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ABSTRACT
A pilot study was conducted to assess the transfer of Escherichia coli from animal slurry fertilizer to lettuce, with E. coli
serving as an indicator of fecal contamination and as an indicator for potential bacterial enteric pathogens. Animal slurry was
applied as fertilizer to three Danish agricultural fields prior to the planting of lettuce seedlings. At harvest, leaves (25 g) of 10
lettuce heads were pooled into one sample unit (n ~ 147). Soil samples (100 g) were collected from one field before slurry
application and four times during the growth period (n ~ 75). E. coli was enumerated in slurry, soil, and lettuce on 3M Petrifilm
Select E. coli Count Plates containing 16 mg/liter streptomycin, 16 mg/liter ampicillin, or no antimicrobial agent. Selected E. coli
isolates (n ~ 83) originating from the slurry, soil, and lettuce were genotyped by pulsed-field gel electrophoresis (PFGE) to
determine the similarity of isolates. The slurry applied to the fields contained 3.0 to 4.5 log CFU/g E. coli. E. coli was found in 36
to 54% of the lettuce samples, streptomycin-resistant E. coli was found in 10.0 to 18.0% of the lettuce samples, and ampicillinresistant E. coli in 0 to 2.0% of the lettuce samples (the detection limit was 1 log CFU/g). The concentration of E. coli exceeded 2
log CFU/g in 19.0% of the lettuce samples. No E. coli was detected in the soil before the slurry was applied, but after, E. coli was
present until the last sampling day (harvest), when 10 of 15 soil samples contained E. coli. A relatively higher frequency of E. coli
in lettuce compared with the soil samples at harvest suggests environmental sources of fecal contamination, e.g., wildlife. The
higher frequency was supported by the finding of 21 different PFGE types among the E. coli isolates, with only a few common
PFGE types between slurry, soil, and lettuce. The frequent finding of fecal-contaminated lettuce indicates that human pathogens
such as Salmonella and Campylobacter can be present and represent food safety hazards.

