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The influence of solution chemistry and cell concentration

on bacterial transport has been examined using Salmonella
pullorum SA1685 and Escherichia coli 0157:H7. A column was
employed to determine the transport behavior and deposition
kinetics with aquifer sand over a range of ionic strengths and cell
concentrations. 0157:H7 was found to be more adhesive

than SA1685, with calculated deposition rate coefficients higher
than those of SA1685. Comprehensive cell surface charac-
terization techniques including size, surface charge density,
extracellular polymeric substance content, electrophoretic mobility,
and hydrophobicity analyses were conducted to explain
observed transporttrends. The pathogens’ size and hydrophobicity
were not significantly different, whereas they varied in

acidity, for which 0157:H7 had 19 times higher surface charge
density than SA1685. Electrophoretic mobilities, in general
agreement with titration analysis and column experiments,
revealed SA1685 to be more negative than 0157:H7. This
combination of column and characterization experiments indicates
that SA1685 can be transported to a greater extent than
0157:H7 in groundwater environments. This study is the first
comprehensive work comparing the transport behavior of two
important pathogens in aquifer systems.

Introduction

In the United States there are 238 000 animal feeding
operations producing 317 million tonnes of liquid and solid
manure annually (1), which contains a variety of pathogenic
microorganisms (2). For example, the shedding rate of
Salmonella in poultry may be as high as 10° to 10 CFUs/g
(3), and up to 10? to 10* CFUs/g of Escherichia coli O157:H7
in calf manure (4). Precipitation and surface water flow can
cause pathogens to leach from manure to flowing water (5).
Concentrations of E. coli 0157:H7 from land-applied animal
manure can reach levels of 10’ CFUs/mL within 3 hours in
silty clay and sandy loam soil (6). Hence, improperly treated
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manure and manure-contaminated water can pose a risk to
human and animal health when used as a source for irrigation
or groundwater recharge (I, 7).

Recent studies have shown that half of all the U.S. drinking
water wells tested had fecal pollution, causing an estimated
750 000 to 5.9 million illnesses per year (8). Drinking water
outbreaks in the U.S. have primarily been associated with
inadequately disinfected groundwater and distribution sys-
tem contamination, with a significant number of these
outbreaks being caused by E. coli 0157:H7 and Salmonella
spp (9). E. coli O157:H7 causes an estimated 73 000 cases of
infection and 60 deaths in the U.S. annually (10). Waterborne
outbreaks associated with various subspecies of Salmonella
have been traced to contaminated wells and water storage
and have been estimated to cause 1 412 498 cases of acute
gastroenteritis illnesses in the United States annually (11).

Salmonella pullorum is an especially serious avian
pathogen causing “pullorum disease” in infected chickens
and turkeys (12). Usually newly hatched birds are the primary
victims (13), although there are reports of infection to other
animals (14). S. pullorumis also of interest due to increasing
development of antibiotic resistance among zoonotic patho-
gens (19).

To address bacterial pollution in groundwater environ-
ments and to prevent the spread of infectious diseases to
humans via this means of transport, there is an immediate
need for a comprehensive understanding of the fate and
transport of pathogens of concern. Therefore, this study was
designed to investigate the transport behavior of S. pullorum
and E. coli O157:H7 under a variety of solution chemistry
conditions and cell concentrations, consistent with the
variability of natural environments. Extensive cell surface
characteristics were compared to provide an explanation for
the calculated differences in pathogen travel distances under
test conditions.

Materials and Methods

Bacterial Cell Selection and Preparation. S. pullorumstrain
SA1685 obtained from the Salmonella Genetic Stock Centre,
University of Calgary, Canada, is a nonmotile, nonflagellated
avian pathogen originally isolated from an infected turkey.
E. coli O157:H7 strain p72 was also nonflagellated and
nonmotile under the utilized cell growth conditions, and
was obtained from the USDA (Pina Fratamico, USDA-ARS-
ERRC, Wyndmoor, PA). Details on bacterial preparation
methods are presented in the Supporting Information.

Bacterial Cell Characterization. Viability tests were
conducted on SA1685 and O157:H7 using the Live/Dead
BacLight kit (L-7012, Molecular Probes, Eugene, OR) in 10
mM KClI solution. Direct counting of the stained cells was
done using an inverted microscope (IX70, Olympus, Japan)
and the appropriate fluorescence filter (Chroma Technology
Corp., Brattleboro, VT).

