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In the past few years, multidrug-resistant (MDR) Salmonella
enterica serovar Newport has spread rapidly in animals and
humans in the United States (5, 20). This particular Salmonella
serotype has recently been named an emerging disease by the
American Association of Veterinary Laboratory Diagnosticians (2). Infected dairy herds suffer significant mortality in
both adult and young animals, posing a considerable economic
loss to producers, and confirmed cases of human salmonellosis
ascribed to Salmonella serovar Newport doubled between 1997
and 2001 (5). Although MDR strains of serotype Newport have
been known for many years, serotype Newport strains with
resistance to cephalosporins have only recently been described
(7, 19, 24).
In Pennsylvania, the first bovine case of MDR Salmonella
serovar Newport was found in a sample submitted in November 1999 to the Salmonella Reference Center (SRC), University of Pennsylvania. Since then, the SRC has received and
tested over 1,000 Salmonella serovar Newport isolates, of
which ⬎85% exhibited resistance to four or more antimicrobials and 75% were from bovine sources. Although the true
herd prevalence of Salmonella serovar Newport is still unknown, farms that have submitted positive clinical samples
represent 3.5% of all dairy herds in the affected counties investigated (S. C. Rankin, unpublished observations). Some individual counties had a prevalence above 10%. A rapid spread
of MDR Salmonella serovar Newport on California dairy farms
has also occurred since 1999, where strains from the recent

outbreaks reflect a phylogeny different from those in an earlier
outbreak in the late 1980s (4). Nationally, the organism has
been identified in all contiguous states as well as in southern
Canada during the same period. At the National Veterinary
Services Laboratory, 56% of all Salmonella serovar Newport
isolates came from dairy cattle (8). It is apparent that MDR
Salmonella serovar Newport has established a reservoir in
dairy cattle.
In both clinical and subclinical cases, animals infected with
MDR Salmonella serovar Newport shed the bacteria in manure continuously or intermittently for weeks or even months.
Concentrations of the organism in manure range from 102 to
107 per gram of fresh feces (H. W. Aceto, personal communication). A mature dairy cow generates about 70 kg (150 lb) of
wet manure per day, which would therefore contain millions to
billions of the organisms if infected. If the organisms survive or
propagate during manure storage, the manure subsequently
applied to agricultural fields could be a primary source of
Salmonella serovar Newport spread beyond the boundaries of
infected farms. If the organisms survive in soils receiving the
manure, they may be incorporated into growing plants and
transmitted to other animals or humans. However, to date,
there have been little data available to address the fate of this
organism in the postshed environment.
MDR microorganisms have been present in the environment for many years. There have been growing concerns over
their wide spread and the implications for the health of humans and ecosystems. However, research on the persistence of
MDR pathogens compared to their counterparts, drug-susceptible (DS) strains, is rare. The primary objective of the present
study was to compare the survival characteristics of an MDR
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Salmonella enterica serovar Newport has undergone a rapid epidemic spread in dairy cattle. This provides an
efficient mechanism for pathogen amplification and dissemination into the environment through manure
spreading on agricultural land. The objective of this study was to determine the survival characteristics of
Salmonella serovar Newport in manure and manure-amended soils where the pathogen may be amplified. A
multidrug-resistant (MDR) Salmonella serovar Newport strain and a drug-susceptible (DS) strain, both bovine
isolates, were inoculated into dairy manure that was incubated under constant temperature and moisture
conditions alone or after being mixed with sterilized or nonsterilized soil. Salmonella serovar Newport concentrations increased by up to 400% in the first 1 to 3 days following inoculation, and a trend of steady decline
followed. With manure treatment, a sharp decline in cell concentration occurred after day 35, possibly due to
microbial antagonism. For all treatments, decreases in Salmonella serovar Newport concentrations over time
fit a first-order kinetic model. Log reduction time was 14 to 32 days for 1 log10, 28 to 64 days for 2 log10, and
42 to 96 days for 3 log10 declines in the organisms’ populations from initially inoculated concentrations.
Most-probable-number monitoring data indicated that the organisms persisted for 184, 332, and 405 days in
manure, manure-amended nonsterilized soil, and manure-amended sterilized soil, respectively. The MDR
strain and the DS strain had similar survival patterns.
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with a DS Salmonella serovar Newport strain, both of dairy cow
origin, in cattle manure and manure-amended soils. The incubations described in this paper were performed in the laboratory under controlled temperature and moisture conditions.
Information obtained from this study will contribute to our
understanding of the organism’s environmental behavior. Such
knowledge is vital for the devising of relevant policies and
development of management strategies to prevent this dangerous pathogen from spreading further in the environment.
MATERIALS AND METHODS