In recent years, an increasing number of disease
outbreaks in humans have been associated with consumption of contaminated vegetables (4, 15, 24, 35), and most of
the outbreaks during 1996 to 2008 were associated with
leafy green vegetables, where Escherichia coli O157:H7
and Salmonella spp. accounted for 72% of the pathogens
involved (21). Sprouts were the likely source of a large
European outbreak of E. coli O104:H4 originating in
Germany (7), and a multistate (United States) disease
outbreak of E. coli O157:H7 in October 2011 was linked to
romaine lettuce (9). The point of contamination of such
vegetables is, however, only rarely identified (8). Critical
points of preharvest contamination with pathogens in the
vegetable production chain are the result of untreated animal
manure as well as irrigation with contaminated water or runoff water from nearby areas with animal fecal deposits.
Thus, it has been speculated as to what extent human
disease outbreaks are associated with the application of
animal manure as fertilizer, which is a common practice
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in organic vegetable production, because application of
mineral nitrogen fertilizers are prohibited (18).
Animal manure is a potential source of zoonotic
pathogens such as Salmonella, Campylobacter, verotoxinproducing E. coli, and protozoan parasites, because many
animals shed these pathogens asymptomatically in their
feces (2, 19, 27). Pathogens persist in manure for a variable
length of time, depending on the storage conditions, e.g., in
stacked heaps or slurry tanks, which affect heat development, a main determinant of pathogen survival (5, 20, 22,
26, 39). When fresh or inadequately stored manure is used
to fertilize vegetable crops, the pathogens present contaminate the soil, where their survival can vary from a few days
to several months (29, 30). Consequently, lettuce seedlings
planted in animal slurry–amended soil are exposed to
persistent pathogens either through roots embedded in the
contaminated soil or via splash onto the leaf surface during
irrigation or rain events.
Under open-land conditions, vegetables can also be
exposed to pathogens originating from the surrounding
wildlife or other environmental sources (13, 47). The possible
routes of fecal transmission of pathogens under field
conditions are numerous, but application of DNA-based
fingerprint methods such as pulsed-field gel electrophoresis
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(PFGE) can help track the source of fecal bacteria (45).
Surveys on the type and concentrations of pathogens on
vegetables and their survival under natural field conditions
are still scarce, although increasing (38). The reported level of
human pathogens in produce seems to vary considerably,
e.g., between regions (3, 32, 41, 50). It is uncertain as to what
extent pathogens present in the soil can become internalized
into the plant through the root system or be transferred to leaf
surfaces through rain splash, with possible internalization via
leaf orifices, but both transmission routes constitute potential
food safety risks for consumers (6, 16, 37, 46). Moreover, the
human health implications from pathogens present in readyto-eat produce are enhanced if the pathogens display
resistance to antimicrobials, as it can lead to treatment failure
in humans (51). However, not only findings of resistant
human pathogens are of concern, but also antimicrobial
resistance genes can be transferred between bacteria via
horizontal gene transfer, as proposed for extended-spectrum
b-lactamase genes in gram-negative bacteria on spinach (23,
25, 42).
This pilot study assessed the level of E. coli
contamination and the antimicrobial resistance in E. coli
found on lettuce grown on open fields fertilized with
organic or conventional animal slurry. The PFGE genotypes
of E. coli isolated from slurry, soil, and lettuce were
compared in order to investigate the possible source of E.
coli isolated from lettuce.
MATERIALS AND METHODS
Field sites. Three main Danish producers of organic lettuce
on open fields who apply animal slurry as fertilizer were selected
for sampling of lettuce under field conditions. The three field sites
were located on Central Funen (fields 1 and 3) and in Southern
Jutland (field 2), and the soil in the fields was characterized as
loamy. According to weather data from the Danish Meteorological
Institute, the precipitation for Funen was 24, 26, 47, and 135 mm
per month from May to August, respectively. On two occasions,
the daily precipitation was .10 mm, once in the beginning of the
growth period for field 1 (12 mm) and once at the end of the
growth period for field 3 (20 mm). From May to August, the
monthly average temperature was 13.0, 15.3, 17.8, and 17.0uC,
with a total of 362, 293, 281, and 160 h of sun per month,
respectively. In Southern Jutland (field 2), the precipitation was 6,
43, and 57 mm per month from May to July, respectively, and the
daily precipitation did not exceed 10 mm per day within this
period. In this area, the monthly average temperature was 13.0,
15.2, and 17.4uC, with a total of 333, 272, and 248 h of sun per
month, respectively. The animal slurry was applied 7 days (field 1),
72 days (field 2), and 0 days (field 3) prior to planting of lettuce
seedlings. Details on the application of the animal slurry are
provided below. The slurry was applied on plowed fields at a rate
of 25 m3/ha and incorporated into the soil by harrowing within 2 h
after application to minimize nitrogen evaporation.
Soil samples were collected from field 3 only and analyzed
for the presence and concentration of E. coli. Surface top soil (0 to
5 cm) was collected for every 10 m along a longitudinal transect of
150 m (referred to as soil locations 1 to 15) on five occasions,
before slurry application (control sample) and after slurry
application on days 8, 12, 19, and 33 (at harvest), yielding a total
of 75 soil samples. A total of approximately 100 g of surface soil
was collected for each sample, with a sterile spoon from five sites
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within a diameter range of 25 cm from the lettuce seedling and
collected in a clean plastic container, which was kept at ambient
temperature during transport to the laboratory. The samples were
stored at 4 to 5uC until the following day, when the soil was mixed
by hands wearing plastic gloves, before 5 g was weighed for
enumeration of E. coli.
Animal slurry fertilizer. The animal slurry used as fertilizer
originated from a conventional pig farm (field 1), four farms
