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A case-control study involving 24 case farms with at least one recent case of listeriosis and 28 matched
control farms with no listeriosis cases was conducted to probe the transmission and ecology of Listeria
monocytogenes on farms. A total of 528 fecal, 516 feed, and 1,012 environmental soil and water samples were
cultured for L. monocytogenes. While the overall prevalence of L. monocytogenes in cattle case farms (24.4%) was
similar to that in control farms (20.2%), small-ruminant (goat and sheep) farms showed a significantly (P <
0.0001) higher prevalence in case farms (32.9%) than in control farms (5.9%). EcoRI ribotyping of clinical (n
= 17) and farm (n = 414) isolates differentiated 51 ribotypes. L. monocytogenes ribotypes isolated from clinical
cases and fecal samples were more frequent in environmental than in feed samples, indicating that infected
animals may contribute to L. monocytogenes dispersal into the farm environment. Ribotype DUP-1038B was
significantly (P < 0.05) associated with fecal samples compared with farm environment and animal feedstuff
samples. Ribotype DUP-1045A was significantly (P < 0.05) associated with soil compared to feces and with
control farms compared to case farms. Our data indicate that (i) the epidemiology and transmission of L.
monocytogenes differ between small-ruminant and cattle farms; (ii) cattle contribute to amplification and
dispersal of L. monocytogenes into the farm environment, (iii) the bovine farm ecosystem maintains a high
prevalence of L. monocytogenes, including subtypes linked to human listeriosis cases and outbreaks, and (iv) L.
monocytogenes subtypes may differ in their abilities to infect animals and to survive in farm environments.

Listeria monocytogenes, a facultative intracellular pathogen,
is responsible for severe foodborne infections in humans and
can also cause invasive disease in many different animal spe-
cies, including farm ruminants (cattle, sheep, and goats). In
1999, Mead et al. (24) estimated that approximately 2,500
cases of clinical human invasive listeriosis (including 500
deaths) occur each year in the United States. Although several
animal-derived L. monocytogenes-contaminated food products,
including raw milk, pasteurized milk, chocolate milk, butter,
soft cheeses, and processed meat and poultry products, have
been implicated as sources of human listeriosis cases and out-
breaks (7, 15, 22, 32), L. monocytogenes present in raw mate-
rials is effectively inactivated by the time-temperature combi-
nations typical for production of most processed foods (e.g.,
pasteurization of milk). In general, L. monocytogenes contam-
ination of processed ready-to-eat food products occurs by
cross-contamination of the finished product from the food
processing plant environment (13). While infected animals and
contaminated agricultural environments rarely appear to di-
rectly cause human infections, animal-derived food products
that are not processed before consumption (e.g., raw milk) and
raw foods of plant origin that have been contaminated by
manure from infected or shedding animals represent direct
links between human infections and L. monocytogenes in farm
animals and farm environments. For example, a 1981 outbreak
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involving 42 human listeriosis cases in Nova Scotia was linked
to consumption of coleslaw. This coleslaw had been produced
from cabbage harvested from fields fertilized with untreated
sheep manure that had been obtained from a farm with a
history of ovine listeriosis (36). In rare cases, direct transmis-
sion of L. monocytogenes from animals to humans has been
observed. In these cases, human symptoms have typically re-
flected localized cutaneous infections rather than systemic in-
volvement (3).

In ruminants, L. monocytogenes primarily causes encephali-
tis and uterine infections. Uterine infections are characterized
by late-term abortions or septicemia in neonates. The enceph-
alitic form of animal listeriosis is characterized by neurological
signs, including circling, excessive salivation, and unilateral
facial paralysis (21, 30, 38). In addition, L. monocytogenes can
cause eye infections and keratitis in ruminants; these symp-
toms have been linked to direct inoculation of the eye with L.
monocytogenes present in feeds, especially silage (47). L.
monocytogenes can be shed in the fecal material of clinically
affected animals; however, healthy animals also can be latent
L. monocytogenes carriers (28). Multiple studies have shown
that up to 50% of fecal samples collected from animals with no
clinical symptoms of listeriosis (including cattle, sheep, goats,
pigs and poultry) may contain L. monocytogenes (25, 44). Al-
though most animal listeriosis appears to be caused by inges-
tion of silage contaminated with high levels of L. monocyto-
genes, not all cases are feedborne (48). While it has been
hypothesized that, as ecological systems, livestock farms may
function as a natural reservoir for L. monocytogenes and, ulti-
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mately, as a primary source of food processing plant environ-
ment contamination (44), our understanding of the transmis-
sion of L. monocytogenes in the farm ecosystem is limited. For
example, it is not clear whether infected animals contribute to
the transmission of L. monocytogenes or whether farm animals
represent “dead-end” hosts. Many authors agree that a likely
scenario for L. monocytogenes transmission on farms includes
initial contamination of crops and soil by wildlife, birds, or
manure used to fertilize fields. While farm animals may be
directly exposed to L. monocytogenes in soil and crops through
grazing, L. monocytogenes numbers acquired through this
route are likely to be too small to cause infection. On the other
hand, improperly fermented silage (pH > 5.0 to 5.5) that was
contaminated initially by soil and crops can allow subsequent
amplification of L. monocytogenes to high numbers; therefore,
silage feeding appears to represent a common route of infec-
tion for farm animals (38).

While L. monocytogenes has been isolated from numerous
host species and different environmental sources, knowledge of
the transmission dynamics and ecology of L. monocytogenes in
the primary food production system is limited (23). To gain a
more comprehensive understanding of the transmission dy-
namics and ecology of L. monocytogenes at the preharvest food
system level, a case-control study of listeriosis in production
ruminants (cattle, sheep, and goats) was conducted on 24 case
and 28 control farms. A total of 431 L. monocytogenes isolates
were collected from clinical ruminant listeriosis cases, fecal
samples of asymptomatic ruminants, animal feedstuffs, and the
farm environment (soil and water) and characterized by DNA
subtyping. The specific objectives of this study were to (i)
determine the prevalence of L. monocytogenes in healthy ru-
minants, animal feeds, and the farm environment; (ii) gain a
better understanding of L. monocytogenes transmission at the
farm level to help with the development of compartmental
transmission models; and (iii) elucidate the ecology of L.
monocytogenes subtypes found in ruminant farms and their
relationships to human and animal disease.