Sampling and enumeration. Salmonella serovar Newport counts were determined at 0, 1, 3, 6, 9, 14, 20, 27, and 35 days postinoculation and thereafter once
every 1 to 4 weeks until the pathogen could no longer be detected. Manure or
manure-amended soil samples (2 g each) were aseptically transferred to a sterile
50-ml screw-top centrifuge tube, 18 ml sterile PSS was added, and the mixture
was agitated on a reciprocal shaker (200 strokes min⫺1 for 6 min). The extract
was serially diluted (1:10) with sterile PSS, and 0.1-ml aliquots were spread onto
XLD (xylose-lysine-deoxycholate) agar plates in triplicate. After incubation at
37°C for 24 h, colonies were counted. Thirty to 300 colonies per plate were
considered to be optimal countable numbers.
After pathogen concentrations dropped below the quantitative detection limit
(100 CFU g⫺1) of the direct plating method, the most-probable-number (MPN)
technique was performed to monitor the persistence of the organism. The standard MPN procedure for water samples (1) was modified. Briefly, five replicates of 1 g manure or manure-amended soil were diluted in 9 ml of 1⫻
buffered peptone water (BPW); then, 1 ml of the solution was diluted in BPW
(1:10), followed by another 1:10 dilution. Subsequently, all three dilutions
were incubated at 37°C for 24 h. After incubation, a 0.1-ml aliquot was
subcultured into Rappaport-Vassiliadis (RV) enrichment broth and incubated at 41.5°C for 24 h. Finally, 0.1-ml aliquots of the RV enrichment
solution were spread onto XLD agar plates and incubated at 37°C for 24 h.
Plates with one or more colonies of Salmonella serovar Newport were scored,
and the MPN values were calculated (1).
PFGE. To determine whether isolates of Salmonella serovar Newport obtained
over time from the experiment were identical to those introduced, isolates of DS
and MDR Salmonella serovar Newport were randomly selected from XLD agar
plates on day 35 (all treatments) and on days 42, 107, and 158 from the manure,
nonsterilized soil, and sterilized soil treatments, respectively, and subjected to
pulsed-field gel electrophoresis (PFGE). The results were compared with the
genetic profiles of the two strains used in the experiment. The PFGE procedure
followed digestion with the restriction endonuclease XbaI (15, 17). DNA fragments were visualized on a UV transilluminator, photographed with a Kodak
EDAS290 digital camera system (Life Technologies, Gaithersburg, MD), and
stored as digital image files for further analysis with BioNumerics software
(Applied Maths, Inc., Austin, TX).
Data analysis. The first-order kinetic model (equation 1),
⫺d共A兲/dt ⫽ kA

(1)
⫺1

where t is the survival time (days), A is the cell concentration (CFU g ) at time
t, and k is the deactivation rate, was converted to a linear equation (equation 2):
log10 A ⫽ ⫺kt ⫹ constant

(2)

The experimental data were inserted into equation 2 to obtain the best-fit
regression equations for the various treatments, from which the deactivation rate
constant was derived. The analysis-of-variance procedure in SAS (21) was performed to determine whether the deactivation rate constant, k, differed for DS
and MDR Salmonella serovar Newport (P ⬍ 0.01). Analysis of variance with
repeated measures across sampling times was conducted to determine whether
general differences existed between the DS and MDR Salmonella serovar Newport treatment means (P ⬍ 0.01).