raising organic cattle (field 2), and an organic cattle farm (field 3).
The slurry was transported from the livestock farms to the lettuce
grower, where it was stored before application. The only exception
was for the slurry used in field 3, where the slurry remained at the
organic cattle farm until distributed onto the field. The overall
storage time for the slurry was ,1 month for field 1, .6 months
for field 2, and 3 to 6 months for field 3. Prior to application on the
fields, slurry samples were collected directly from the slurry tanks
with a clean 12-liter bucket and then transferred to sterile 500-ml
plastic bottles. The bottles were placed in insulated boxes with
cooling elements and transported to the laboratory for analysis
within 24 h. Bottles with slurry were gently shaken to obtain a
homogenized solution, before 5-g subsamples were collected for
enumeration of E. coli.
Lettuce. Seedlings of lettuce (Lactuca sativa) were planted at
the end of May (fields 1 and 2) and early July (field 3) in rows with
a distance of 35 to 40 cm between each plant and with an overall
density of 40,000 to 50,000 lettuce seedlings per ha. The lettuce
was sprinkler irrigated with groundwater during the growth period,
which lasted 50 days for field 1, 57 days for field 2, and 33 days
for field 3. No bacteriological testing was done of the groundwater
used for irrigation in this study, as the microbiological water
quality and absence of E. coli contamination is regularly ensured
by the relevant national authorities. At harvest, lettuce heads were
randomly selected and cut with disposable scalpels 1 cm above the
ground, avoiding the coarse outer leaves. Ten lettuce heads were
pooled into one sample (sample unit) and placed in a sterile plastic
bag that was stored at 4 to 5uC until analysis was initiated the
following day. A total of 50 (iceberg, L. sativa var. capitata), 47
(23 iceberg and 24 romaine lettuce, L. sativa var. longifolia) and 50
(loose-leaf lettuce, L. sativa var. crispa) sample units were
collected at fields 1, 2, and 3, respectively. On field 3, 15 of the
lettuce sample units were each collected from three rows in
proximity to each of the 15 locations where soil samples were
collected as described above.
From each of the sample units (each consisting of 10 lettuce
heads), a total of 25 g of inner and outer leaves was cut in a
standardized manner by a sterile disposable scalpel to form a 250-g
sample. This sample was blended at full speed in a kitchen blender
approximately 1 min until a homogenous paste was obtained, from
which a 5-g subsample was obtained for immediate enumeration of
E. coli.
Enumeration, isolation, and antimicrobial susceptibility
of E. coli. Concentrations of E. coli in the slurry, lettuce, and soil
samples were enumerated by plate counting by using Petrifilm
Select E. coli Count Plates (SEC plates; 3M, St. Paul, MN). Tenfold dilution series were prepared by initial homogenization of
sample material in a Stomacher 80 (Seward, Ltd., Worthing, UK)
by adding 5 g of the homogenized samples to 45 ml of 0.9% NaCl
solution containing 0.1% peptone (Bacto Peptone, BD, Franklin
Lakes, NJ). Following the manufacturer’s instructions, 1 ml of
appropriate dilutions was added onto SEC plates. Additionally,
1 ml of each dilution was mixed with 50 ml of streptomycin or
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ampicillin stock solution before transfer onto SEC plates, yielding
a final antimicrobial concentration of 16 mg/liter on the plates in
order to determine the number of resistant E. coli according to Wu
et al. (53). Ampicillin and streptomycin were selected, as a
previous study indicated that these antimicrobials could serve as a
marker for differences in the antimicrobial resistance levels in
animal manure from organic and conventional production (52).
The SEC plates were incubated 24 h at 44uC before colonies on
plates containing 15 to 150 CFU were enumerated.
At field 3, E. coli colonies from slurry, soil, and lettuce
samples were selected randomly from the SEC plates and
characterized by PFGE to compare genotypes. Thirteen E. coli
were isolated from the cattle slurry applied on field 3. Up to eight
E. coli isolates were obtained from each soil sample collected from
locations 8, 9, 11, and 14 on day 8 (29 isolates in total) and from
the same locations on day 33 (17 isolates in total) after the slurry
was applied. E. coli from lettuce (n ~ 24) grown at these four
locations was isolated from samples collected during harvest on
day 33. The isolates were verified as E. coli based on their
appearance on Brilliance E. coli–Coliform Selective Agar (Oxoid,
Ltd., Basingstoke, UK) as well as gas production and a positive
indole reaction.
PFGE typing. A total of 83 selected isolates of E. coli
originating from the cattle slurry (n ~ 13), soil (n ~ 46), and
lettuce (n ~ 24) from field 3 were analyzed by PFGE genotyping
to discriminate between isolates and to determine the level of
similarity of PFGE types. This was to indicate to what extent the E.
coli found in the soil and on the lettuce originated from the animal
slurry applied.
PFGE was performed as described by the Centers for Disease
Control and Prevention’s PulseNet (43). DNA was prepared
directly in a solid agarose plug (SeaKem Gold Agarose, Lonza,
Basel, Switzerland) for restriction endonuclease digestion with the
enzyme XbaI (New England Biolabs, Ipswich, MA). The
separation of fragments was done with the CHEF-DR III PFGE
system (Bio-Rad, Hercules, CA), with the following conditions:
6 V/cm at 14uC for 19 h at a field angle of 120u. The
electrophoresis was carried out at switch times of 2.2 to 54.4 s.
Multimeric phage lambda (48.5 kb) DNA (New England Biolabs)
was used as the molecular weight standard. Salmonella enterica
serotype Braenderup was used as an internal control, as well as a
DNA molecular weight marker. After the electrophoresis, the gels
were stained for 15 min in ethidium bromide (2 mg/ml in water;
Sigma-Aldrich Denmark A/S, Brøndby, Denmark), destained in
distilled water for 15 min, and visualized under UV light (Gel Doc,
Bio-Rad). Gel images of the PFGE profiles were imported into
BioNumerics, version 4.5 (Applied Maths, Kortrijk, Belgium), and
aligned with the S. enterica serotype Braenderup standard marker.
Bands were found by auto search at a position tolerance of 1.0, and
only bands between 33 and 1,135 bp were included in the analysis.
A difference in one or more band locations or the number of bands
was considered to represent different PFGE types.

