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Temporal changes in the distribution of Salmonella subtypes in livestock populations may have important impacts on human
health. The first objective of this research was to determine the within-farm changes in the population of subtypes of Salmonella
on Michigan dairy farms that were sampled longitudinally in 2000-2001 and again in 2009. The second objective was to deter-
mine the yearly frequency (2001 through 2012) of reported human illnesses in Michigan associated with the same subtypes.
Comparable sampling techniques were used to collect fecal and environmental samples from the same 18 Michigan dairy farms
in 2000-2001 and 2009. Serotypes, multilocus sequence types (STs), and pulsed-field gel electrophoresis (PFGE) banding patterns
were identified for isolates from 6 farms where >1 Salmonella isolate was recovered in both 2000-2001 and 2009. The distribu-
tion of STs was significantly different between time frames (P < 0.05); only two of 31 PFGE patterns were identified in both time
frames, and each was recovered from the same farm in each time frame. Previously reported within-farm decreases in the fre-
quency of multidrug-resistant (MDR) Salmonella were due to recovery of MDR subtypes of S. enterica serotypes Senftenberg
and Typhimurium in 2000-2001 and genetically distinct, pansusceptible subtypes of the same serotypes in 2009. The annual fre-
quency of human illnesses between 2001 and 2012 with a PFGE pattern matching a bovine strain decreased for patterns recov-
ered from dairy farms in 2000-2001 and increased for patterns recovered in 2009. These data suggest important changes in the
population of Salmonella on dairy farms and in the frequency of human illnesses associated with cattle-derived subtypes.

Globally, an estimated 93.8 million illnesses and 155,000 deaths
are caused by Salmonella enterica annually (1). Livestock are

important reservoirs for Salmonella, and efforts to reduce the con-
tamination of food will likely be enhanced by controlling the
pathogen on farms. While the incidence of other food-borne
pathogens has decreased, the incidence of salmonellosis has re-
mained stable, and national goals for reducing incidence have not
been met (2). Cattle serve as a reservoir of Salmonella which can be
transmitted to people (3), and beef and dairy products account for
a notable proportion of traceable Salmonella outbreaks (4). Sal-
monella found on dairy farms could be transmitted through con-
tamination and inadequate pasteurization of dairy products, con-
tamination of carcasses and lymph nodes (cull dairy cattle), or
indirect transmission through the environment. There is substan-
tial overlap in the antimicrobial resistance (AMR) phenotypes,
serotypes, and pulsed-field gel electrophoresis (PFGE) patterns of
Salmonella strains recovered from dairy cattle and those that cause
disease in humans (5–7). In general, a diverse population of Sal-
monella serotypes are recovered from cattle, but only a small num-
ber of serotypes account for the majority of illnesses. Therefore,
temporal changes in the prevalence, distribution, or antimicrobial
resistance profiles of Salmonella serotypes and molecular subtypes
recovered on dairy farms may have important impacts on human
health.

Nation-level studies suggest substantial changes in the popula-
tion of Salmonella on dairy farms in the United States. Between
cross-sectional studies of dairy farms in 1996, 2002, and 2007, the
proportions of farms and cows that were positive for Salmonella
approximately doubled (8). The same studies also demonstrated

decreases in the proportion of Salmonella strains resistant to an-
timicrobials. Approximately 17.7% of isolates were resistant to at
least one antimicrobial in 2002, compared to 3.4% of isolates in
2007 (8). Consistent with these data, our prior retro-prospective
study demonstrated within-farm decreases in the proportion of
multidrug-resistant (MDR) Salmonella strains between 2000-
2001 and 2009 (9).