MATERIALS AND METHODS

Study population. Ruminant (cattle, goat, and sheep) listeriosis case farms
enrolled in this study were identified either by the New York State Animal
Health Diagnostic Laboratory at Cornell University, Ithaca, N.Y. (through pos-
itive L. monocytogenes culture results from specimens submitted by field veter-
inarians) or by veterinary diagnoses reported to project collaborators. Clinical
listeriosis cases were defined as cases meeting one or more of the following
criteria: (i) isolation of L. monocytogenes from specific organs obtained from
ruminants by necropsy; (ii) gross pathology or histopathology findings indicating
a L. monocytogenes infection; or (iii) veterinary diagnosis of clinical listeriosis
symptoms. The study population consisted of 52 ruminant farms primarily lo-
cated in New York state, including 24 case and 28 control farms. Bovine (dairy
cattle, n = 15; beef cattle, n = 1) and goat (n = 4) case farms were pair matched
with a single control farm, while each sheep (n = 4) case farm was matched with
two control farms. Control farms were matched by the case farm species, breed,
herd size, location, and overall management system (i.e., freestall, tiestall, etc.).
Sample collection took place from June 2001 to June 2003.

Sample collection. Approximately 40 samples were collected from each farm,
including 10 fecal, 10 feedstuff, 10 soil, and 10 water samples. Farm management
groups (i.e., milking, dry cow, etc.) were identified, and the number of samples
collected in each category (fecal, soil, feedstuff, and water) was distributed
approximately evenly across management groups. Each sample was collected
into a sterile Whirl-Pak bag (Nasco, Fort Atkinson, Wis.) by the use of clean
gloves or sampling utensils. Rectal fecal grab samples were collected from ran-
domly selected animals in each management group. Soil samples were collected
from diverse locations, including grazing pastures, crop fields, and the farmyard.
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Feedstuff samples collected included any ration component with the potential to
support microbial growth (i.e., silage, haylage, high-moisture corn), the total
mixed ration, and plant material from grazing pastures. Water samples were
collected from all sources of water available to animals, including group water
troughs and individual water buckets in barns as well as ponds and streams in
pastures. All samples were stored in clean coolers with ice packs for transit to the
laboratory. Samples were processed within 24 h of collection.

Bacteriological analysis. For fecal materials and other solid samples, 10- and
25-g samples, respectively, were aseptically transferred into sterile stomacher
closure bags (Seward Ltd., London, United Kingdom) and Listeria enrichment
broth (Difco, Detroit, Mich.) was added to achieve a 1:10 dilution. For water
samples, approximately 500 ml was filtered through a 0.45-um-pore-size filter
unit (Nalgene, Rochester, N.Y.). The filter was aseptically transferred to a
stomacher bag, and 100 ml of Listeria enrichment broth was added. All enrich-
ments were homogenized by stomaching (Stomacher 400, Seward) at normal
speed for 1 min. Alternatively, when samples were known to contain sharp
elements that might puncture bags during automatic stomaching (e.g., corn in
feces), they were homogenized manually for 1 min until solid matter was com-
pletely suspended in the enrichment solution. Enrichments were incubated at
30°C, and 50-pl aliquots of the enrichments were plated onto Oxford medium
(Difco) after 24 and 48 h of incubation. Oxford plates were incubated for 48 h at
30°C, and up to four well-isolated colonies with black halos and typical Listeria
colony morphology were substreaked for isolation onto L. monocytogenes plating
medium (LMPM; Biosynth Biochemica & Synthetica, Naperville, Ill.). LMPM
plates were incubated at 35°C for 48 h. L. monocytogenes and L. ivanovii show
characteristic colony morphology and a turquoise-blue color on LMPM, due to
bacterial hydrolysis of a colorimetric phospholipase substrate, while other Liste-
ria spp. will form white colonies (31). Phospholipase-positive Listeria spp. iden-
tified on LMPM were screened using a PCR assay targeting the hemolysin gene
(hly), which is not found in phospholipase-positive Listeria spp. other than L.
monocytogenes (27). L. monocytogenes isolates were preserved at —80°C in 15%
glycerol.

Ribotyping. A single L. monocytogenes isolate from each L. monocytogenes-
positive sample (n = 414) and each clinical isolate (» = 17) was subtyped by
automated EcoRI ribotyping using a Riboprinter (DuPont Qualicon, Wilming-
ton, Del.) as described previously (4). Images were acquired with a charge-
coupled device camera and processed using the Riboprinter’s custom software.
This software normalizes fragment pattern data for band intensity and relative
band position (4). The Riboprinter generated DuPont identification numbers
(IDs) (e.g., DUP-1039) for the majority of the isolates analyzed. When the
Riboprinter was unable to assign a DuPont ID (i.e., for a new pattern with <0.85
similarity to existing patterns in the DuPont database), we assigned a unique type
designation based on the “ribogroup” that had been assigned by the instrument
(e.g., ribogroup 116-233-S-5). All DuPont IDs were confirmed by visual inspec-
tion. When an assigned DuPont ID included more than one distinct ribotype
pattern (e.g., patterns differing by a single weak band), each pattern was desig-
nated with an additional alphabetized letter (e.g., DUP-1039A and DUP-1039B).
Ribotype patterns for isolates in this study are available for comparison through
Pathogen Tracker (www.pathogentracker.net). Ribotypes were also used to as-
sign isolates to one of three previously described L. monocytogenes lineages (49).