To measure the dimensions of SA1685 and O157:H7, phase
contrast images were taken using an inverted microscope
(IX70, Olympus) and a camera (Retiga 1300, Qimaging,
Canada) at ~108 cells/mL in 10 mM KCI. Images of cells (n
> 60) were processed (SimplePCI, Precision Instruments Inc.,
Minneapolis, MN), and individual cell lengths and widths
were determined. Measured values were used to calculate
the effective cell radius and corresponding bacterial surface
area.

Hydrophobicity analysis of the cells was done using the
microbial adhesion to hydrocarbons (MATH) test (16). Briefly,
the partitioning of cells was measured between a hydrocarbon
(n-dodecane, laboratory grade, Fisher Scientific, Fairlawn,
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FIGURE 1. BTCs of SA1685 (a) and 0157:H7 (b) tested at 1, 10, and 100 mM IS (G, = 107 cells/mL). Error bars indicate the average of

three runs.

NJ) and electrolyte solution (10 mM KCl) as the percentage
of total cells partitioned into the hydrocarbon from the
aqueous phase.

Potentiometric titrations of cells were conducted to
determine the relative acidity and charge density of the
bacterial surfaces. An autotitrator (798 MPT Titrino, Metrohm,
Switzerland) was used to determine the amount of base
consumed by suspended cells during titration between pH
4 and pH 10. Bacterial suspensions with concentrations of
(3—5.3) x 108 cells/mL in 10 mM KCl were titrated by 0.3 N
NaOH. The resulting acidity and corresponding surface
charge density were calculated (17, 18).

The extracellular polymeric substance (EPS) composition,
specifically the total protein and sugar content, was analyzed
on the basis of an established extraction method (19). The
pellet of harvested bacterial cells was suspended in formal-
dehyde—NaCl solution followed by various centrifugation
steps and final exposure to ethanol—KCl solution. The
analysis of protein was performed using the Lowry method
(20) with bovine serum albumin (BSA; 20 mg/mL) (Fisher
Scientific) as the standard and measured spectroscopically
(BioSpec-mini, Shimadzu, Kyoto, Japan) at a wavelength of
500 nm. The analysis of total sugars was performed using the
phenol—sulfuric acid method described previously (21).
Xanthan gum (practical grade, Fisher Scientific) was used as
the standard, and samples were measured spectroscopically
at 480 nm (BioSpec-mini, Shimadzu).

Electrokinetic Properties and DLVO Calculations. Details
regarding measurement of bacterial electrophoretic mobility
and total interaction energy calculations are given in the
Supporting Information.

Column Experiments. Chromaflex chromatography col-
umns (Kontes Glass Co., Vineland, NJ) 2.5 cm in diameter
and 60 cm long were wet packed using autoclaved quartz
sand (710 um). Further details are given in the Supporting
Information.

Deposition Profile and Extent of Kinetics. To determine
the deposition profile of bacteria across the length of the
column, sand was excavated after the experiment (27). The
total percentage (Miowa) Of cells recovered was determined
from the sum of the percentages of cells recovered from the
column effluent (M) and the aquifer sand (Msna) by
following a protocol described previously (62, 63).

The bacterial deposition rate coefficient, k4, was deter-
mined by (22,26,28)

k=-Y 1n[£] )

where C/G, is the normalized concentration exiting the
column, U is the superficial velocity, ¢ is the porosity, and
Lis the length of the packed bed. The average value of C/ G,
was obtained between 1.8 and 2.0 pore volumes (PV), which
represents “clean-bed” conditions (29). Approximate travel
distances of SA1685 and O157:H7 were estimated from
measured values of k4. Details of the deposition profile, mass
balance, and travel distance equations are given in the
Supporting Information.

Results

Bacterial Transport. Results of transport experiments are
presented in terms of the influence of the solution chemistry
and injection concentrations (C;). Breakthrough curves
(BTCs) of SA1685 and O157:H7 showing the effects of the
solution chemistry are presented in Figure 1 when G, =107
cells/mL. As observed in Figure 1a, SA1685 retention in the
column increased with the ionic strength (IS), approximately
27%, 64%, and 69% at 1, 10, and 100 mM, respectively.
Retention of 0157:H7 was independent of the IS, and
approximately 80% of the bacteria were retained as shown
in Figure 1b.