Salmonella can be found on up to 90% of dairy farms (10) and
may persist within dairy herds for years (11–13), but most obser-
vational studies of Salmonella on dairy farms are cross-sectional or
of limited duration, which may not be sufficient to understand
long-term or within-farm population changes caused by the ac-
quisition and/or disappearance of strains. Furthermore, previous
molecular epidemiological studies of Salmonella often use diag-
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nostic laboratory collections of isolates which provide the neces-
sary diversity to study phylogenetic relatedness (14, 15); however,
these inferences cannot be extrapolated to the population of Sal-
monella colonizing dairy farms. Virulence is not a property of all
Salmonella strains (16), and the distribution of serotypes in live-
stock differs from the distribution of serotypes causing disease in
humans (17), suggesting that some serotypes may be better
adapted for asymptomatic colonization than for causing disease.
Therefore, changes in the population of Salmonella on dairy farms
may result in changes in the impact of dairy farms on human
health. Likewise, the emergence or disappearance of MDR strains
may change the frequency of resistant human infections. The pro-
portion of nontyphoidal Salmonella strains recovered from hu-
mans in the United States that were resistant to at least one anti-
microbial, for example, was observed to decrease between 1999
and 2010 (18).

Based on current knowledge gaps and previously reported de-
creases in AMR, we conducted a retro-prospective study to mea-
sure within-farm changes in the prevalence and distribution of
Salmonella subtypes recovered on Michigan dairy farms that were
sampled longitudinally in 2000-2001 and again in 2009. The ob-
jectives of this study were 3-fold: (i) to use a combination of sub-
typing techniques to describe the distribution of subtypes of Sal-
monella recovered on farms that participated in a 2000-2001
longitudinal study of Michigan dairy farms (10), (ii) to sample the
same farms using comparable techniques and compare the relat-
edness of the strains from 2000-2001 to prevalent strains of Sal-
monella recovered in 2009 to better understand previously re-
ported changes in AMR (9), and (iii) to describe temporal changes
in the frequency of human illnesses associated with the subtypes
found on dairy farms in 2000-2001 and 2009.

MATERIALS AND METHODS
Study design. This study used a retro-prospective study design, and the
data consisted of two components: retrospective data collected from
Michigan dairy farms in 2000-2001 and prospective data collected 10
years later from the same farms. Retrospective data were retrieved from a
2000-2001 multicenter, longitudinal study of Salmonella shedding on ran-
domly selected dairy farms in Michigan, New York, Wisconsin, and Min-
nesota (10). Stored Salmonella isolates collected in 2000-2001 were re-
trieved from the Center for Comparative Epidemiology (CCE) at
Michigan State University (MSU). Samples from the same farms were
collected in August of 2009. Approvals from the MSU Institutional Ani-
mal Care and Use Committee and the MSU Institutional Review Board
were obtained prior to the initiation of this research. In 2000-2001, 31
dairy farms in Michigan that met the following criteria were selected: less
than 100 miles from Michigan State University, milking greater than 30
Holstein cows, raising their own calves for replacements, and shipping
milk year-round (10) For the data collected in 2009, all Michigan dairy
farms that participated in 2000 were recruited to participate.

Sample collection. Comparable sampling plans for collecting fecal
and environmental samples were used in both 2000-2001 and 2009, as
reported previously (9). Briefly, in 2000-2001, farms were sampled every
other month, resulting in five sampling events (10). Two farms (101 and
102) were initially sampled weekly for 8 consecutive weeks in the spring/
summer of 2000 and then subsequently sampled every 2 months for five
consecutive visits. In July or August 2009, 16 farms were sampled once,
and two farms were sampled twice. Fecal samples were collected from the
rectums of dairy cattle using a single-use rectal sleeve and from calves
using digital rectal retrieval. In both 2000-2001 and 2009, healthy lactating
cows and “target” animals were sampled from each farm. Target animals
were defined as dairy animals most likely to be shedding Salmonella, in-

cluding preweaned calves, cows identified as sick by the farm manage-
ment, cows within 14 days of their calving date, and cows scheduled to be
culled within 14 days. The number, types, and collection of environmental
samples were as previously described (9). All samples were stored in com-
mercial bags, placed in a cooler with ice, and processed the following day.