Data analysis and statistical methods. All statistical analyses were conducted
with Statistical Analysis Systems software (SAS Institute, Cary, N.C.). The sig-
nificance level for all statistical tests was P < 0.05. The distribution of L.
monocytogenes-positive samples among the different sample categories (fecal,
soil, feed, and water) between case and control farms was analyzed using a x test
of independence. The x> test of independence was also used to compare the
prevalence of L. monocytogenes in bovine farms with that in small-ruminant
farms for all sample categories. Fisher’s exact test was used to analyze compar-
isons in which two or more of the expected values in a two-by-two table were less
than 5.

Simpson’s index of diversity (SID) was calculated as previously described (17)
to assess the suitability of ribotyping for differentiation of L. monocytogenes
isolates and to describe the diversity of L. monocytogenes subtypes from different
sample populations. Specifically, SID was calculated for isolates from all farms,
all case farms, and all control farms pooled as well as individually for each herd
with five or more L. monocytogenes-positive samples. The Wilcoxon-Mann-Whit-
ney exact test was performed using the one-way nonparametric procedure to
compare L. monocytogenes molecular subtype diversity of case farms to that of
control farms and of bovine farms to that of small-ruminant farms. The Wilcox-
on-Mann-Whitney test was selected for its ability to test the distribution of
ordinal-scaled responses in independently sampled populations and for its sen-
sitivity to differences in location of sample populations (39).

L. monocytogenes molecular subtypes were stratified by sample category (i.e.,
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fecal, feed, soil, and water) and by farm system (i.e., case and control) to
calculate the distribution frequency for each ribotype and lineage. Clinical isolate
subtypes were not included in analysis of ribotype distribution frequency. Only
ribotypes with a frequency higher than 5 were analyzed individually; all ribotypes
with an observed frequency lower than 5 were combined into a subtype category
termed “other.” McNemar’s test was employed to assess the association of
specific molecular subtypes (ribotype and lineage) for all possible pairwise com-
parisons between sample categories (e.g., fecal versus soil). Univariate logistic
regression correcting for within-farm correlations of multiple isolates by the
general estimating equation approach was used to examine the relationship of
subtypes to farm system (case versus control) and host species (cattle versus
small ruminant). A variable linking each matched case and control farm pair was
forced into each regression model to account for the matched-pair study design.

RESULTS

Prevalence of L. monocytogenes on all farms. Of the 24 case
farms enrolled in this study, 16 had case animals with enceph-
alitis, 4 had case animals with abortions, 3 had cows with
clinical mastitis, and 1 had an animal with keratitis. A total of
17 clinical L. monocytogenes isolates from 16 case farms were
available (for 1 farm, 2 clinical isolate subtypes were obtained
from two different animals); 8 case farms were identified by
veterinarian diagnosis of listeriosis, and no clinical isolates
were available for these farms. Overall, 2,056 samples, includ-
ing 528 fecal, 504 soil, 516 feedstuff, and 508 water samples,
were collected from 24 case and 28 control farms. A total of
414 samples (107 fecal, 120 soil, 87 feedstuff, and 100 water)
were positive for L. monocytogenes, yielding an overall preva-
lence of 20.1%. Case farms showed a significantly (P < 0.0001)
higher overall prevalence of L. monocytogenes (27.3%) than
control farms (14.1%). Specifically, case farms showed a sig-
nificantly (P < 0.0001) higher prevalence of L. monocytogenes
in fecal and soil samples (27.8 and 35.3%, respectively) than
control farms (13.8 and 14.6%, respectively). L. monocytogenes
was more prevalent (P < 0.05) in animal feed samples from
case farms (21.0%) than in those from with control farms
(13.3%). Case farms, furthermore, had a significantly (P <
0.005) higher prevalence of L. monocytogenes in water samples
(25.5%) than control farms (14.8%) (Fig. 1A).

Prevalence of L. monocytogenes on bovine farms. Data were
stratified by species to further analyze the ecology of L. mono-
cytogenes. A total of 1,259 samples, including 323 fecal, 298
soil, 320 feedstuff, and 318 water samples, were collected from
bovine case and control farms. L. monocytogenes was found
significantly (P < 0.05) more frequently in the feces of healthy
cattle collected on case farms than in fecal samples collected
on control farms. No significant (P > 0.05) differences were
observed between bovine case and control farms in terms of
the prevalence of L. monocytogenes in animal feeds and the
farm environment (soil and water). L. monocytogenes was iso-
lated from bovine control farm feedstuff samples at a higher
rate (18.4%) than it was isolated from bovine case farm sam-
ples (14.2%), although the difference was not statistically sig-
nificant (P = 0.3) (Fig. 1B).

Prevalence of L. monocytogenes on small-ruminant farms.
Because the prevalence of L. monocytogenes in goat farms was
statistically similar to that in sheep farms (P > 0.05) but dif-
ferent from the prevalence in cattle farms (P < 0.05), goat and
sheep farm data were pooled and termed small-ruminant farm
results. A total of 797 samples (205 fecal, 206 soil, 196 feed-
stuff, and 190 water) were collected from small-ruminant
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FIG. 1. Prevalence of L. monocytogenes (LM) in fecal, soil, feed-
stuff, and water samples collected on all farms (A), cattle farms (B),
and small-ruminant farms (goat and sheep farm results were pooled)
(C). Different letters indicate statistically different levels of L. mono-
cytogenes in comparisons of prevalence of L. monocytogenes in each
sample category of case and control farms at the P < 0.05 level. The
total number (n) of samples collected in each sample category is
indicated above each bar.

farms. Small-ruminant case farms showed a significantly (P <
0.0001) higher prevalence of L. monocytogenes than control
farms for all sample categories (animal feces, feed, soil, and
water) (Fig. 1C).

