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Abstract The spread of antibiotic-resistant bacteria
in the environment is raising serious public health
concerns, and manure is being increasingly recog-
nized as a major source of antibiotic-resistant bacteria.
In this research, we isolated Escherichia coli and
enterococci from manure produced in a Wisconsin,
USA family dairy farm to determine their resistance
to six representative antibiotics. The average densities
for E. coli and enterococci were 6.37(+4.38)x 107 col-
ony formation units (CFU)g ' and 1.60(x1.57)x
10* CFU g, respectively. The E. coli isolates were
found to be resistant to cephalothin, ampicillin,
tetracycline, and erythromycin. In addition to these
four antibiotics, the Enterococcus isolates were also
resistant to gentamicin and ciprofloxacin. Additional-
ly, we examined the survival and growth of E. coli
and enterococci in dairy manure over a period of
~3 days. While the densities of enterococci remained
stable over the study period, the concentrations of E.
coli on average increased by 1.5 logl0 units. Further
tests of the bacterial antibiotic resistance over time
showed no significant changes in the prevalence of
antibiotic resistance. This result indicated that slightly
aged manure could represent a larger source of
antibiotic-resistant E. coli than fresh manure and the
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accumulation of antibiotic-resistant E. coli and en-
terococci in the agricultural fields must be accounted
for in the modeling of the spread of antibiotic-
resistant bacteria in the environment.
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1 Introduction

The spread of antibiotic-resistant bacteria in the
environment is raising serious public health concerns
across the world (Institute of Medicine 2003; World
Health Organization 2003). Due to the widespread use
of antibiotics in the animal farm environment for both
therapeutic and growth promotion purposes, high
levels of antibiotic-resistant bacteria were found in
animal waste (Halbert et al. 2006; Hofacre et al. 2000;
Holzel and Bauer 2008; Jordan et al. 2005; Kumar
and Schweizer 2005; Mirzaagha et al. 2009; Parveen
et al. 2006; Ray et al. 2006; Sapkota et al. 2007; Sato
et al. 2004, 2005; Smith et al. 2002; Varga et al. 2008,
2009). Manure, with an annual production rate of 133
million tons in dry weight in the USA alone,
represents a major source of antibiotic-resistant
bacteria that were detected in the natural environment.

In the USA, more than 75% of the 65,000 dairy
farms are family owned and operated and have less
than 100 heads of milking cows (USDA 2010). On
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these family dairy farms, the manure is usually
applied as a fertilizer to the agricultural fields on a
daily basis with little or no storage time. Such land
application of manure has resulted in the contamina-
tion of soil, surface water as well as groundwater by
antibiotic-resistant bacteria (Anderson and Sobsey
2006; Chee-Sanford et al. 2001, 2009; Koike et al.
2007; Mackie et al. 2006; Mckeon et al. 1995;
Patterson et al. 2007; Pei et al. 2006; Sapkota et al.
2007; Sayah et al. 2005; Storteboom et al. 2007).
Sapkota et al. (2007), for instance, reported that a
concentrated animal feeding operation (CAFO)
resulted in the pollution of both groundwater and
surface waters by enterococci that were resistant to
erythromycin, tetracycline, and clindamycin. Anderson
and Sobsey (2006) observed high percentages of
antibiotic-resistant Escherichia coli in groundwater
samples collected in the vicinity of a CAFO. Consid-
ering that most of the family farms depend on private
wells, which usually are located in close proximity to
the agricultural fields where dairy manure was applied,
as the sole source of drinking water, there is a need to
understand the potential of groundwater contamination
by antibiotic-resistant bacteria originated from manure
and to assess the associated human health risks.

A quantitative understanding of the spread of
manure-derived antibiotic-resistant bacteria in the soil
and groundwater system requires detailed knowledge
of their occurrence and behavior in manure. Particu-
larly, as the long-held view was that populations of
indicator bacteria declined after the feces were
deposited, recent studies suggested that bacterial
growth could occur, especially within the first few
days following post-defecation (Oliver et al. 2010;
Sinton et al. 2007). There is thus a need to assess the
growth and survival of representative fecal bacteria in
manure and to examine the associated temporal
variations in the antibiotic resistance patterns. Few
studies, however, have investigated the occurrence
and growth/survival of antibiotic-resistant bacteria
within the family dairy farm environment.