Salmonella isolation and serotyping. The techniques used for isola-
tion of Salmonella for this set of isolates have been previously described
(9). Briefly, isolation of Salmonella was performed in the same laboratory
with highly similar protocols in 2000-2001 and 2009. Salmonella isolates
harvested in 2000 were frozen in tryptic soy broth-glycerol solution at
�80 C and stored in cryovials. In 2009, these were retrieved and under-
went further biochemical confirmation before serotyping and antimicro-
bial susceptibility testing. Serotype identification was performed in 2009
for all isolates at the Diagnostic Center for Population and Animal Health
(DCPAH) at MSU using the Kauffman-White scheme (19). Where a
group of isolates collected from the same farm on the same day had indis-
tinguishable PFGE banding patterns, only one isolate was selected, and the
remaining isolates are reported as the same serotype.

PFGE. For pulsed-field gel electrophoresis (PFGE), up to two ran-
domly selected isolates from each Salmonella-positive fecal or environ-
mental sample were selected. If more than two isolates were recovered
from a single sample, then two isolates were randomly chosen to undergo
PFGE. PFGE was conducted at the DCPAH using a CDC standardized
protocol and the XbaI rare-cutting restriction enzyme (20). Dendrograms
were constructed by applying hierarchical agglomerative clustering tech-
niques (unweighted pair group method with arithmetic means) to simi-
larity matrices calculated using the Dice coefficient of similarity. Band
tolerance and optimization settings of 1.5% were used. If two isolates from
the same sample had indistinguishable PFGE patterns, then only one of
the isolates was included in the statistical analysis and summary statistics.
Unique PFGE patterns identified at the DCPAH were assigned names to
denote where the pattern was identified, serotype, and unique pattern
number within serotype (e.g., MSU.Sty.1).

MLST. To define sequence types (STs), the partial gene sequences of
seven housekeeping genes (thrA, purE, sucA, hisD, aroC, hemD, and dnaN)
were determined according to a standard multilocus sequence typing
(MLST) protocol for Salmonella (http://mlst.warwick.ac.uk/mlst/). Iso-
lates with different PFGE patterns, collected from different farms, or col-
lected in different time frames (2000-2001 or 2009) were selected for
MLST. Primer sequences and amplification conditions were according
to standardized protocols (21). Edited sequences were uploaded to the
MLST website (http://mlst.warwick.ac.uk/mlst/) to identify the allelic
numbers and STs for each isolate. Where a group of isolates collected from
the same farm on the same day had indistinguishable PFGE banding pat-
terns, only one isolate was selected, and the remaining isolates are re-
ported as the same serotype and ST.

Comparison with human clinical isolates. PFGE patterns of Salmo-
nella strains recovered from Michigan dairy farms in this study were com-
pared to all the PFGE patterns of the same serotypes that were identified at
the Michigan Department of Community Health (MDCH) during the
same time frame. For the serotypes recovered from Michigan dairy farms
in 2000-2001 or 2009, raw images of PFGE patterns recovered from re-
ported illnesses between the years 2000 and 2012 were obtained. Serotypes
rarely identified at the MDCH (�100 times between 2000 and 2012) were
excluded; however, serotypes with PFGE patterns that persisted between
the two time frames were included in the analysis regardless of frequency.
The yearly frequency (2000 to 2012) at MDCH was determined for pat-
terns that were indistinguishable from the patterns recovered on dairy
farms. Names of the PFGE patterns used at the MDCH are reported along-
side the pattern names given by investigators at the DCPAH.

Statistical analysis. Fisher’s exact tests were used to compare within-
farm differences in the proportions of samples positive in 2000-2001 and
2009 for samples taken from cows, calves, or the environment. To increase
the validity of comparisons of prevalence between the two time periods,
the summer sampling visit from 2000-2001 that most closely matched the
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summer sampling date from the same farm in 2009 was included in the
statistical analysis. Cow or calf samples were not taken in the summer
months (July, August, or September) for two herds (102 and 131), so
samples from June 2001 were used instead. Descriptive statistics were
generated to describe changes in the frequency of STs, serotypes, and
PFGE patterns within farms between different sample types, between
farms, and between years. The frequency distributions of STs between
time frames were compared using a chi-square test of independence. The
new information on strain characteristics is reported in light of previously
identified changes in antimicrobial resistance for this set of isolates (9).