RESULTS
The initial DS or MDR Salmonella serovar Newport concentration in inoculated manure was 7.12 log10 CFU g⫺1, close
to the calculated target value of 7 log10 CFU g⫺1, whereas the
cell concentrations in inoculated manure-soil mixtures averaged 6.86 log10 CFU g⫺1, slightly less than the theoretical
target and 45% lower than in inoculated manure. A possible
explanation is that the rigorous mechanical stirring during inoculation for the purpose of homogenization resulted in inactivation or death of the organisms.
Survival in manure. An initial multiplication of the organisms was evidenced by increased cell concentrations, from 7.13
to 7.59 and 7.63 log10 CFU g⫺1 on days 0, 1, and 3, respectively,
in DS Salmonella serovar Newport; the corresponding increases in MDR Salmonella serovar Newport were 7.11 to 7.51
and 7.61 log10 CFU g⫺1 on days 0, 1, and 3. Increases in cell
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Manure. Fresh manure was obtained from six healthy, lactating dairy cows at
a local dairy operation by scooping from the floor immediately after defecation.
Sampled cows received no antibiotics in the 2 months prior to sample collection.
The total mixed ration formulated and fed to the high-producing cow group from
which fecal samples were collected consisted of (dry matter animal⫺1 day⫺1) 7.91
kg corn silage, 3.76 kg soybean meal, 3.52 kg ground corn grain, and 2.63 kg
haylage. The feed was supplemented with 5.17 kg commercial grain-proteinmineral mix and 0.22 kg Megalac Plus (calcium salts of fatty acids with 7%
methionine). The composite fecal sample, after thorough mixing, was frozen at
⫺20°C until laboratory use. Five subsamples of the bulk manure tested negative
for presence of Salmonella spp. Physical/chemical analyses of subsamples indicated pH of 6.7, moisture content of 86%, ammonia-N of 0.6 g kg⫺1, and total
N, P2O5, K2O, Ca, and Mg of 4.2, 2.0, 1.2, 1.8, and 0.9 g kg⫺1 (wet basis),
respectively.
Soil. The soil, mapped as a Conestoga silt loam (14), fine-loamy, mixed, mesic
Typic Hapludalf, was obtained from the 0- to 20-cm layer of a local agricultural
experiment field. The field plot from which the soil sample was obtained had
been planted to silage corn with a barley winter cover crop and had received no
manure or fertilizer nitrogen or phosphorus applications for the previous 6 years.
The soil had a field water holding capacity of 31.29% and tested negative for
Salmonella spp. Other analyses included pH of 6.5, organic matter of 2.2%,
cation exchange capacity of 10.6 cmolc kg⫺1, and available P, K, Ca, and Mg
(Mehlich-3 extracts) of 0.068, 0.112, 1.503, and 0.335 g kg⫺1, respectively.
The bulk soil sample was air-dried, sieved to pass 2.53 mm, and stored in a
plastic container at ambient temperature. Upon laboratory use, the bulk soil was
divided into two portions; one was autoclaved for 15 min (sterilized soil) and the
other was not sterilized. Chemical analyses of the sterilized soil had results
similar to those for the nonsterilized soil (above). Prior to inoculation, the soils
were weighed into 1,600-g portions and sterilized distilled water was added to
bring the soil moisture to 80% of the field water holding capacity, which approximates an optimum moisture condition in agricultural fields.
Bacteria. Two strains of Salmonella serovar Newport, both isolated from dairy
cattle feces, were obtained from the SRC, School of Veterinary Medicine, University of Pennsylvania. Strain 0306-91 was fully susceptible to all drugs tested at
the SRC (DS), whereas strain 0007-33 was resistant to ampicillin, chloramphenicol, streptomycin, spectinomycin, sulfamethoxazole, tetracycline, cephalothin,
and ceftriaxone (MDR). The two strains were propagated separately in brain
heart infusion (BHI) broth (Difco). Briefly, one colony was transferred into 40 ml
BHI broth and incubated at 37°C for 24 h; then, 0.5 ml of the actively growing
culture was placed into 40 ml BHI broth and incubated again at 37°C for 24 h.
Subsequently, the culture was centrifuged (4,000 ⫻ g, 20 min, 4°C), washed once
in sterile physiological saline solution (PSS) (0.85% NaCl), and resuspended in
sterile PSS, resulting in an inoculum of approximately 1010 CFU ml⫺1 cell
concentration.
Inoculation. The inoculation was performed in two steps. First, 4.5 ml liquid
DS or MDR Salmonella serovar Newport inoculum was incorporated into 45 g
manure by thorough mixing with a sterilized wooden spatula. The inoculated
manure aliquot was then added to 1,600 g manure (manure treatment) or
sterilized and nonsterilized soil (manure-plus-soil treatments). The amount of
manure in the manure-amended soil resembled a typical dairy manure application rate commonly practiced on farms in the region. After mixing with a sterilized wood spatula, 500 g each of the inoculated manure or manure-amended
soil was weighed into three polypropylene containers (2 liters) for incubation at
ambient temperature in the laboratory (24.5 ⫾ 1.4°C). The containers were
covered with Parafilm to retard moisture loss while allowing air exchange.
Throughout the incubation, the moisture content of the samples was maintained
by weekly weighing and addition of sterilized distilled water when needed. The
weekly moisture loss averaged less than 3% of the total weight. Manure and
manure-amended soil samples without inoculation served as controls.
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concentrations between days 0 and 3 calculated on nontransformed data were 317 and 319% for DS and MDR Salmonella
serovar Newport, respectively. After the initial increase, the
populations of both strains decreased steadily until day 35 (Fig.
1a). Between day 35 and day 49, cell concentrations dropped
markedly, from approximately 5 log10 CFU g⫺1 to below the
detection limit of the direct plating method. Nevertheless, the
organisms persisted until day 184, as indicated by results from
the MPN method (Table 1). Repeated-measures analysis
showed that the survival patterns of the MDR and the DS
strains did not differ significantly through day 35 of the incubation (P ⫽ 0.0293).
Survival in manure-amended soils. In manure-amended soils,
the highest Salmonella serovar Newport concentrations were
observed in samples from day 1: 6.88 and 7.02 log10 CFU g⫺1