Prevalence of L. monocytogenes in bovine versus small-rumi-
nant farms. Overall, 22.2% of samples collected on bovine
farms and 16.8% of samples collected on small-ruminant farms
tested positive for L. monocytogenes. The prevalence of L.
monocytogenes in soil, feedstuff, and water samples from cattle
farms was statistically similar (P > 0.05) to that for the corre-
sponding samples from small-ruminant farms. Also, on the
basis of pooled data from case and control farms, L. monocy-



VoL. 70, 2004

togenes was found more frequently in fecal samples from
healthy cattle than in samples collected from healthy small
ruminants (P < 0.0001). When bovine control farms were
compared with small-ruminant control farms, bovine control
farms showed a higher (P < 0.05) prevalence of L. monocyto-
genes in fecal, feed, soil, and water samples. On the other hand,
small-ruminant case farms showed a higher prevalence of L.
monocytogenes in feed (P < 0.001), soil (P < 0.05), and water
(P = 0.06) samples than did bovine case farms.

Transmission of L. monocytogenes. To assess the relationship
between the prevalence of L. monocytogenes-positive samples
in one sample category (e.g., animal feed) and the prevalence
of positive-testing samples in all other sample categories, herd-
level prevalence scatter plots were constructed and regression
analyses were performed (Fig. 2). While scatter plots were
constructed for all six possible relationships of sample catego-
ries, R* values were low for many regression analyses and only
the three regression analyses (soil versus fecal, feed versus
fecal, and soil versus feed) that yielded high R? values and are
of particular relevance to transmission of L. monocytogenes are
reported here (Fig. 2).

The scatter plot of L. monocytogenes prevalence in fecal
samples versus that in soil samples (Fig. 2A) shows that the
slope of the regression equation for all farms was less than 1.0,
indicating that L. monocytogenes was more prevalent in animal
feces than in soil. Under the assumption that L. monocytogenes
transmission is most likely to proceed from highly contami-
nated compartments to less-contaminated compartments,
these data indicate that L. monocytogenes is transmitted from
animal feces to soil. The regression line for small-ruminant
case farms showed a slope close to 1.0 (Fig. 2A), possibly
indicating that farm environment, particularly soil, contamina-
tion by L. monocytogenes plays a more important role in the
incidence of listeriosis in small ruminants than in cattle.

The scatter plot of L. monocytogenes prevalence in fecal
samples versus that in feed samples (Fig. 2B) further shows
that there is a clear difference between the transmission char-
acteristics of L. monocytogenes in small-ruminant and cattle
case farms. The regression line for small-ruminant case farms
shows a slope of more than 1.0, indicating that L. monocyto-
genes was more prevalent in feed samples than in fecal samples,
consistent with a transmission model that proceeds from feed
to animals. On bovine farms, L. monocytogenes was more prev-
alent in animal feces than in feed (slope < 1.0). These data are
consistent with exposure of cattle to L. monocytogenes via con-
taminated feeds followed by intrahost amplification to high
levels and subsequent fecal shedding. The scatter plot of L.
monocytogenes prevalence in soil samples versus that in animal
feeds (Fig. 2C) indicates that in all farms, L. monocytogenes
was more prevalent in soil samples than in animal feeds (slope
< 1.0). Thus, farm soil appears to be an important source of
ruminant feedstuff contamination by L. monocytogenes.

Molecular subtypes of L. monocytogenes on farms. All 17
clinical and 414 fecal, feed, and environmental L. monocyto-
genes isolates were characterized by EcoRI ribotyping. A total
of 51 unique EcoRI ribotypes were differentiated. The fre-
quencies of L. monocytogenes subtypes observed at a level of
more than 5 among all sample categories and farm systems are
summarized in Table 1. Ribotypes DUP-1039C (n = 61),
DUP-1042B (n = 60), DUP-1039E (n = 39), and DUP-1045A
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FIG. 2. Scatter plots of percentages of L. monocytogenes (LM)-
positive fecal samples versus L. monocytogenes-positive soil samples
(A), L. monocytogenes-positive fecal samples versus L. monocytogenes-
positive feed samples (B), and L. monocytogenes-positive soil samples
versus feed samples (C). Triangles represent bovine farms, while
squares indicate small-ruminant farms (goat and sheep farm results
were pooled). Control farms are depicted by open symbols, while case
farm symbols are shaded. Regression equations and R? values deter-
mined by regression lines for each farm system in each scatter plot
comparison are indicated.

(n = 24) were the most commonly observed L. monocytogenes
molecular subtypes. A variety of L. monocytogenes ribotypes,
including DUP-1038B, DUP-1042B, and DUP-1044A, which
have been shown to be associated with human listeriosis cases
and outbreaks (19, 34) were commonly present in ruminant
farms.
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TABLE 1. Distribution of L. monocytogenes ribotypes among case and control farms

No. of L. monocytogenes isolates

Subtype (lineage) Case farms Control farms

Fecal Feed Soil Water Total (%) Fecal Feed Soil Water Total (%)
DUP-1023A (II) 2 0 4 2 8(3.1) 0 1 2 1 4(2.5)
DUP-1023B (II) 1 1 0 1 3(1.2) 0 2 0 0 2(1.3)
DUP-1030B (II) 0 1 2 4 72.7) 2 0 2 0 4(2.5)
DUP-1038B (I) 6 2 1 1 10 (3.9) 1 0 0 2 3(1.9)
DUP-1039A (II) 1 2 3 2 8(3.1) 1 3 1 3 8(5.1)
DUP-1039C (II) 9 4 15 11 39 (15.2) 11 4 5 2 22 (13.9)
DUP-1039E (II) 7 3 2 3 15 (5.9) 5 5 4 10 24 (15.2)
DUP-1042B (I) 13 9 18 5 45 (17.6) 0 4 4 7 15 (9.5)
DUP-1042C (1) 4 1 2 1 8(3.1) 0 0 0 0 0
DUP-1044A (I) 1 0 0 0 1(0.4) 5 2 1 0 8(5.1)
DUP-1044B (1) 1 4 3 0 8(3.1) 0 0 0 1 1 (0.6)
DUP-1045A (II) 0 1 3 2 6(2.3) 3 5 6 4 18 (11.4)
DUP-1045B (II) 5 0 1 4 10 (3.9) 0 0 1 0 1 (0.6)
DUP-1045D (II) 1 6 1 1 9@3.5) 1 1 1 2 5@32)
DUP-1045E (II) 2 3 4 6 15 (5.9) 0 0 0 0 0
DUP-1052A (I) 0 3 0 0 3(1.2) 0 2 2 0 4(2.5)
DUP-1054A (II) 1 1 1 1 4 (1.6) 1 0 0 0 1 (0.6)
DUP-1062D (II) 2 0 2 0 4 (1.6) 0 2 0 2 4(2.5)
DUP-1062E (II) 2 1 0 3 6(2.3) 1 1 1 1 4(2.5)
DUP-1062F (1I) 0 0 1 0 1(0.4) 1 0 4 0 5@32)
110-239-S2 2 2 3 0 72.7) 0 0 1 0 1 (0.6)
Other ribotype 8 6 13 12 39 (15.2) 7 5 6 6 24 (15.2)
Lineage I 32 24 34 12 102 (39.8) 9 9 10 10 38 (24.1)
Lineage II 35 26 45 47 153 (59.8) 30 28 29 30 117 (74.1)
Lineage III 1 0 0 0 1(0.4) 0 0 2 1 3(1.9)
Total 68 50 79 59 256 39 37 41 41 158

