physical signal of optimal growth temperature, the presence of
these substrates may act as a nutritional signal detected by both
nonstarved and starved cells that the environment is optimal for
growth.
Based on current findings, we hypothesize that E. coli O157:H7
can maintain a dual lifestyle, for surviving outside a host and establishing growth inside the host gut, by lowering metabolic activity to preserve energy in external environments, and by rapidly
reinitiating growth by detecting chemical and physical environmental changes when internalized by a suitable host. The longer
the bacterium remains in environments with low nutrient levels
and low temperatures, the lower the energy reservoir becomes,
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which contributes to the lowered recovery and decreased metabolic activity observed in this study. Furthermore, the difference
between the metabolic activity of stationary-phase and starved
cells observed under anaerobic incubation was greater than that
observed under aerobic conditions. This suggested that initial
growth occurred during the early stages of ingestion before arrival
in the anaerobic environment of the intestine. It is worth noting
that when the bacterium is associated with the intestinal epithelium, the availability of oxygen is likely to be greater than that in
the milieu of the gut contents (35), which may assist in maximizing energy production, thus promoting colonization. If the nine
substrates utilized consistently by both aerobic and anaerobically
grown stationary-phase and starved cells were present in the gastrointestinal tract of the host, the presence of these substrates may
further stimulate cell recovery even under anaerobic conditions.
Since there was a high similarity in metabolic profiles observed for
the three bovine strains tested in this study, the patterns observed
in the survival of, recovery from, and metabolic response to starvation at suboptimal temperatures exhibited by H11 are likely to
be similar for N427, N635, and other bovine E. coli O157:H7
strains.
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