The effect of the cell concentration (10 mM KCl) is depicted
in Figure 2. Cell retention was nearly identical when C, was
5 x 10% and 107 cells/mL, with an average retention of 63%
for SA1685 (Figure 2a) and 80% for O157:H7 (Figure 2b). At
Cy =108 cells/mL, the values of C/ C,in BTCs increased ~20%
between 1 and 4 PV for both cell types.

Figure 3 presents k4 as a function of the IS and G,. As
expected, the k4 values follow the same trend as cell retention.
Namely, when 107 cells/mL was injected, the k, values were
virtually identical at all ISs for O157:H7, whereas the k4 values
increased with the IS for SA1685. The kqy values of both SA1685
and O157:H7 in 10 mM KCl were essentially independent of
Coat 5 x 10° and 107 cells/mL, but slightly decreased at G,
= 108 cells/mL.

Deposition Profiles. Deposition profiles were determined
following completion of transport experiments and are
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FIGURE 2. BTCs of SA1685 (a) and 0157:H7 (b) tested at different C; values (10 mM KCI). Error bars indicate the average of three

runs.
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FIGURE 3. Deposition rate coefficient (k) versus IS for SA1685
(closed shapes) and 0157:H7 (open shapes) injected at 5 x 10°
cells/mL (squares), 10’ cells/mL (triangles), and 10% cells/mL
(circles). The dashed lines are drawn to provide guides to the
eye to indicate trends in changing ks Error bars indicate 1
standard deviation.

reported in the Supporting Information. Figure S1 shows
deposition profiles for SA1685 (Figure Sla,b) and O157:H7
(Figure Slc,d) with respect to the influence of the solution
chemistry and G,. When 107 cells/mL of SA1685 was injected,
the bacterial concentration retained in the column normal-
ized by the mass of sand increased with the IS (Figure Sla),
similar to the observed BTCs. In the case of O157:H7 there
were no significant changes observed with the IS (Figure
Sl1c), like the observed BTCs. In terms of ¢, the number of
SA1685 cells retained in the column was similar at 5 x 108
and 107 cells/mL; however, a decrease was observed at G,
=10® cells/mL (Figure S1b). The amounts of O157:H7 retained
in the column at all G, values were similar (Figure S1d), and
no trend with the injection concentration was observed.

1840 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 6, 2009

Table S1 indicates that a reasonable mass balance was
achieved in the column experiments (78—127%).

Travel Distances. On the basis of the experimental
results, travel distances were calculated at which 99.9% of
the cells would be removed (60—62). SA1685 was trans-
ported further than O157:H7 at comparable IS and G
conditions (Figure S2, Supporting Information). The
longest travel distance calculated for SA1685 was 11.8 m
at1 mM and a G, of 107 cells/mL. O157:H7 travel distances
were similar under all conditions, with 3.7 m as the longest
travel distance at 10 mM and C, = 108 cells/mL. It should
be mentioned that these are conservative estimates of travel
distance, as kg was assumed independent of concentration
whereas kq was slightly greater at lower injection con-
centrations (Figure 3).

Electrokinetic Properties and DLVO Profiles. The elec-
trophoretic mobilities of SA1685 and O157:H7 were negatively
charged under all conditions (Table 1), with SA1685 being
more negative than 0157:H7. Increased IS caused a reduction
in mobility for SA1685 due to compression of the electric
doublelayer (30). In contrast, differences in 0157:H7 mobility
with the IS were not statistically significant.

Measured ¢ potentials of sand particles are reported in
Table 2. These values were used in lieu of surface potentials
to calculate the interaction energy existing between cells
and sand particles using DLVO theory (25). DLVO theory
predicts favorable attachment conditions for O157:H7 at
10 and 100 mM and for SA1685 at 100 mM. Conversely,
unfavorable attachment conditions are predicted for these
bacteria at the other IS conditions (1 mM for O157:H7, 1
and 10 mM for SA1685). At 1 mM, cells experience energy
barriers greater than 3.16 kT'to attachment to the collector
surface. At 10 mM, an energy barrier of 9.87 kT exists
between SA1685 and sand. Additionally, the predicted
secondary minimum depths for SA1685 and O157:H7 were
negligible at all ISs.