TABLE 1. Persistence of MDR and DS Salmonella serovar
Newport in dairy manure and manure-amended
sterilized or nonsterilized soil
Time to reach detection
limit (days)
Strain

Treatment
Direct plating
method

MPN
method

DS

Manure
Manure ⫹ nonsterilized soil
Manure ⫹ sterilized soil

49
107
158

184
332
405

MDR

Manure
Manure ⫹ nonsterilized soil
Manure ⫹ sterilized soil

49
107
158

184
332
405
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FIG. 1. Salmonella serovar Newport survival in manure (A) and in manure-amended sterilized or nonsterilized soil (B) under constant
temperature (24.5 ⫾ 1.4°C) and moisture conditions.
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TABLE 2. Deactivation of MDR and DS Salmonella serovar Newport in dairy manure and manure-amended sterilized or nonsterilized soil
Strain

Treatment

Regression equationa

Log reduction time (days)

R2
1 log10

2 log10

3 log10

DS

Manure
Manure ⫹ nonsterilized soil
Manure ⫹ sterilized soil

Log10 A ⫽ ⫺0.0716t ⫹ 7.6732
Log10 A ⫽ ⫺0.0394t ⫹ 5.8453
Log10 A ⫽ ⫺0.0311t ⫹ 7.0408

0.98
0.85
0.98

14.0
25.4
32.2

27.9
50.8
64.3

41.9
76.1
96.5

MDR

Manure
Manure ⫹ nonsterilized soil
Manure ⫹ sterilized soil

Log10 A ⫽ ⫺0.0515t ⫹ 7.6750
Log10 A ⫽ ⫺0.0426t ⫹ 5.7387
Log10 A ⫽ ⫺0.0319t ⫹ 7.1662

0.97
0.81
0.96

19.4
23.5
31.4

38.8
47.0
62.7

58.3
70.4
94.0

a
Regression equations for the treatments were obtained by fitting a first-order kinetic model to the experimental data (cell concentrations at different times). Survival
data used for model fitting: day 3 to day 35 for manure, day 1 to day 107 for manure-plus-nonsterilized soil, and day 1 to day 158 for manure-plus-sterilized soil. t is
survival time (days), and A is Salmonella serovar Newport concentration (CFU g⫺1) at time t.