RESULTS
Prevalence of Salmonella in 2000-2001 and 2009. In total, 18 of
the 31 dairy farms that participated in the 2000-2001 study agreed
to participate again in 2009. From this subset of farms in 2000-
2001, a total of 5,358 samples were collected from healthy cows (2,
994), healthy calves (770), target animals (675), and the environ-
ment (919) (Table 1). Across all five sampling visits in 2000-2001,
at least one isolate was recovered from 77% (14/18) of herds and
6% (264/5,358) of samples (Table 1). There was a seasonal pattern
of shedding, with 2.8% (49/1,733), 5.8% (103/1,790), 10% (86/
862), and 2.7% (26/973) of samples positive in the winter (January
to March), spring (April to June), summer (July to September),
and fall (October to December), respectively, in the 2000-2001
time frame. Two high-prevalence herds (114 and 111) accounted
for 73% of the positive samples (Table 2), and the proportion of
samples positive on farms 111 and 114 ranged between 13% and
62% on each visit. For the remaining 12 positive herds, the prev-
alence was �10%, and nine herds had fewer than three positive
samples across all five visits (Table 2).

Comparable sampling techniques were used to sample the
same herds in 2009, and Salmonella was recovered from 12% (97/

830) of samples and 56% (10/18) of farms (Table 1). The within-
farm prevalence over all animal and environmental samples
ranged from 0% to 63% and was over 50% for 2 herds, between
20% and 50% for 3 herds, and less than 10% for 13 herds. Farms
with herd sizes (number of lactating cows) of �500, 100 to 499,
and �100 had a prevalences of 22.0% (52/236), 5.5% (21/381),
and 11.2% (24/213), respectively (Table 2). Samples with the
highest proportion of positive results came from the sick pen (5/
11, 45%), manure storage area (6/19, 32%), and sick adult cattle
(10/49, 20%). The overall prevalence in the summer of 2009
(12%) was higher than the prevalence of Salmonella in the sum-
mer of 2000 or 2001 (Table 1).

Eleven of the 18 herds had less than 10% prevalence in both
summers, including three farms where Salmonella was not recov-
ered in either year (Table 2). For the high-prevalence herds in
2000-2001 (farms 111 and 114), farm 111 had a 6% prevalence in
2009, and farm 114 had a 30% prevalence in 2009 (Table 2). A
Fisher exact test was used to compare the summer prevalence of
Salmonella in cow, calf, and environmental samples between the
summers of 2000 or 2001 and 2009. The within-farm cow preva-
lence was significantly higher (P � 0.05) in 2009 for two farms
(101 and 109), and significantly lower in 2009 for farm 111. The
proportion of calf samples was significantly lower in 2009 for farm
129, and the proportion of environmental samples was signifi-
cantly higher for two farms (109 and 121) in 2009 than in 2000 or
2001.

To understand within-farm changes in the population of Sal-
monella, the serotype, ST, and PFGE pattern was identified for
isolates originating from farms where at least two isolates were
recovered in both sampling time frames. Six farms had �1 isolate

TABLE 1 Numbers of samples from the same 18 dairy farms in 2000-2001 and 2009

Sample type

2000-2001

Summer visits

2000 or 2001 2009

No. of
samples

Proportion positive
for Salmonella

No. of
samples

Proportion positive
for Salmonella

No. of
samples

Proportion positive
for Salmonella

Cow samples
Healthy 2,994 0.05 518 0.09 238 0.14
Cull 77 0.03 8 0.13 33 0.06
Closeup 176 0.02 38 0.03 73 0.11
Fresh 257 0.06 42 0.12 76 0.12
Sick 165 0.04 32 0.13 44 0.23
Total 3,669 0.05 638 0.09 464 0.13