RESULTS AND DISCUSSION
E. coli and antimicrobial resistance contamination
of lettuce. E. coli was found in 45% (66 of 147 pools at a
detection level of .1 log CFU/g) of all lettuce pools. The
number of E. coli exceeded the satisfactory microbiological
hygiene criteria level of 2 log CFU/g established for precut
fruits and vegetables (ready to eat) (17) in 19% of the
lettuce pools, whereas 99% contained ,3 log CFU/g. The
level of E. coli in the lettuce pools for each of the three

FIGURE 1. Escherichia coli contamination levels in lettuce pools
and their resistance to streptomycin and ampicillin: (A) field 1
(n ~ 50), (B) field 2 (n ~ 47), and (C) field 3 (n ~ 50). Black,
sensitive E. coli; gray, streptomycin-resistant E. coli; white,
ampicillin-resistant E. coli.

fields is shown in Figure 1, and there appears to be
relatively little difference between the three fields,
irrespective of the marked differences in farming practices.
No equivalent microbiological hygiene criteria have yet
been established for noncut vegetables, and cutting can
change the growth conditions for pathogens being present
due to a change in the availability of nutrients. Nevertheless, lettuce is usually consumed raw, without any heat
treatment.
The level of E. coli contamination is relevant, as E. coli
serves as an indicator of fecal contamination and hence an
increased risk for the occurrence of zoonotic pathogens such
as Salmonella, Campylobacter, and verotoxin-producing E.
coli that are excreted in feces by animals (49). A Shigella
sonnei outbreak associated with baby corn was, e.g.,
correlated with the findings of high numbers of E. coli
(34), and the numbers of E. coli in fresh herbs tested
positive for Salmonella spp. were greater than 2 log CFU/g
(2). The occurrence of E. coli in the present study seems
high in comparison with a study on ready-to-eat organic
vegetables in the United Kingdom, where 1.5% (n ~ 3,200)
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TABLE 1. Escherichia coli in soil and lettuce collected from field 3 at different periods after animal slurry application
Soil (CFU/g)b
8 days
Sample
locationa