Diversity of L. monocytogenes on farms. SID quantifies the
ability of a molecular subtyping method to discriminate among
isolates that are truly different and measures the diversity of
subtypes within independent populations. Values for SID
range between 0 and 1, with a value of 1 indicating the most
diverse population. The SID value for all farms was 0.94, with
a variance of 3.0 X 107>, while the SID values for case and
control farms were 0.93 (variance, 6.6 X 10~°) and 0.93 (vari-
ance, 7.8 X 1077), respectively. SID values for individual farms
are shown in Fig. 3. The mean SID values for all control farms
(n = 12) and for all case farms (n = 19) were identical (SID =
0.82). The mean SID for bovine farms (n = 23; SID = 0.84)
was significantly (P < 0.05; Wilcoxon-Mann-Whitney test)
larger than the mean SID for small-ruminant farms (n = §;
SID = 0.75). Not all pairwise comparisons were performed due
to the small number (n = 2) of small-ruminant control farms
with more than five L. monocytogenes isolates.

Analysis of L. monocytogenes ribotypes. Ribotype data were
also used to further probe L. monocytogenes transmission in
farms. We specifically analyzed the relationship between L.
monocytogenes isolates from animals with clinical disease and
L. monocytogenes isolates recovered from the respective case
farm environments (Table 2). Clinical L. monocytogenes iso-
lates were available for 16 of the 24 case farms in this study.
Ribotype DUP-1039C was the predominant clinical L. mono-
cytogenes strain and was isolated from animals with clinical
listeriosis on eight farms from which clinical isolates were
available. Overall, the same L. monocytogenes ribotype isolated
from clinical cases was also identified in feces and/or environ-
mental (feed, soil, or water) samples in 10 of the 16 respective

farms. Specifically, the clinical L. monocytogenes ribotype was
also detected in fecal samples from healthy animals on six
farms and in soil samples on four farms as well as in feed and
water samples on two farms each. Organs from multiple ani-
mals with clinical listeriosis were available from one farm (CU-
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FIG. 3. Scatter plot of SID for individual farms with more than four
L. monocytogenes-positive samples. Triangles represent cattle farms,
while squares indicate small-ruminant farms (goat and sheep farm
results were pooled). Control farms are depicted by open symbols,
while case farm symbols are shaded. CUFARM 11, results from a
bovine case farm that showed an extremely low SID (0.22); eight of the
nine isolates from this farm were identical with respect to ribotype
(DUP-1039E).
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TABLE 2. Recovery of clinical L. monocytogenes subtypes in samples from respective case and matched control farms

No. of isolates with matching ribotype recovered

Clinical subtype

Isolates with matching ribotype

on case farm from: recovered from samples

Farm Animal species (lineage) collected on the matched
Feces Soil Feed Water control farm
1 Bovine DUP-1039C (II) 1 1 0 0 No
3 Bovine DUP-1038B (I) 1 0 0 0 No
7 Small ruminant DUP-1042B (I) 0 0 0 0 Yes
8 Small ruminant DUP-1039C (II) 0 1 0 0 No
8 Small ruminant DUP-1045E (IT) 2 4 4 3 No
11 Bovine DUP-1039C (II) 0 0 0 0 Yes
12 Bovine DUP-1039C (II) 0 2 0 0 No
13 Bovine DUP-1038B (I) 0 0 0 0 No
20 Bovine DUP-1030A (II) 1 0 0 0 No
21 Bovine DUP-1045B (II) 1 0 0 0 No
22 Small ruminant DUP-1039C (II) 0 0 1 0 Yes
23 Bovine DUP-1030B (II) 0 0 0 0 No
30 Bovine DUP-1039C (II) 0 2 0 1 No
36 Bovine DUP-1042B (I) 0 0 0 0 No
39 Bovine DUP-1039C (II) 0 0 0 0 No
43 Bovine DUP-1039C (II) 1 0 0 0 Yes
46 Small ruminant DUP-1045D (II) 0 0 0 0 No

FARM 8). Two different ribotypes were detected among the
clinical L. monocytogenes isolates on this farm; eight clinical
isolates were ribotype DUP-1045E, and one was ribotype
DUP-1039C. Both clinical ribotypes were recovered in soil
samples collected on this farm (Table 2). A case-control com-
parison showed that a ribotype matching the clinical ribotype
was significantly more likely to be isolated from the respective
case farm than from the matched control farm (P < 0.05; x*
test of independence). This indicates that there is a significant
association between the presence of a given subtype from a
clinical case animal and the presence of this L. monocytogenes
subtype in the farm environment, animal feed, or fecal samples
from healthy animals on the farm.