Calf samples 770 0.06 145 0.08 163 0.07

Environmental samples
Sick pen 50 0 9 0 11 0.45
Manure storage area 103 0.14 18 0.17 17 0.29
Hair coat of cull cow 57 0.07 8 0 11 0
Maternity pen 85 0.04 16 0 18 0.17
Milk filter 99 0.05 17 0.06 16 0.06
Waterer 105 0.06 18 0.11 18 0.06
Calf pen 104 0.04 18 0.06 17 0.12
Other 306 0.03
Missing information 10 3 4 0.25
Total 919 0.05 107 0.07 112 0.16

Total 5,358 0.05 890 0.09 739 0.12
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in both time periods, and on these six farms, Salmonella was re-
covered from 16% (252/1,925) and 18% (64/350) of samples in
2000-2001 and 2009, respectively. There were 35 samples with �1
distinguishable PFGE pattern, which were evenly distributed
across animal (11.1%, 29/262) and environmental (11.8%, 6/51)
samples. A larger number of positive samples in 2009 (20.6%,
13/64) than in 2000-2001 (8.8%, 22/252) had multiple patterns. In
total, 271 and 77 isolates from 2000-2001 and 2009, respectively,
were included in subsequent molecular and statistical analyses.

Serotypes, sequence types, and PFGE patterns in 2000-2001
and 2009. Out of 271 isolates recovered during the longitudinal
sampling period from 2000 to 2001, a total of 13 serotypes, 11 STs,
and 31 distinguishable PFGE patterns were identified. In 2009, 12
different serotypes, 12 sequence types, and 21 unique PFGE pat-
terns were identified out of 77 isolates recovered from the same six
herds (Fig. 1). In all but one case, there was a single ST for each
serotype, regardless of the farm or year the sample was taken. A
novel ST of S. enterica serotype Hartford (recovered in 2000) dif-
fered by a single base pair in the dnaN allele and had a PFGE
pattern distinguishable from that for ST405 of S. Hartford recov-
ered from in 2009 (Table 3). Two serotypes, S. enterica serotypes
Typhimurium and 4:5:12:i:�, were both ST 19 and had indistin-
guishable PFGE patterns in 2009. The number of PFGE patterns
within individual STs ranged from 1 to 11; S. enterica serotype
Montevideo (ST 138) was the most diverse with the largest num-
ber of PFGE patterns.

Within-farm distribution and relatedness of Salmonella
subtypes. In 2000-2001, subtypes of Salmonella frequently per-
sisted across multiple bimonthly sampling visits through the lon-
gitudinal sampling period in 2000-2001. There were 11 different

PFGE patterns that were repeatedly recovered on �1 sampling
visit from the same farm. The number of days between the first
and last recovery of a subtype ranged between 21 and 290. Two
herds (111 and 114) had a persistently high prevalence of Salmo-
nella. On farm 111, one S. enterica serotype Bovismorbificans
(MSU.Sbo.Xb3) pattern represented 84% (106/126) of the recov-
ered isolates. Similarly, on farm 114, 12 unique PFGE patterns
representing three serotypes were recovered, but a single pattern
of S. enterica serotype Muenster (MSU.Smn.Xb1) represented
78% (65/83) of the isolates. Other subtypes in the 2000-2001 time
frame were recovered from �10% of samples across all visits. In
2009, three herds (101, 114, and 125) with a �20% prevalence
were infected with Salmonella serotypes Montevideo, Typhimu-
rium, and Bovismorbificans (Table 3). A single PFGE pattern
made up 28% (8/29), 100% (16/16), and 90% (9/10) of the isolates
recovered from each of the three farms (101, 114, and 125), re-
spectively.

Indistinguishable subtypes were distributed across different
production classes and multiple environments within the same
farm, suggesting frequent transmission and widespread environ-
mental contamination. For each sampling visit, comparable pro-
portions of cow, calf, and environmental samples were positive for
each subtype (Table 4). MDR subtypes showed the largest differ-
ence in the within-farm prevalence across cow and calf samples.
For instance, a higher proportion of calf samples (47%, 15/32)
than of cow samples (4%, 3/80) on farm 129 were positive for the
MDR subtype of S. enterica serotype Senftenberg (MSU.Snf.Xb1).
Similarly, a higher proportion of calf samples (60%, 3/5) than of
cow samples (4%, 1/28) were positive for any MDR pattern of