In this research, we determined the prevalence of
antibiotic resistance of E. coli and enterococci in the
manure produced by a family dairy farm located in
Wisconsin, USA. The Gram-negative E. coli and
Gram-positive enterococci were selected because they
are abundant in manure, could be pathogenic, and
represent the most widely used indicator bacteria for
fecal contamination in the natural environment. In
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addition, we investigated the survival and growth of
E. coli and enterococci in fresh dairy manure on an
hourly time scale. The temporal trend in the antibiotic
resistance of E. coli and enterococci was then studied.

2 Materials and Methods
2.1 Collection of Manure Samples

A family dairy farm located in Ozaukee County, WI,
USA, which has maintained a consistent feeding
operation and kept records of antibiotic use over the
past decade, was selected for this research. The farm
belongs to a regional dairy cooperative which
constitutes ~200 family dairy farms. The farms within
this cooperative obtain feeding additives from the
same source and share similar operational practices.
According to the owner’s records, the cephalosporin
group of antibiotics such as cephapirin and ceftiofur
has been used to treat cow diseases, primarily
mastitis. At the time of sampling, there were 50
lactating cows on the farm with ages ranging from 1
to 9 years old. The manure produced on this farm was
usually spread to the agriculture field of 150 acres
following short-term storage (~1 day).

Two groups of manure samples were collected for
this research. The first group of samples was designed
to determine the occurrence of antibiotic-resistant
bacteria in the manure. The milking cows were
separated into three age groups: 1-3, 4-6, and 7-
9 years old. For each age group, two lactating cows
were randomly selected for manure sampling. Dupli-
cate manure samples (~10 g) were collected rectally
from each selected cow using sterile cotton swabs and
placed into sterile 50-mL polypropylene centrifuge
tubes (Corning). After collection, all samples were
immediately stored on ice and transported to the
laboratory where the samples were stored in a
refrigerator (4°C) and processed within 48 h.

Following the first sampling event, a 4-year-old
representative cow was selected to examine the
survival and growth of E. coli and enterococci in
manure and the temporal variation of their antibiotic
resistance patterns. Two samples (~50 g each) were
collected rectally from this cow and placed into sterile
50-mL polypropylene centrifuge tubes as previously
described. Each sample was then homogenized using
sterile spatula and kept at room temperature (~22°C)
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to determine the growth kinetics of E. coli and
enterococci. During the course of this experiment,
the centrifuge tubes were loosely covered with the cap
to allow for gas exchange and to maintain the
moisture content level. The conditions employed
(22°C and constant moisture level) were to mimic
manure applied to the agricultural fields on days
without strong sunlight (i.e., no UV light and
desiccation impact).

2.2 Isolation of E. coli and Enterococci

E. coli and enterococci were isolated from dairy
manure samples following standard US EPA protocol
(US EPA 2000). The manure samples (duplicate
subsamples for the first group of samples and
triplicate subsamples at each time interval for the
second group of samples) were suspended with sterile
phosphate-buffered saline (PBS) solution (0.58 g
NaH,PO,, 2.5 g Na,HPO,, and 8.5 g NaCl in 1 L
of deionized water) on a ~1:1 (w/v) ratio. The
suspension was diluted by a factor between 10° and
10* using sterile PBS solution. About 4 mL of the
diluted sample was then mixed with 30 mL of PBS
and passed though a sterile 0.45-um PVDF mem-
brane filter (Millipore). The filters that collected the
bacterial cells were immediately placed on modified
mTEC or mEI agar plates (Becton Dickinson) for the
isolation of E. coli and enterococci, respectively (US
EPA, 2000). The modified mTEC agar plates were
incubated at 37°C for 2 h followed by incubation at
45°C for 20 h. Red or magenta colonies on the
modified mTEC agar after the incubation were
tentatively identified as E. coli. The mEI agar plates
were incubated at 41°C for 24 h, and the blue
colonies that formed were identified as enterococci.
The E. coli isolates were verified using Simmons

citrate agar plates (no utilization of citrate and all
the agar plates remained green after the incubation;
Becton Dickinson) and MacConkey II agar plates
containing 4-methylumbelliferyl-p-glucuronide
(Becton Dickinson). The Enterococcus isolates were
verified using Bile Esculin Agar plates (Enterococcus
can hydrolyze esculin and produce a black or brown
precipitate on the agar plates; Teknova), Brain Heart
Infusion Broth (growth at 45°C), and Brain Heart
Infusion Broth amended with 6.5% NaCl (growth at
35°C; US EPA 2000). The number of E. coli and
Enterococcus isolates, together with the weight of the
manure subsamples and the dilution factor, was used to
calculate the concentrations of E. coli and enterococci
in the manure. The E. coli and Enterococcus isolates
were then stored in 20% glycerol at —20°C.