Bacterial Surface Characteristics. Cell characteristics of
SA1685 and O157:H7 are presented in Table 1. Size mea-
surements showed no significant difference between the two
pathogens. MATH test results indicate both were similarly
hydrophobic (16.74—26.72%). Potentiometric titration re-
vealed that 0157:H7 was more acidic than SA1685, with more
dissociable functional groups and greater charge density.

5

Measured values of acidity were 0.47 x 107%,0.19 x 1075, and



TABLE 1. Key Cell Characteristics of SA1685 and 0157:H7

surface
acidity”  charge
IS (mequiv/ density® sugar concn® protein concn’ mobility ¢ potential  viability?
strain  (mM KCI) radius® (um) 10° cells) (zC/cm? MATHY (%)  (ug/mL) (ug/mL) [(zzm/s)/(V/cm])] (mV) (%)
SA1685 1 0.47 x 1075 180 26.19 +2.20 —0.87 £0.09 —11.11 +1.16 95 £+ 1.21
10  0.455 4 0.08 0.19 x 10°° 75 17.74 £5.05 6.75 + 0.84 289.30 + 24.73 —0.65 +0.04 —8.23+0.70 92 +2.34
100 0.18 x 107® 68 26.45 + 9.96 —0.569 +0.21 —7.54 +2.71 91 +3.23
0157:H7 1 1.49 x 107° 512 26.72 £9.33 —0.18 £ 0.28 —2.23+3.57 94 + 2.27
10 0.4804+0.06 8.48 x 10°° 2840 18.83+1.92 1.75+0.16 139.61 +12.71 —0.144+0.13 —1.84 £+ 1.62 91 4+ 1.92
100 3.0 x 10°® 1027 16.74 +£6.70 —0.12+0.16 —1.60 + 2.04 93 + 0.83

2Value for the equivalent spherical radius calculated from the measured length and width of individual cells. © Acidity
determined from the amount of NaOH consumed during titration between pH 4 and pH 10. ¢ Density of charged functional
groups across the cell surface. The value determined from the measured acidity and accounting for the exposed surface
area of the cells (calculated for a spherical cell) and Faraday’s constant is 96 485 C/mol. “ MATH indicates the relative
hydrophobicity of the cell as the percentage of cells partitioned in dodecane versus electrolyte. °Based on the
phenol—sulfuric acid method with xanthan gum as the standard at 108 cells/mL. "Based on the Lowry method with BSA as
the standard at 108 cells/mL. 9 Percentage of the cell population viable based on the Live/Dead BacLight kit. Values are

averages of the measured viability across the range of ISs utilized in transport experiments.

TABLE 2. { Potential of Sand Particles, Energy Barrier
Heights, and Secondary Energy Minimum Depths As a
Function of the IS As Calculated by DLVO Theory? for
SA1685 and 0157:H7

sand particle  cell—sand interactions
¢ potential® primary  secondary
strain IS (mM KCI) (mV) max (kT)  min (k7)
SA1685 1 —26.02 + 1.48 94.83 NB¢

10 —-15.30+£0.73  9.87 NB
100 -1.81+4.7 NB NB
0157:H7 1 —26.02+ 148 3.16 NB
10 —15.30+0.73 NB NB
100 —-1.81+4.7 NB NB

2 Calculations done assuming a Hamaker constant of 6.5
x 102" J (60) and using the bacterial sizes reported in
Table 1. ®¢ potential values were calculated from the
streaming potentials (23, 24). °NB denotes no energy
barrier.

0.18 x 107° mequiv/108 cells for SA1685 at 1, 10, and 100
mM, respectively. 0157:H7 acidity values were measured as
1.49 x 107°, 8.48 x 107%, and 3 x 10° at 1, 10, and 100 mM,
respectively. From these values, the surface charge densities
were calculated (18) as 180, 75, and 68 uC/cm? for SA1685
and 512, 2840, and 1027 uC/cm? for O157:H7 at 1, 10, and
100 mM, respectively. EPS analysis revealed SA1685 had
almost 4 times more sugar content than O157:H7, with a
similar trend for protein. Viability test results revealed greater
than 90% viability at all conditions.