TABLE 2 Percentages of samples positive for Salmonella and herd sizes on 18 dairy farms sampled in the summers of 2000 or 2001 and 2009

Farm

2000-2001 2009

Herd
sizea

Prevalence

Herd
size

Prevalence, summer visitsAll visits Summer visits

%
positive

No.
positive/total

%
positive

No.
positive/total

%
positive

No.
positive/total

101b 78 3.6 19/528 5.4 2/37 60 62.9 22/35
102 113 0.4 3/696 2 1/51 197 0.0 0/36
108 77 0 0/221 0 0/38 145 0.0 0/38
109 318 0 0/302 0 0/60 700 57.4 27/47
111b 108 44.9 118/263 64.2 34/53 116 6.2 5/81
112 74 1 2/194 2.9 1/34 83 0.0 0/38
114b 110 29.3 76/259 23.9 11/46 193 29.8 14/47
118 191 0 0/268 0 0/57 158 0.0 0/46
119 116 0.4 1/250 2.2 1/46 99 0.0 0/35
121b 473 0.7 2/267 1.6 1/63 818 20.0 10/50
122 186 0 0/293 0 0/57 503 8.5 4/47
125b 257 5.2 15/289 25 14/56 511 23.9 11/46
126 305 0.3 1/301 0 0/59 1,067 0.0 0/46
127 84 0.5 1/207 2.5 1/40 90 0.0 0/37
128 151 0.3 1/288 1.9 1/54 170 0.0 0/42
129b 247 6.9 22/319 18 11/61 456 2.2 2/91
131 87 1 2/201 0 0/36 63 3.2 1/31
132 90 0.5 1/212 2.4 1/42 76 2.7 1/37

Total 4.9 264/5,358 8.9 79/890 12.4 97/830
a Approximate total number of lactating cows.
b One of six farms where isolates were selected for additional characterization.

Changes in Salmonella Subtypes in Michigan

September 2015 Volume 81 Number 17 aem.asm.org 5727Applied and Environmental Microbiology

http://aem.asm.org


FIG 1 Serotypes, multilocus sequence types, and unique PFGE patterns identified on each sampling date for Michigan dairy farms sampled in 2000-2001 and
2009. ST, sequence type; MSU pattern, pattern name assigned by investigators; MI pattern, pattern name assigned by the Michigan Department of Community
Health (MDCH); A, ampicillin; C, chloramphenicol; Cx, ceftriaxone; G, gentamicin; K, kanamycin; S, streptomycin; Su, sulfisoxazole; T, tetracycline.
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Salmonella Typhimurium (MSU.Sty.Xb6) within the same sam-
pling visit (Table 4).

Between-farm distribution and relatedness of Salmonella
subtypes. The same serotype was recovered from multiple farms

within the 2000-2001 (S. enterica serotypes Bovismorbificans, Me-
leagridis, Senftenberg, and Muenster) and 2009 (S. enterica sero-
type Mbandaka) time frames. PFGE patterns differed across
farms, with the exception of two PFGE patterns (MSU.Sbo.Xb3,

TABLE 3 Serotypes and sequence types of nontyphoidal salmonellae recovered on the same Michigan dairy farms sampled in 2000-2001 and 2009

Farm

2000-2001 2009

Serogroup Serotype ST
No. of
isolates Serogroup Serotype ST

No. of
isolates

101 B S. Typhimurium 19 17 C1 S. Montevideo 138 29
B S. Oranienburg 65 4
C1 S. Hartford Newa 1
C1 S. Montevideo 138 1
C2 S. Newport 350 1

111 C2 S. Bovismorbificans 150 122 C1 S. Thompson 26 4
E1 S. Anatum 64 2 C1 S. Hartford 405 1
E1 S. Muenster 88 1

114 E1 S. Muenster 88 73 B S. Typhimurium 19 8
C1 S. Brandenburg 65 3 B S. 4,5,12:I:� 19 8
E1 S. Give 654 3
C2 S. Bovismorbificans 150 2
E1 S. Meleagridis NDb 1