Totalc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

100
30
320
280
180
560
380
580
210
160
120
50
150
140
880

STRd

40
10
10
20
20
10
30

10
30

12 days
AMPe

10

Total

150
80
80
130
220
40
120
240
90
70
20
50
70
120
10

STR

10

10
40
10

Lettuce (CFU/g)
19 days

AMP

Total

30
30
60
130
60
40
40
70
50
50
10
50
50
70
80

STR

33 days
AMP

Total

10
20

STR

33 days
AMP

Total

STR

900
660
90
2,055

50
80
10
230

AMP

40

30
10

10
40
70
10
20

50
90
50

60
170
10
250

10

90

a

Soil was collected for every 10 m along a 150-m longitudinal transect, and 10 lettuce heads making up one pooled sample were collected
in proximity to each of the 15 sampling locations.
b
Days after slurry application; day 33 was the normal harvest time of lettuce. No E. coli was detected in soil before slurry application.
c
Total, E. coli enumerated on SEC plates without antimicrobials.
d
STR, E. coli enumerated on SEC plates with 16 mg/liter added streptomycin.
e
AMP, E. coli enumerated on SEC plates with 16 mg/liter added ampicillin.

were positive for E. coli, and just 0.3% exceeded the
satisfactory level of 2 log CFU/g (44).
E. coli was found in 36, 45, and 54% of the lettuce
pools (n ~ 147 in total) collected from fields 1, 2, and 3,
respectively. The frequent finding of E. coli contamination
in lettuce pools (45%) is in contrast to Johannessen et al.
(31), who reported no transmission of E. coli O157:H7 to
crisphead lettuce grown during a 50-day study period in soil
fertilized with bovine manure inoculated with 4 log CFU/g
E. coli O157:H7, although E. coli O157:H7 persisted in the
soil for at least 8 weeks. In another experiment, where the E.
coli O157:H7 inoculation level was 3 log higher (7 log
CFU/g of compost), lettuce tested positive 77 days after the
seedlings were planted (30). In comparison, the slurry
applied in our study contained 4.5 (field 1), 3.0 (field 2), and
3.9 (field 3) log CFU/g E. coli.
Dissimilarities in leaf surface area as well as structure
can, in relation to the climatic conditions, influence the
likelihood of E. coli contamination and persistence (6).
Three different cultivars of L. sativa (iceberg, romaine, and
loose-leaf lettuce) were harvested at the three fields in the
current study due to practical reasons, and it is uncertain as
to what extent different characteristics of the leaf surfaces
did influence contamination with E. coli. Heavy rain events
can promote splashing with contaminated matter onto edible
parts of the crops, whereas solar radiation increases
pathogen die-off (10). However, it is uncertain if the
observed climatic variations from the end of May to the
beginning of August, e.g., involving a rain event of 20 mm
on field 3 the day before harvest, had a significant impact on
the E. coli contamination levels.

In the slurries applied to fields 1, 2, and 3, 42.4, 4.2,
and 0.3% of the E. coli isolates were resistant to
streptomycin, respectively, while 19.2, 3.2, and 0.1% of
E. coli isolates were resistant to ampicillin. Thus, the highest
prevalence of antimicrobial resistance was found in the
conventional pig slurry, whereas less than 5% of E. coli was
resistant to streptomycin and ampicillin in the organic cattle
slurry. This difference is a likely consequence of the
restrictions on antimicrobial usage in organic production
systems, as was previously observed for organic and
conventional pigs (52). However, part of this difference
might also relate to the animal species, as the bacterial
antimicrobial resistance level generally appears higher in
pigs than in cattle (14). At harvest, streptomycin-resistant E.
coli was found in 10.0, 17.0, and 18.0% of the lettuce pools
harvested at fields 1, 2, and 3, respectively. Ampicillinresistant E. coli (2%) was found only in lettuce from field 3.
However, resistant E. coli was typically present in lower
numbers than susceptible E. coli, as streptomycin-resistant
E. coli exceeded a concentration of 2 log CFU/g in only two
(1.4%) samples (Fig. 1).
The highest percentage of lettuce pools with resistant E.
coli (18% for streptomycin and 2% for ampicillin) was
unexpectedly found on the field fertilized with organic cattle
slurry containing few resistant E. coli and not the
conventional pig slurry that initially had the highest
concentration of resistant E. coli. In our study, lettuce was
found to be contaminated with streptomycin-resistant E.
coli, although in lower numbers than susceptible E. coli
(Fig. 1). Osterblad et al. (40) also reported generally low
levels of antimicrobial-resistant bacteria in vegetables, and
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TABLE 2. PFGE types of selected Escherichia coli (n ~ 83) isolated from organic cattle slurry, soil after slurry application, and from
lettuce grown in the slurry-amended soil in field 3
PFGE typec:
Sample
type