Recovery of fecal ribotypes in animal feed and the farm
environment. To further elucidate the transmission of L.
monocytogenes, we also analyzed the relationship between L.
monocytogenes ribotypes isolated from fecal samples on both
case and control farms and ribotypes isolated from animal
feeds and the farm environment of each respective L. mono-
cytogenes fecal-sample-positive herd (Table 3). Overall, 28 dif-
ferent ribotypes were identified among the 107 fecal L. mono-
cytogenes isolates obtained from 30 herds that had at least one
animal with a L. monocytogenes-positive fecal sample. Ri-
botypes identical to those observed in fecal samples were also
found in soil, feed, and water samples collected from the same
farm on 16, 13, and 16 occasions, respectively. This analysis
indicated that ruminant fecal shedding of L. monocytogenes
contributes to the dispersal of L. monocytogenes fecal subtypes
into the farm environment.

Statistical analysis of ribotype distribution. The distribution
of L. monocytogenes subtypes (both ribotypes and lineages)
between case and control farms was evaluated to determine
whether specific subtypes were more or less likely to be asso-
ciated with animal listeriosis. Associations between specific L.
monocytogenes subtypes and different sample categories (fecal,
soil, feed, and water) as well as associations between subtypes
and bovine or small-ruminant host farms were also evaluated.
After within-herd correlation corrections of L. monocytogenes
subtypes were implemented, ribotype DUP-1045A was signif-

icantly (P < 0.05) associated with control farms. While several
ribotypes (e.g., DUP-1038B, DUP-1042B, DUP-1042C, DUP-
1045B, and DUP-1045E; Table 1) were more common in case
than in control farms, these strains were clustered in a single or

TABLE 3. Recovery of fecal L. monocytogenes subtypes in
environmental samples

No. of farms
No. of farms with where subtype was

ribotype isolated also recovered

Subtype (lineage) '
from fecal sample from:

Soil Feed Water

DUP-1023A (II)
DUP-1023B (IT)
DUP-1025A (1)
DUP-1030B (IT)
DUP-1038B (I)
DUP-1039A (1I)
DUP-1039C (II)
DUP-1039E (IT)
DUP-1042A (1)
DUP-1042B (I)
DUP-1042C (1)
DUP-1044A (1)
DUP-1044B (I)
DUP-1045A (1)
DUP-1045B (II)
DUP-1045D (IT)
DUP-1045E (IT)
DUP-1051C (I)
DUP-1054A (1I)
DUP-1062B (IT)
DUP-1062C (IT)
DUP-1062E (IT)
DUP-1062F (1I)
DUP-16635B (I)
116-110-S2 (IIT)
116-239-S2 (1)
116-890-S3 (II)
116-915-S2 (?)°
Total no. of positive-testing herds 3

—_

[ e e e P I Ha e ' IS NG RS TN N IS NS IS I o' I N NS I NS BEN [ (Ol NS = O

B

OCOR OO~ OO N, RO RO, O—O—
LWOOROODODOODOOOR R HEFOROODORDODRNROODODOO
N OO OO DO OOORRFOROOOR,NODWUNFE ), OOOoOO

16

—_
—

“ Total number of farms with L. monocytogenes-positive fecal samples.
b2, lineage not known.



4464 NIGHTINGALE ET AL.

few herds and no specific ribotypes were significantly (P >
0.05) associated with case farms after within-herd correlation
corrections were implemented. Ribotype DUP-1039E was de-
tected in both bovine and small-ruminant farms but was sig-
nificantly (P < 0.01) more common in bovine farms than in
small-ruminant farms. McNemar’s test indicated that ribotype
DUP-1038B was more commonly isolated from ruminant feces
than from animal feed (P < 0.05), farm soil (P < 0.05), or
water (P = 0.06). Additionally, L. monocytogenes subtype
DUP-1045A was more commonly isolated from farm soil (P <
0.05) than from ruminant feces. Before corrections for cluster-
ing of ribotypes within a herd were implemented, lineage I
isolates were significantly associated with case farms (P <
0.001) and lineage II isolates were associated with control
farms (P < 0.01). However, due to the high level of correlation
of subtypes in farms, these associations were not significant
after correction using the general estimating equation ap-
proach.

DISCUSSION

Using a case-control study design, we have collected com-
prehensive datasets on the prevalence and subtype composi-
tion of L. monocytogenes in ruminant feces, animal feeds, and
the farm environment. Our data suggest that (i) the epidemi-
ology and transmission characteristics of L. monocytogenes dif-
fer between small-ruminant and cattle farms; (ii) cattle con-
tribute to amplification and dispersal of L. monocytogenes into
the farm environment; (iii) the ruminant, and particularly the
bovine, farm ecosystem maintains a high prevalence of L.
monocytogenes, including subtypes linked to human listeriosis
cases and outbreaks, and may thus constitute a significant
natural reservoir for L. monocytogenes; and (iv) L. monocyto-
genes subtypes may differ in their abilities to infect animals and
to survive in farm environments. Our findings provide insight
into L. monocytogenes transmission in ruminant farming sys-
tems. Ultimately, work of this nature will allow better control
of listeriosis in animals and the reduction of the incidence of
foodborne listeriosis in humans by providing information on
potential reservoirs and sources of L. monocytogenes that con-
tribute to introduction of this pathogen into the human food
supply.

L. monocytogenes ecology and transmission characteristics
differ between bovines and small ruminants. Our data clearly
indicate that the epidemiology and ecology characteristics of L.
monocytogenes differ between bovine and small-ruminant
farms. A significantly higher prevalence of L. monocytogenes-
positive samples was found in bovine farms without listeriosis
cases than in small-ruminant farms without listeriosis cases.
These findings are consistent with previous preliminary obser-
vations regarding the epidemiology of listeriosis among bo-
vines and small ruminants (21, 30, 44). For example, in 1999,
Wesley (44) noted that L. monocytogenes fecal shedding was
more frequent in cattle (33%) than in sheep (8%), comparable
with our data. Also, while listeriosis has been reported as
primarily sporadic in cattle, high morbidity rates have been
reported among sheep flocks and goat herds (30). We also
found that the diversity of L. monocytogenes populations on
bovine farms was greater than that observed in small-ruminant
farms. This may indicate that small-ruminant farms are char-

APPL. ENVIRON. MICROBIOL.

acterized by a single or a few subtypes that cause disease in
small ruminants and that bovine case and control farms main-
tain highly diverse L. monocytogenes populations, with animals
frequently exposed to multiple L. monocytogenes subtypes.