DISCUSSION
MDR Salmonella serovar Newport has undergone a rapid
epidemic spread in animals and humans in recent years, with
dairy cattle being a major reservoir. This is the first report on
the survival characteristics of this pathogen in the postshed
environment. The organism was able to amplify in both ma-

nure and manure-amended soils after inoculation. The initial
propagation of Salmonella serovar Newport in the beginning of
the experiment is consistent with previous reports for other
pathogenic bacteria. For example, an Escherichia coli O157:H7
population increased by about 2 log10 CFU g⫺1 in the first 2
days following inoculation into cattle feces prior to a steady
decline (23, 25). In inoculated agricultural soils, E. coli
O157:H7 and Salmonella enterica serovar Typhimurium populations showed increases in the first 3 days of incubation (10).
In the present study, the different growth patterns in manure
(population maximum on day 3) and manure-amended soils
(maximum on day 1) is perhaps due to higher nutrient availability in manure than in soils.
Microbial antagonism from indigenous organisms against
introduced species is a common phenomenon. However, the
sharp decline of DS and MDR Salmonella serovar Newport
cell concentrations in the manure treatment after day 35, from
approximately 5 log10 CFU g⫺1 to below the detection limit of
the direct plating method at day 49, was unexpected. Prior to
day 35, there were colonies on XLD agar plates that were
morphologically distinct from typical Salmonella colonies in
terms of size, color, and shape. After day 35, however, clusters
of the unknown organisms overwhelmed the agar plates, making visual identification and enumeration of Salmonella colonies, if present, difficult. Associated with the dominant unidentified organism on the plates was an ammonia-like smell. In
addition, we recorded a pH change from 6.70 ⫾ 0.03 at day 0
to 7.62 ⫾ 0.16 at day 37 and 8.00 ⫾ 0.16 at day 72. It has been
reported that an increase in pH was associated with declines of
E. coli O157:H7 and Salmonella serovar Typhimurium in manure (9, 23). In the current study, the identities of the competing organisms on the XLD agar plates and the physicochemical conditions in the manure associated with the
substantial pH change remain to be further investigated.
The effects of microbial antagonism by indigenous soil microbes on the persistence of Salmonella serovar Newport introduced through inoculation were clearly indicated in the
results of the manure-amended sterilized soil versus nonsterilized soil treatments. Comparison of the sterilized soil with the
nonsterilized soil treatment shows that the initial Salmonella
serovar Newport population increase was greater (310% versus
123% for the susceptible strain and 470% versus 127% for the
resistant strain), the deactivation was more gradual (Fig. 1b),
and the duration of survival was longer (158 days versus 107
days, determined by the direct plating method, and 405 days
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for the DS and MDR strains in manure-amended nonsterilized
soil (123 and 128% compared to day 0), respectively, and 7.42
and 7.50 log10 CFU g⫺1 in manure-amended sterilized soil
(increases of 310 and 470% compared to day 0), respectively.
The initial population increases were followed by steady decreases in all samples until day 107 in the manure-amended
nonsterilized soil and day 158 in the manure-amended sterilized soil (Fig. 1b), based on the direct plating method. Results
from the MPN method indicated that the organisms persisted
until day 332 in the manure-amended nonsterilized soil and
day 405 in the manure-amended sterilized soil (Table 1). Survival rates of the DS and MDR Salmonella serovar Newport
strains determined by repeated-measures analysis were not
different in the manure-amended nonsterilized soil (P ⫽
0.0807) through 107 days of incubation or in the manureamended sterilized soil (P ⫽ 0.4225) through 158 days.
Deactivation model. Deactivation of Salmonella serovar
Newport over time (between the maximum concentration and
the last sample that could be quantified by the direct plating
method) could be quantitatively described by a first-order kinetic model, with R2 ranging from 0.81 to 0.98. The deactivation rate constants, k (Table 2), did not differ between the
susceptible and the resistant strains in the three systems in the
study (P values were 0.0579, 0.1298, and 0.9703 for manure,
manure-amended nonsterile soil, and manure-amended sterile
soil, respectively). From the best-fit linear regression equations
(Table 2), log reduction time was calculated to be 14 to 32 days
for 1 log10, 28 to 64 days for 2 log10, and 42 to 96 days for 3
log10 reduction from the initially inoculated concentrations.
The log reduction time was the longest in manure-amended
sterilized soil and shortest in manure, with manure-amended
nonsterilized soil intermediate for both strains.
PFGE results. PFGE was performed on 12 DS and 12
MDR Salmonella serovar Newport colonies from the various
treatments, and no genetic changes were observed; the
PFGE profiles were consistent with the strains that we inoculated (Fig. 2).
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FIG. 2. PFGE typing of selected S. enterica serovar Newport samples with differing treatments and sampling times.