Discussion

Effect of the IS. Electrophoretic mobilities indicate SA1685
to be more negatively charged than 0O157:H7. Conversely,
titration results indicate higher acidity and surface charge
density for SA1685 compared with O157:H7. This apparent
discrepancy in cell charge results can be explained by
differences in the measurement techniques. Electrophoretic
mobility reflects the net surface charge, whereas titration
captures the density of dissociable functional groups on the
membrane surface and within the macromolecular (EPS)
complex. Furthermore, titration results may be sensitive to
the cell size and interspecies variation. Hence, electrophoretic
mobility provides a better indication of cell-cell and
cell—quartz interactions than titration results. Indeed 0157:
H7had a higher (less negative) electrophoretic mobility (Table
1) and greater cell retention than SA1685 (Figure 1) at a given

IS, aresult consistent with DLVO theory. The deposition rate
coefficients were also constantly higher for O157:H7 than
SA1685 (Figure 3).

DLVO theory was also able to qualitatively explain the
transport and adhesion trends for SA1685. As observed in
Figure 1a, SA1685 retention in the column increased with
the IS. This was an expected trend due to double-layer
compression occurring with increasing IS. Electrophoretic
mobility and ¢ potential trends also confirmed this with
decreased values with increasing IS. As SA1685 experienced
the highest primary energy barrier that must be overcome
for attachment at 1 mM, retention in the column was much
less at 1 mM than at 10 and 100 mM conditions where SA1685
experienced a small energy barrier (9.87 kT) and no barrier,
respectively. SA1685 therefore achieved its longest transport
distance at 1 mM when the pathogen had the highest ¢
potential.

Retention of O157:H7 was independent of the IS (Figure
1b). It was observed that the ky values of 0157:H7 were similar
at all conditions, with ~20% of the pathogen breaking
through. This is attributed to the surface being relatively
insensitive to the solution chemistry as observed by the
electrophoretic mobility and hydrophobicity values overlap-
pingat1, 10, and 100 mM. Travel distances for O157:H7 were
therefore virtually identical and independent of the IS for
107 cells/mL.

It is interesting to note that DLVO theory predicts favorable
(10 and 100 mM for O157:H7 and 100 mM for SA1685) and/
or near-favorable conditions (a minor energy barrier of 3.16
kToccurred at 1 mM for 0157:H7, hardly more than Brownian
motion could overcome (39) occurred for some of the
experiments. Classic filtration theory would predict very
limited transport under such favorable conditions. The
observed significant transport behavior (Figures 1—3 and S1
and S2, Supporting Information) and the reasonable mass
balance results (Table S1) however suggest the cells were not
irreversibly retained in the primary minimum. Recent
literature indicates that steric stabilization of macromolecules
on the surface of microorganisms may hinder attachment in
the primary minimum (54) and that hydrodynamic forces
may remove weakly associated cells from collector surfaces
(59).

Effect of the Cell Concentration. C, values of 5 x 10° and
107 cells/mL did not the change retention values for either
pathogen; however, at 108 cells/mL, BTCs displayed increas-
ing C/ Gy values for both 0157:H7 and SA1685 (Figure 2). This
trend has been explained in the literature by “blocking”
(31—35), simultaneous bacterial deposition and release
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(36—38), or colloid/microbial collisions and their effect on
the filling of small pore spaces that are associated with
enhanced retention (56). Blocking implies a limited number
of favorable attachment sites and that deposited cells provide
fewer favorable surfaces for subsequent cell attachment.
Higher concentrations are expected to “block” favorable at-
tachment sites more rapidly than lower concentrations and
therefore exhibit less of a time dependency. This hypothesis
is not consistent with the time-dependent shape of the BTC
at the highest G, value shown in Figure 2. Furthermore,
simultaneous cell deposition and release implies a high
release rate, yet significant concentration tailing that was
not observed in the BTCs. The latter mechanism—cell—cell
collisions—seems most plausible. These collisions, which
increase with concentration, may hinder retention by
knocking weakly associated cells off the solid surface. This
hypothesis is consistent with the observation that 107 cells/
mL of either pathogen resulted in increased retention as
compared to 10® cells/mL. The time dependency of the filling
of the small pore spaces can also logically be expected to be
a function of the cell concentration, due to plugging of small
pore spaces at higher concentrations. In this study, the no
time dependency of the rising portion of the BTC was
observed when G, was less than 108 cells/mL, whereas when
C, was greater than 108 cells/mL a time dependency in the
BTC was observed, presumably due to filling of the smallest
pore spaces.