Our feed prevalence data indicate that small ruminants on
farms without listeriosis appear less likely to be exposed to L.
monocytogenes than cattle, which appear to be frequently ex-
posed to L. monocytogenes through contaminated feeds and
consequently may be immune or less susceptible to infection.
Our feed prevalence data also suggest that while exposure to L.
monocytogenes through contaminated feeds appears to be suf-
ficient to cause listeriosis in small ruminants, clinical listeriosis
in cattle may require additional contributing factors (since L.
monocytogenes prevalence does not differ between bovine case
and control farms). For example, the combination of exposure
to particularly virulent L. monocytogenes subtypes and predis-
posing host factors, such as postpartum immune deficiency or
pregnancy, may be required for clinical listeriosis in cattle (2,
26).

Cattle contribute to amplification and dispersal of L. mono-
cytogenes into the farm environment. While many studies have
indicated that poor-quality silage is commonly contaminated
with L. monocytogenes (6, 8, 16, 40, 51) and may represent the
predominant source of listeriosis in ruminants (33, 41, 42, 50),
little is known about the actual transmission dynamics of L.
monocytogenes in production agriculture systems. For example,
it is not known whether, and to what extent, infection of ani-
mals is necessary for L. monocytogenes dispersal into the envi-
ronment or whether ruminants and possibly other mammals
represent dead-end hosts that do not contribute to the survival
and ecological success of this pathogen. Overall, our data in-
dicate that L. monocytogenes subtypes found in clinically af-
fected animals, as well as those subtypes isolated from fecal
samples, were also markedly associated with isolation from
environmental sources on the respective farms. While our data
show a clear association between the presence of L. monocy-
togenes in clinical and fecal samples and its presence in envi-
ronmental samples, the nature of a cross-sectional study makes
it difficult to draw conclusions on directionality of transmission.
We thus used herd-level prevalence scatter plots and regres-
sion analyses to allow a preliminary assessment of the relation-
ship between L. monocytogenes prevalence values in different
sample categories. This analysis indicated that bovine case and
control farms showed similar L. monocytogenes transmission
dynamics. Although small-ruminant control farms showed re-
gression patterns similar to the bovine farm patterns, we do not
consider these patterns reliable enough to be included in this
discussion due to the low R? values (R* =0.25; Fig. 2). Assum-
ing that transmission is most likely to proceed from highly
contaminated compartments to less-contaminated compart-
ments, it appears that animals on bovine farms are the source
of environmental contamination, since L. monocytogenes is
more prevalent in fecal samples than in soil samples. Similarly,
on bovine farms, L. monocytogenes prevalence was higher in
fecal samples than in feed samples. These data are consistent
with the hypothesis that animals exposed to L. monocytogenes
through contaminated silage amplify the pathogen, which leads
to higher prevalence in feces than in feed. In 1996, Fenlon and
coworkers (11) also found that soil samples from pastures of
silage-fed ruminants are more likely to harbor L. monocyto-
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genes compared to other pastures, further supporting the idea
that L. monocytogenes strains ingested through silage are am-
plified and reintroduced into the farm environment by cattle.

In all farm systems, we found evidence that the prevalence of
L. monocytogenes in soil was higher than that seen in feed,
indicating that soil may serve as a source of animal feed con-
tamination by L. monocytogenes. These findings are consistent
with other reports (10) and are further supported by our mo-
lecular subtype data, which showed that the same L. monocy-
togenes molecular subtype was observed in both feed and soil
samples on 7 of 26 farms with positive soil and feedstuff sample
results; 12 of the 19 farms with no matching soil and feed
subtypes had a single L. monocytogenes-positive soil or feed
sample, thus permitting no meaningful analyses for these
farms. On the other hand, on small-ruminant case farms, L.
monocytogenes prevalence in feeds was higher than in fecal
samples. These data support our hypothesis that the epidemi-
ology characteristics of listeriosis differ between bovine and
small-ruminant farms and may indicate that small ruminants
are less likely to appreciably amplify ingested L. monocyto-
genes. We conclude that bovine hosts amplify L. monocytogenes
ingested through feeds and thus represent a critical factor in
maintaining high levels of L. monocytogenes contamination on
bovine farms.

Ruminant farm ecosystems maintain a high prevalence of L.
monocytogenes, including subtypes linked to human listeriosis
cases and outbreaks. While L. monocytogenes is generally con-
sidered ubiquitous, limited data on the prevalence of this
pathogen in different environments have been available so far.
While 20.1% of the 2,056 farm samples collected were positive
for L. monocytogenes, the prevalence of L. monocytogenes
among 1,805 soil, water, and other environmental samples
from urban and pristine environments (i.e., locations with little
direct animal and human contact, such as state parks, national
forests, etc.), also collected by our group during the same time
period and in the same region (New York state), was consid-
erably lower (1.3 and 7.3% for pristine and urban environ-
ments, respectively) (35; B. D. Sauders and M. Wiedmann,
unpublished data). Similarly, other smaller-scale studies have
also shown L. monocytogenes to be quite prevalent in farm
environments (5, 10). For example, Garcia and coworkers (12)
detected L. monocytogenes in 7.8% of water-trough samples,
1.2% of feed samples, 11.4% of bedding samples, 8.3% of
farmyard soil samples, and 2.7% of ewe fecal samples in a
study with 15 sheep farms. Our finding that fecal samples from
healthy cattle frequently contain L. monocytogenes is consistent
with other reports that L. monocytogenes prevalence ranged
from 3.1 to 51.0% in fecal samples from healthy cattle (18, 37).
The high prevalence of L. monocytogenes in samples collected
on ruminant farms, particularly in contrast with the low prev-
alence in samples collected in other environments, suggests
that ruminant farms may represent an important natural res-
ervoir for L. monocytogenes.