2.3 Antibiotic Susceptibility Tests

Six antibiotics were selected for the antibiotic
resistance test primarily based on their clinical
importance, representativeness of major antibiotics
classes and use within the animal farm environment
(Table 1). For E. coli and enterococci retrieved from
the first group of manure samples which were
designed for the examination of the overall antibiotic
resistance on the dairy farm, two concentrations of
each antibiotic were used (Table 1; Clinical and
Laboratory Standards Institute 2006; Parveen et al.
2006). Each isolate was scored as low or high
resistance if it could grow under the presence of the
low or high antibiotic concentrations, respectively.
For E. coli and enterococci isolated from the second
group of manure samples that were used to determine
the temporal variation in the antibiotic resistance,
only one concentration for each antibiotic was used.
In general, the high concentrations were selected. If

Table 1 List of antibiotics,

the antibiotic classes that Antibiotics Antibiotic class Low resistance High resistance

they belong to, and their

concentrations used in the E. coli Enterococcus E. coli Enterococcus

antibiotic resistance tests

(concentration unit: Cephalothin Cephalosporin 8 8 32 32

milligrams per liter) Ampicillin B-Lactam 8 8 32 16
Gentamicin Aminoglycosides 4 4 16 16
Tetracycline Tetracycline 4 4 16 16
Ciprofloxacin Fluoroquinolones 1 1 4
Erythromycin Macrolides 3 0.5 15
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few isolates were found to be resistant to the high
concentrations, then the low antibiotic concentrations
were used.

The tests of E. coli antibiotic resistance were
performed using Mueller Hinton (MH) agar (Remel)
plates containing the appropriate concentrations of
antibiotics as well as MH agar plates containing no
antibiotics as a control. For enterococci, brain heart
infusion (BHI) agars (Becton Dickinson) plates with
and without antibiotics were used for the susceptibility
tests.

Each E. coli or Enterococcus isolate was trans-
ferred to 1.5 mL of Luria—Bertani broth stored in
individual wells of sterile 96-well assay blocks
(Costar) and incubated at 37°C for 22 h. After
incubation, the isolates were transferred to antibiotic
resistance test agar plates with or without antibiotics
using a 96-pin replicator. The replicator was sterilized
with flame after each transfer. The inoculated MH or
BHI agar plates were then incubated at 37°C for 24 h.
E. coli and Enterococcus isolates that formed colonies
on the agar plates with antibiotics were identified as
resistant to that concentration of antibiotic. E. coli or
Enterococcus isolates that showed no visible growth
on the agar plates containing antibiotics were consid-
ered susceptible to that concentration of antibiotic.

3 Results and Discussion

3.1 Average Concentrations of E. coli
and Enterococci in Manure

The concentrations of E. coli in the dairy manure
varied between 8.94x10° and 1.30x10® colony for-
mation units (CFU)g™'. The average E. coli density
was 6.37(£4.38)x10" CFU g ' (the number in
parenthesis represents standard deviation, number of
samples 24). The density of enterococci was about
three orders of magnitude lower and ranged from
1.74x10% to 6.23x10% CFU g '. The average density
of enterococci was 1.60(x1.57)x10* CFU g

The observed E. coli and enterococci densities
were comparable to many previously reported values
which suggested 10°~10® fecal organisms per gram of
animal waste (Arthurs et al. 2001; Diez-Gonzalez et
al. 2000; Duriez and Topp 2007; Haack and Andrews
2000; Hodgson et al. 2009; Meals and Braun 2006;
Reddy et al. 1981; Sinton et al. 2007). The review of
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Reddy et al. (1981) estimated that the average density
of fecal coliform was within the range of 10°-10%/g.
Diez-Gonzalez et al. (2000) reported that E. coli in
fresh dairy cattle manure ranged from 10° to 10%/g.
Arthurs et al. (2001) determined that the density of E.
coli in manure slurry produced by lactating dairy
cattle was 10>°*%7/g. Gonzalez et al. (2005) observed
that the average population size of viable E. coli in
fresh swine manure was 1.0-1.4x10" cells g (wet
weight)_l. Sinton et al. (2007) reported that the
densities of enterococci in dairy manure ranged from
10° to 99 cells g .