Sample
locationa

Time
(days)b

n

E. coli/g

A

B

C

D

E

F

G

H

I

J

K

Slurry
Soil
Soil
Lettuce
Soil
Soil
Lettuce
Soil
Soil
Lettuce
Soil
Soil
Lettuce

All
8
8
8
9
9
9
11
11
11
14
14
14

0
8
33
33
8
33
33
8
33
33
8
33
33

13
7
8
3
7
1
5
8
0
10
7
8
6

8,400
580
70
60
210
10
70
120
0
250
140
90
90

1

2

1

1

1

1
2
1

2
1
2

1

2
1
1

1
1
1

2

a
b
c

1

L

M

1

N

O

P

Q

R

S

T

U

1
3

3

1

2

2

4

1

4
4

1

1

1

1
1

3

4
2

1

1

6
2
1
1

3

1

1

Soil and lettuce were collected from 4 of 15 locations along a 150-m longitudinal transect.
Number of days after application of slurry on the field; lettuce was harvested on day 33.
Number of E. coli isolates with a particular PFGE type.

this did not seem to explain the high prevalence of resistant
Enterobacteriaceae in the human intestine.
Persistence of E. coli in soil. No E. coli was detected
in soil before the application of slurry in field 3, whereas E.
coli was found in all 15 soil samples collected on days 8, 12,
and 19 (Table 1). Slurry applied to field 3 contained 3.9 log
CFU/g E. coli. At the first sampling after slurry application
on day 8, a total of 13 of 15 soil samples had E. coli
concentrations between 2 and 3 log CFU/g. Eleven days
later, on day 19, only 1 sample exceeded 2 log CFU/g. At
the time of harvest, day 33, the number of E. coli in 5 of 15
soil samples was reduced below the detection limit (1 log
CFU/g), and no samples contained more than 2 log CFU/g.
Thus, the number of E. coli in soil from field 3 was found to
decline to low levels within the 33-day growth period of
lettuce.
Several studies indicate that E. coli can persist in
manure-fertilized soil for several months after manure
application (29, 30), implying a potential risk for vegetable
crops to be exposed to pathogens. According to Ingham et
al. (28), increasing the fertilization-to-harvest time intervals
from 90 to 120 days decreased the prevalence of E. coli on
lettuce grown in silty clay loam soils, whereas a similar
decrease was not seen on lettuce cultured in loamy sand.
Consequently, Ingham et al. (28) found few arguments for
reducing the minimum fertilization-to-harvest time interval
of 120 days for not-composted animal manure stated by the
National Organic Program in the United States (1). In the
current study, the highest percentage of E. coli–contaminated lettuce (54% at field 3) coincided with the shortest
growth period (33 days as opposed to 50 and 57 days) as
well as the shortest time between application of slurry and
harvest of lettuce compared with the other two fields
(33 days as opposed to 57 and 129 days). Mootian et al. (37)
also reported that in the period from 20 to 30 days after
planting lettuce in manure-amended soil inoculated with E.