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though carryover of pathogens to the vegetables could be reduced by the timing of manure application and crop harvest.
The long-term survival of Salmonella serovar Newport in
manure or manure-amended soils in the present study indicates the potential risk of environmental spread and subsequent transmission. Typical dairy operations in the region keep
manure in storage for weeks to months prior to field application (6). It is therefore possible that in farm settings where
MDR Salmonella serovar Newport infection is present, the
organism will survive in manure storage and be applied to
agricultural fields and increase the potential for dissemination
beyond the farm boundaries. Although the transport behaviors
of the organism from manure-amended agricultural soils to
waters have not been studied in detail, field investigations of
dairy farms infected by MDR Salmonella serovar Newport
have shown that the organism frequently occurs in samples
from locations that receive drainage from animal housing or
manure storage areas and has also been regularly recovered
from streams and stream edges frequented by cattle (H. W.
Aceto, unpublished data). MDR Salmonella serovar Newport
represents a clear and present danger to the agricultural community, water resources, and the environment at large. There
is an urgent need to study the survival, transport, and functional impact of this organism and to understand how environmental conditions may affect and subsequently be manipulated
to alter its fate in the environment.
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versus 332 days, by the MPN method [Table 1]). The impacts
of native microbes on artificially introduced organisms have
been noted for E. coli O157:H7 in a manure-amended soil (12)
and for Salmonella in sewage sludge compost (11). It would be
interesting to compare the survival behavior of MDR Salmonella serovar Newport introduced through inoculation with
that of a “native” MDR Salmonella serovar Newport strain
directly shed by infected animals.
For the first time, experimental data allow us to make a
direct comparison of postinoculation survival of an MDR
strain of Salmonella serovar Newport with a DS strain under
the same conditions. Apparently, the DS and MDR Salmonella
serovar Newport strains had very similar survival characteristics in manure and manure-amended soils (Fig. 1). There were
no significant differences between the two strains in terms of
deactivation rate (k) or survival curves. Whether the MDR
strain would behave differently from a DS strain under natural
conditions with changing environmental factors such as temperature and moisture, particularly in the presence of antimicrobials, remains to be further investigated. Nevertheless, the
present study demonstrates that the MDR Salmonella serovar
Newport strain survived as well as the DS strain under the
experimental conditions.
The fact that the PFGE profiles of the Salmonella serovar
Newport isolates collected on days 42, 107, and 158 were the
same as those of the isolates used for the inoculation (Fig. 2)
has important implications. It has been shown that MDR Salmonella serovar Newport possesses an ampC gene, termed
blaCMY-2, which is encoded on a nonconjugative but transferable plasmid responsible for resistance to multiple antimicrobials (19). With its genetic profile consistent over long periods
in manure or manure-amended soils, the organism may possess
a competitive edge when exposed to natural conditions in an
agroecosystem where the presence of antimicrobial residues is
common (22). Furthermore, the ampC gene that is responsible
for antimicrobial resistance could possibly be transferred to
other bacterial species, such as E. coli, with subsequent transfer
to animals or humans via the food chain, as suggested elsewhere (18).
Livestock animals often harbor a variety of pathogens, and
their excreta are a potential vehicle for transmitting pathogens
as well as antibiotic resistance to other animals, food, and the
environment. The likelihood of the pathogens spreading into
the environment and potentially affecting other species depends, first and foremost, on the ability of the organisms to
survive outside of the host. Previous research has demonstrated the survivability and subsequent transmission of some
pathogens associated with animal manures. For instance,
Baloda et al. (3) found that Salmonella serovar Typhimurium
DT104 and DT12 could survive up to 299 days in a terrestrial
microcosm study. Jiang et al. (12) were able to isolate E. coli
O157:H7 derived from a five-strain inoculum in soil-manure
mixtures 200 days after inoculation. Jones (13) reported that
Salmonella spp. survived for up to 300 days in soil spread with
cattle manure slurry or 259 days in soils amended with animal
feces. Natvig et al. (16) grew vegetable crops in controlledenvironment chambers in soil mixed with bovine manure inoculated with Salmonella serovar Typhimurium. They found that
harvested arugula and radish could be contaminated by Salmonella serovar Typhimurium and native fecal E. coli, al-
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