Deposition Profiles. Deposition profiles for SA1685
(Figure Sla, Supporting Information) showed that the
number of bacteria retained in the column increased with
the IS. The influence of concentration was also confirmed
with deposition profiles (Figure S1b) where bacteria numbers
retained were lower at 108 cell/mL than in the 5 x 10® and
107 cells/mL cases. Deposition profiles for O157:H7 were
similar at all tested IS and G, conditions.

Deposition profiles for many types of colloids (i.e., viruses
and bacteria) have been reported to follow hyperexponential
profile distributions, implying a decreasing rate of deposition
with increasing travel distance (40—49). However, both SA1685
and 0157:H7 showed a tendency to be retained in lower portions
of the column, from a dimensionless depth of 0.5—1 (Figure S1,
Supporting Information). Similar trends have been reported in
the literature by Tong (50) and Bradford (27). Possible mech-
anisms to explain observed nonexponential deposition behavior
may include time-dependent deposition (32, 51, 52) or particle
detachment, both of which are implicated by the concentration-
dependent trends discussed already (53). There are other
explanations for nonexponential deposition profiles such as
physical factors not included in filtration theory including
“straining”, referred to as retention of bacterial cells in smaller
pores and at grain—grain junctions (27, 29, 44, 58), surface
roughness (47, 54), hydrodynamic drag (57, 59), and cell
aggregation (27). Others have related the nonexponential
behavior to heterogeneity within the bacterial suspension or
population (50, 53), which produces a distribution of cells that
interact with each other or the sand. In addition to these,
hydrodynamic forces during the elution step might also displace
cells and push them toward the lower regions of the column.
This may be contributing, considering the column was flushed
with 5 PV of electrolyte before column excavation at a high
Darcy water velocity of 0.05 cm/s. The observed deposition
trends are most likely a combination of these aforementioned
phenomena.

Concluding Remarks and Implications. Relative trans-
port trends of SA1685 and 0157:H7 were investigated with
a focus on the influence of the solution chemistry and cell
injection concentration. Both experimental results and
theoretical calculations were employed to predict these two
important pathogens’ interactions and transport behavior
in representative groundwater conditions. Cell surface

1842 » ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 6, 2009

characterization experiments were conducted along with
classical DLVO theoretical calculations.

Electrophoretic mobility analysis showed that SA1685 was
more negative than 0157:H7. Column experiment results
were consistent with these observations as 0157:H7 was
retained more than SA1685. Interestingly, at higher injection
concentration (10% cells/mL), both cell types showed in-
creasing C/G, values and time dependency in the rising
portion of the BTC. Travel distance calculations concluded
that both pathogens can move long distances under possible
groundwater conditions in terms of flow velocities, cell
concentrations, and ISs. These calculations are based upon
k4 values as determined for aquifer sand which are highly
unfavorable and where maximum transport is anticipated.
Top distances calculated were 3.7 m for O157:H7 and 11.8 m
for SA1685 for viable cells within a period of a day, even
when a 3 log removal was achieved.

This study shows that outbreak-causing pathogens such
as SA1685 and 0O157:H7 may follow complex transport
behavior in groundwater conditions, more so than straight-
forward trends of nonpathogenic species (35, 48), indicating
additional mechanisms may be involved in their fate. In
addition, other factors such as steric stabilization of cell
surface macromolecules, cell collisions and interactions, cell
heterogeneity, hydrodynamic drag forces, and considerations
of pore structure will likely have to be considered to predict
the fate of such pathogens. Additionally, relatively low and
high cell concentrations may lead to considerable travel
distances and pose water quality hazards. This study docu-
ments the first comparative transport behavior of Salmonella
pullorum and E. coli O157:H7 in a wide range of potential
groundwater conditions.
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