Each lactating cow produces ~70 kg of wet manure
per day (personal communication, owner of the dairy
farm). Given 50 lactating cows, the average applica-
tion rate of manure on the 150-acre farm is, thus,
3,500 kg/day. Based on the average densities of E.
coli and enterococci determined in this research, the
average numbers of viable E. coli and enterococci
cells that were introduced to the agricultural field
were 3.67x10% and 9.23x 10*/m? day, respectively.

3.2 Antibiotic Resistance Patterns of E. coli
and Enterococci

In total, 793 and 557 E. coli and Enterococcus
isolates were retrieved from the first group of manure
samples. These isolates were used to assess the
overall bacterial antibiotic resistance on this family
dairy farm. Our results showed that more than 90% of
the E. coli and enterococci exhibited low resistance to
cephalothin (Table 2). The percentage of E. coli and
enterococci that were highly resistant to cephalothin
was around 70%. Overall, resistance to cephalothin
was prevalent on this farm. This was likely the result
of the therapeutic use of cephalosporin class anti-
biotics such as cephapirin and ceftiofur, as suggested
by the documented records maintained by the farm’s
owner. Similarly, high percentages (>80%) of the E.
coli isolates showed resistance to erythromycin
(Table 2). Resistance to erythromycin was less
prevalent for enterococci, however. On average,
34.1% and 1.1% of the enterococci displayed low
and high resistance to erythromycin, respectively.
For ampicillin, 67% and 42.3% of E. coli and
enterococci showed low resistance. Fewer E. coli and
enterococci were highly resistant to ampicillin and the
percentage values equaled to 0.6% and 20.7% for E.
coli and enterococci, respectively. Our results also
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Table 2 Percentage of E. coli and enterococci that displayed low resistance and high resistance to six representative antibiotics

Antibiotics Antibiotic class Low resistance High resistance
E. coli (%) Enterococcus (%) E. coli (%) Enterococcus (%)

Cephalothin Cephalosporin 99.9 (£0.2) 91.9 (£8.7) 70.9 (£25.3) 76.3 (£20.5)
Ampicillin [3-Lactam 67.0 (£21.3) 42.3 (£26.1) 0.6 (£1.2) 20.7 (£18.5)
Gentamicin Aminoglycosides 0.0 92.7 (£9.0) 0.0 84.3 (x14.1)
Tetracycline Tetracycline 28.3 (£18.3) 17.2 (£17.1) 13.1 (£7.7) 16.1 (£17.7)
Ciprofloxacin Fluoroquinolones 0.0 25.8 (£20.4) 0.0 3.4 (£5.0)
Erythromycin Macrolides 99.7 (£0.8) 34.1 (£16.3) 80.5 (£23.6) 1.1 (£2.1)

See Table 1 for the corresponding antibiotic concentrations. Numbers in parentheses represent standard deviation. The number of

samples was 24

showed that 28.3% and 17.2% of E. coli and
enterococci were resistant to the low concentrations
of tetracycline. For the high tetracycline concentra-
tions, 13.1% and 16.1% of E. coli and enterococci
were identified as resistant.

No E. coli isolates were resistant to gentamicin and
ciprofloxacin. In contrast, significant numbers of
enterococci were resistant to these two antibiotics;
92.7% and 25.8% of enterococci displayed resistance
to the low concentrations of gentamicin and cipro-
floxacin, respectively. The percentage of enterococci
that were highly resistant to gentamicin only dropped
slightly to 84.3%, while about 3.4% of enterococci
were highly resistant to ciprofloxacin (Table 2).