coli O157:H7 (1 to 4 log CFU/g), the number of plants
testing positive for E. coli O157:H7 decreased from 6
of 24 lettuce plants to 0. According to the European
Commission (18), it is only recommended to compost
manure that is used to fertilize organic vegetables, which
implies that the use of not-composted manure is not
prohibited, and currently, there is no established minimum
fertilization-to-harvest time interval for not-composted
manure in Europe equivalent to the National Organic
Program regulation (1). According to the National Organic
Program regulations, ‘‘proper’’ composting implies that the
stored manure reach a temperature above 55uC for several
continuous days, depending on the level of aeration (stacked
manure must be turned). The length of time needed to reach
a satisfactory reduction of pathogens after fertilization
depends also on the initial concentration in the manure
(12), which again partly depends on the source, age, and
storage conditions of the manure (19, 26, 39). Storage of
manure with no continuous input will decrease pathogen
numbers, but the rate of decline varies due to the
composition of the manure, temperature, and other physicochemical factors (5). Practices of manure application have
been shown to vary considerably among organic vegetable
producers (33). This was also the case for the three fields in
our study, where the used livestock manure, e.g., had been
stored for ,1 month, 3 to 6 months, and .6 months before
application. Despite the different storage time, the concentration of E. coli in the slurry at the time of application
varied only 1.5 log CFU/g, and together with findings of E.
coli–contaminated lettuce in all three fields, this could
indicate that storage for less than 6 months is inadequate to
prevent transfer of E. coli and thus potential pathogens to
lettuce. Unfortunately, the varying manure practices between the three fields involved in the current study impair
the conclusions on the relative importance of the timing of
slurry application, type, and age of the slurry as well as the
interval between application and planting, as more con-
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trolled experimental conditions would be necessary to
address this.
Streptomycin-resistant E. coli was found in 9 of 15 soil
samples 8 days after fertilization of field 3, and ampicillinresistant E. coli was found in 1 soil sample (Table 1). The
spread of antimicrobial-resistant genes into the environment,
e.g., via slurry amendment of soil, is undesirable due to
possible horizontal gene transfer between bacteria (11, 25).
In this way, antimicrobial resistance encoding genes in
plasmids, integrons, and other transposable elements can be
transferred to the normal soil flora and potentially also to
pathogenic bacteria (36).
Source of lettuce contamination. At harvest, on day
33, 20% of the 50 lettuce pools from field 3 contained more
than 2 log E. coli per g, while E. coli in all soil samples had
an E. coli concentration below 2 log CFU/g. This could
indicate that the slurry used on field 3 might not have been
the sole source of the E. coli contamination, and that was
supported by the PFGE typing of 83 selected E. coli isolates
from slurry, soil, and lettuce, which represented 21 different
PFGE profiles (Table 2). Five of the 13 PFGE profiles
found in the slurry were also found in soil samples, and 2
of these profiles were furthermore found in lettuce. Still,
several different PFGE profiles were found on single
occasions in either soil or lettuce, which indicates that the
E. coli could originate from nonslurry sources, such as the
surrounding environment or wildlife (13, 47). The finding
of E. coli–negative soil samples prior to slurry application
could in part be explained by sampling done immediately
after plowing, reducing the chance of detecting any fecal
pollution from wildlife. Similarly, Ingham et al. (29) found
that low-level contamination with indigenous E. coli
occurred sporadically for washed carrots, lettuce, and
radishes, regardless of whether animal manure had been
applied. Even insects were identified as a possible vehicle
for transmission of E. coli O157:H7 (48). For further
studies, it would be relevant also to sample lettuce from
fields without prior slurry amendment to assess the
‘‘background’’ level of E. coli on lettuce.
The current study of E. coli (fecal indicator) levels in
lettuce grown under natural conditions in slurry-amended
soils revealed a frequent contamination (44.9%) and levels
above 2 log CFU/g in 42.4% of the contaminated samples.
This fecal contamination indicates a potential presence of
pathogens such as Salmonella and Campylobacter, which
could represent a real hazard to human health, as lettuce is
typically eaten raw. Moreover, streptomycin- and ampicillin-resistant E. coli was found in 15.0 and 1.4% of the
lettuce pools, respectively, which indicates a risk of
transferring antimicrobial-resistant genes. The field with
the highest percentage of lettuce contaminated with both
susceptible and resistant E. coli (54.0 and 18.0%) coincided
with the shortest interval between application of animal
slurry and harvest. This stresses the importance of the length
of the time gap between slurry fertilization and harvest when
reducing the risk of fecal contamination of lettuce.
However, there was relatively high number of E. coli in
lettuce at harvest as compared with the numbers found in the
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soil, and the majority of the PFGE profiles differed between
E. coli isolates from slurry, soils and lettuce. This suggests
that the animal slurry fertilization was not the sole source of
fecal contamination, but that the surrounding environment
and wildlife played a role in the contamination with E. coli.
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