Molecular subtype data for all 431 L. monocytogenes isolates
collected in this study were used to further probe the impor-
tance of the L. monocytogenes populations on ruminant farms
as reservoirs for human infections. Interestingly, many of the
L. monocytogenes EcoRI ribotypes isolated during this study
have also been isolated from human clinical listeriosis cases
and outbreaks that have occurred in the same state as the
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farms enrolled in our study (27, 34; additional data available at
www.pathogentracker.net). For example, ribotype DUP-1042B
(the second most commonly isolated ribotype in this study) has
been linked to two human listeriosis clusters that occurred in
New York state in 1998 and 1999 (34) as well as to outbreaks
in Boston (United States; 1979) and Massachusetts (United
States; 1983) (19). Similarly, ribotypes DUP-1038B and DUP-
1044A, which have also been linked to multiple human liste-
riosis outbreaks (34, 19), were also isolated on multiple farms.
While ribotyping provides a highly standardized subtyping
method for L. monocytogenes (46), which is well suited for
population-based studies, our ribotype data do not show that
individual farms have served as direct or indirect sources of
specific human listeriosis. Rather, our data indicate that the L.
monocytogenes subtype populations found on farms overlap
with those responsible for human listeriosis cases. While most
raw foods originating from ruminant farms undergo heat treat-
ments that effectively inactivate L. monocytogenes, farms may
serve as a source of L. monocytogenes strains that are inadver-
tently introduced into food-processing environments and sub-
sequently transferred onto foods through postprocessing con-
tamination (1, 45). For example, subtype data for a total of 475
Listeria isolates from different dairy processing facilities and
farms showed that 8 L. monocytogenes and 12 Listeria species
ribotypes were found in both dairy-processing and farm envi-
ronments, supporting the potential of on-farm sources to con-
tribute to processing plant contamination (1).

L. monocytogenes subtypes may differ in their abilities to
infect animals and survive in farm environments. While pre-
vious studies using molecular subtyping and phenotypic char-
acterization of human, food, and animal isolates have led to
the hypothesis that L. monocytogenes subtypes differ in their
virulence and transmission characteristics (20, 46), due to the
rare nature of listeriosis, few groups have utilized case-control
study data to robustly test this hypothesis. Our data support the
idea that L. monocytogenes subtypes can differ in their trans-
mission characteristics. For example, while ribotype DUP-
1038B was significantly associated with fecal samples com-
pared to environmental samples and was responsible for
clinical listeriosis cases on two farms, ribotype DUP-1045A was
not observed among the clinical isolates and was associated
with control farms and environmental samples. Interestingly,
ribotype DUP-1038B has been identified previously as a L.
monocytogenes clonal group with high-level virulence potential;
this ribotype has been linked to multiple human listeriosis
outbreaks (e.g., in Los Angeles in 1985) (19), while ribotype
DUP-1045A has been isolated only rarely among human clin-
ical isolates (<0.5% of a collection of more than 600 human
clinical isolates [M. Wiedmann, B. D. Sauders, and E. D.
Fortes, unpublished data]). Ribotype DUP-1039C, the most
common subtype isolated in this study, accounted for 8 of the
17 clinical L. monocytogenes isolates and was also found in
fecal samples from 12 herds and in a variety of environmental
samples. Our data thus suggest that some L. monocytogenes
subtypes (e.g., DUP-1038B) may be adapted to infect mam-
malian hosts, some (DUP-1045A) may be adapted to environ-
mental survival, and others (e.g., DUP-1039C) may be equally
adapted to ruminant hosts and environmental survival and,
thus, may be particularly successful at surviving by establishing
high population densities in multiple niches.



4466 NIGHTINGALE ET AL.

Conclusions. Our data support the hypothesis that rumi-
nant, and particularly bovine, farms represent a reservoir for
human L. monocytogenes infections. A reservoir may be de-
scribed as a single or multiple epidemiologically related pop-
ulations (e.g., ruminants) and/or environments (e.g., animal
feed and farm environment) in which a specific pathogen is
sustained; additionally, the pathogen is transmitted from the
proposed reservoir to cause infections in a population of in-
terest (e.g., humans) (14). In support of this hypothesis, we
have shown that maintenance and on-farm transmission of L.
monocytogenes appears to rely on ingestion of L. monocyto-
genes-contaminated feeds and amplification of L. monocyto-
genes by bovine hosts both with or without clinical disease,
followed by fecal dispersal into the farm environment. We have
further shown that L. monocytogenes subtypes found on bovine
farms have also been associated with human listeriosis cases
and outbreaks. A high prevalence of L. monocytogenes on
farms provides additional support for the role of ruminant
farms as reservoirs for this foodborne pathogen.

While farms may serve as direct or indirect sources of L.
monocytogenes strains that are introduced into the human food
chain (1, 45), they also represent ecosystems that could facili-
tate the emergence of new and more virulent L. monocytogenes
subtypes in a high-transmission-frequency environment. While
cattle have been identified as potentially important reservoirs
for Escherichia coli O157:H7 (29) and certain Salmonella se-
rotypes (9, 43), their role as a reservoir for L. monocytogenes is
likely to be different and more complex, since, in contrast with
Salmonella and E. coli O157:H7 infections, raw animal-derived
food products are rarely a direct source of human listeriosis.
As additional data on the transmission and ecology of L.
monocytogenes along the farm-to-table continuum become
available, we will gain a more complete understanding of the
natural history of this pathogen which will facilitate rational
and effective control strategies to reduce both human and
animal listeriosis cases.
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