The observed antibiotic resistance patterns of E.
coli and enterococci were generally consistent to the
findings of many previous studies (Alexander et al.
2008; Cupakova and Lukasova 2003; Holzel et al.
2010; Jordan et al. 2005; Sato et al. 2005; Sayah et al.
2005). Sato et al. (2005), for instance, tested antibiotic
resistance of E. coli isolated from manure samples
collected from both organic and conventional Wis-
consin dairy farms and found prevalence of antibiotic
resistance to antibiotics such as ampicillin, cephalo-
thin, and tetracycline. But the percentages of the E.
coli isolates that were resistant to gentamicin and
ciprofloxacin were 0.9% and 0.0%, respectively.
Sayah et al. (2005) reported that high percentages of
E. coli isolated from animal farm environments were
resistant to tetracycline and cephalothin, but resis-
tance to gentamicin was low. Cupakova and Lukasova
(2003) observed that enterococci isolated from cattle
farms were commonly resistant to penicillin, cepha-
lothin, and tetracycline.

3.3 Survival and Growth of E. coli and Enterococci
in Fresh Manure

The high concentrations of both E. coli and enterococci
in the manure and the prevalence of antibiotic
resistance suggested that manure produced on this
family dairy farm could represent a significant source
of antibiotic-resistant bacteria. The size of the reservoir
of antibiotic-resistant bacteria is also dependent on the
rate of microbial growth and/or die-off upon the
deposition and application of manure. In this research,
we examined the survival and growth of E. coli and
enterococci in fresh manure. Additionally, we tested
the antibiotic resistance of E. coli and enterococci that
were isolated over time (see the next section).

The water contents of the duplicate samples that
were used for the growth/survival study remained
constant (~84%) during the course of the study
(Fig. 1a). These moisture content values were similar
to those reported (81.6-85%) in Soupir et al. (2008).
The constant water content made the concentration
results that were expressed in CFU per gram of wet
manure directly comparable. The two manure samples
have significantly different E. coli concentrations
(1.2x10° vs. 1.9x107 CFU/g) at the start of the
experiments. About 50 h after the sampling, the
concentration of E. coli increased by 0.8-2.2 logl0
units and reached ~2x10*® CFU/g and remained
roughly constant during the rest course of the experi-
ments (Fig. la). Unlike E. coli, the initial concen-
trations of enterococci in both manure samples were
similar and remained roughly constant throughout the
study period (Fig. 1b). The average concentration of
enterococci was 9.4(+2.8)x 10* CFU/g.
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Fig. 1 Survival and growth of E. coli and enterococci in wet
manure. The bars represent standard deviation of triplicate
samples. The moisture contents of the manure remained
constant throughout the course of the experiment

It was a long-held view that the populations of fecal
bacteria and pathogens in animal waste would decline
and the associated public health risks would thus lessen
with the passing of time once manure was deposited
(Oliver et al. 2010). Recent studies, particular studies
that were performed under field relevant conditions,
suggested that the number of bacteria in fresh manure
could increase significantly within the first several days
before it eventually started to drop (Oliver et al. 2010;
Sinton et al. 2007; Van Kessel et al. 2007; Wang et al.
2004). Van Kessel et al. (2007), for instance, reported
substantial growth (~1.5 log10 unit) of E. coli in fresh
cowpats during the first 6-8 days, and no difference
was observed in E. coli growth under both field and
laboratory conditions. Our conditions for the growth/
survival study (22°C and 84% of moisture contents)
were comparable to the laboratory conditions employed
in Van Kessel et al. (2007), and we observed a
comparable average of 1.5 logl0 units of growth in
E. coli concentrations within <2 days (Fig. la). The
time scale of our experiments (~75 h), however, was
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smaller than those of most previous studies. The
growth of E. coli on an hourly time scale highlighted
the necessity to perform growth studies on a sub-daily
scale at least within the first few days following
defecation. The significant increase in E. coli concen-
trations in fresh manure also had profound implications
for the potential contamination of soil, surface water,
and groundwater because it meant that manure of
several days of age could have the highest concen-
trations of E. coli. As source control was considered as
the most cost-effective mitigation options to prevent the
spread of fecal bacteria (Monaghan et al. 2008), results
from this research and several recently published
studies suggested that control of the source of fecal
bacteria should particularly focus on the first few days.

3.4 Temporal Trend in the Antibiotic Resistance of E.
coli and Enterococci

E. coli and enterococci retrieved during the growth/
survival experiments were tested to examine the
persistence of antibiotic resistance. Although the initial
concentrations of E. coli in the manure samples used
for the survival and growth study were different by
about one order of magnitude and there was substantial
growth of E. coli in the wet manure (two factors that
could lead to different resistance patterns), consistent
antibiotic resistance patterns were observed for E. coli
over time (Fig. 2). Close to 100% of the E. coli isolates
were resistant to cephalothin (32 mg/L) and erythro-
mycin (15 mg/L), and all E. coli isolates were
susceptible to ciprofloxacin (1 mg/L) and gentamicin
(16 mg/L). For ampicillin (32 mg/L) and tetracycline
(16 mg/L), the percentage of E. coli isolates that were
resistant were usually lower than 20% (Fig. 2b, d).
Interestingly, although the enterococci concentra-
tions remained constant over the course of the survival
and growth experiments (Fig. 1b), there were substan-
tial variations in the antibiotic resistance of enterococci
(Fig. 3). This was consistent to the overall resistance
patterns of enterococci (Table 2), which showed
substantially higher sample-to-sample variations than
E. coli. For instance, the coefficient of variation for
enterococci (low resistance) was 51.2%, while the
coefficient of variation for E. coli (low resistance) was
16.4%. This was particularly true for tetracycline,
ciprofloxacin, and erythromycin (Fig. 3 and Table 2).
In general, enterococci resistance to cephalothin
(32 mg/L) was high with more than 50% of the
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enterococci being resistant (Fig. 3a). Prevalence in
gentamicin (16 mg/L) and erythromycin (0.5 mg/L)
resistance was also recorded. For most of the time, the
percentage of gentamicin- and erythromycin-resistant
enterococci was above 40% (Fig. 3c, f). Resistance to
ampicillin (16 mg/L) and tetracycline (16 mg/L) was
generally below 40% (Fig. 3c, d) while resistance to
ciprofloxacin (1 mg/L) remained relatively low
(<20%) throughout the study period with the excep-
tion of one data point (Fig. 3e).

The substantial growth of E. coli in fresh manure
and the persistence in its resistance to antibiotics such
as cephalothin indicated that slightly aged manure
could represent a dominant source of antibiotic-
resistant fecal bacteria and examination of the fresh
manure, a common practice of many previous studies,
for the counting of antibiotic-resistant bacteria could
underestimate the size of the source. The persistence
in the antibiotic resistance in E. coli and enterococci
also suggested that, under a scenario of daily manure
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application in agricultural fields, antibiotic-resistant
bacteria could accumulate over time. This accumula-
tion process must be accounted for in the modeling of
dynamics of antibiotic-resistant bacteria in the receiv-
ing agricultural field (Oliver et al. 2010).

3.5 Environmental Implications
In this research, we reported high densities of E. coli

and enterococci in the manure produced by a family
dairy farm, and high percentages of the E. coli and
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Enterococcus isolates were resistant to the major lines
of antibiotics currently in use to treat human bacterial
infections (Walsh 2003). Additionally, while the
concentrations of enterococci in fresh manure were
stable over 3 days, we found that the number of E.
coli in manure could increase by an average of
1.5 log10 units during the same period of time. No
clear drop in antibiotic resistance was observed.
Overall, our findings suggested that when applied to
crop fields as a fertilizer, dairy manure, particularly
slightly aged manure, could represent a major source
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of antibiotic-resistant E. coli and enterococci. Exper-
imental evidence suggested that bacteria such as E.
coli and enterococci are readily leachable from
manure, and improper management of manure could
thus lead to contamination of surface and ground
waters which are used for water supply, irrigation, and
recreational purposes (Anderson and Sobsey 2006;
Hodgson et al. 2009; Sapkota et al. 2007).

It is well-known that bacterial antibiotic resistance
is typically conferred by antibiotic-resistant genes,
which can be passed between diverse species of
microorganisms (Levy et al. 1976; Lorenz et al. 1992;
Mckeon et al. 1995; Nikolich et al. 1994). In addition
to the direct public health risks that can be caused the
spread of the antibiotic-resistant bacteria in the
environment, the antibiotic-resistant genes harbored
by the resistant E. coli and enterococci could be
transferred to various bacterial pathogens such as
Samonella in the environment (Hunter et al. 1992;
van Essen-Zandbergen et al. 2007).

Acknowledgment We are grateful to two anonymous reviewers
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