121 E4 S. Senftenberg 14 1 C1 S. Braenderup 22 4
C1 S. Mbandaka 413 5
E4 S. Senftenberg 14 3

125 E1 S. Muenster 88 14 C2 S. Bovismorbificans 150 10
C2 S. Bovismorbificans 150 1 C1 S. Mbandaka 413 3

129 E4 S. Senftenberg 14 22 K S. Cerro 367 2
C1 S. Mbandaka 413 1
E1 S. Meleagridis ND 1

Total 271 77
a Novel sequence type.
b ND, not determined.

TABLE 4 Percentages of cow, calf, and environmental samples positive for a PFGE pattern on Michigan dairy farmsa

Farm Serotype PFGE pattern
AMR
pattern

Date
(mo/day/yr)

All samples Cow samples Calf samples
Environmental
samples

%
positive

No.
positive/total

%
positive

No.
positive/total

%
positive

No.
positive/total

%
positive

No.
positive/total

101 S. Montevideo MSU.Smo.Xb5 8/3/2009 19 8/42 28 8/29 0 0/6 0 0/7
101 S. Montevideo MSU.Smo.Xb9 8/3/2009 17 7/42 10 3/29 0 0/6 57 4/7
101 S. Typhimurium MSU.Sty.Xb6 ACSSuT 7/20/2000 10 4/41 4 1/28 60 3/5 0 0/8
111 S. Bovismorbificans MSU.Sbo.Xb3 10/23/2000 54 30/56 50 22/44 50 2/4 75 6/8
111 S. Bovismorbificans MSU.Sbo.Xb3 12/20/2000 36 18/50 39 14/36 50 3/6 13 1/8
111 S. Bovismorbificans MSU.Sbo.Xb3 3/13/2001 26 15/58 18 7/38 30 3/10 50 5/10
111 S. Bovismorbificans MSU.Sbo.Xb3 5/11/2001 29 14/48 26 9/34 33 2/6 38 3/8
111 S. Bovismorbificans MSU.Sbo.Xb3 8/9/2001 48 29/60 59 24/41 38 3/8 18 2/11
114 S. Muenster MSU.Smn.Xb1 11/3/2000 48 24/50 47 17/36 67 4/6 38 3/8
114 S. Muenster MSU.Smn.Xb1 1/2/2001 12 6/52 3 1/35 44 4/9 13 1/8
114 S. Muenster MSU.Smn.Xb1 4/13/2001 18 9/51 11 4/36 50 3/6 22 2/9
114 S. Muenster MSU.Smn.Xb1 6/4/2001 23 15/64 25 11/44 0 0/8 33 4/12
114 S. Muenster MSU.Smn.Xb1 8/6/2001 22 11/49 24 9/37 0 0/4 25 2/8
114 S. 4,5,12:I:- MSU.Smp.Xb1 7/22/2009 16 8/49 18 6/34 22 2/9 0 0/6
114 S. Typhimurium MSU.Sty.Xb10 7/22/2009 16 8/49 15 5/34 22 2/9 17 1/6
125 S. Bovismorbificans MSU.Sbo.Xb3 7/22/2009 19 9/48 22 6/27 20 3/15 0 0/6
125 S. Muenster MSU.Smn.Xb6 8/21/2001 24 14/59 33 13/40 10 1/10 0 0/9
129 S. Senftenberg MSU.Snf.Xb1 GKSSuT 7/31/2001 15 10/66 5 2/40 41 7/17 11 1/9
129 S. Senftenberg MSU.Snf.Xb1 GKSSuT 9/13/2001 16 10/64 3 1/40 53 8/15 11 1/9
a Shown where the total proportion of positive samples was higher than 10%.
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MSU.Smn.Xb1) representing Salmonella serotypes Bovismorbifi-
cans and Muenster, respectively, which were each recovered on
farms 111 and 114 in the 2000-2001 sampling time frame. On farm
111 the MSU.Sbo.Xb3 pattern was recovered from over 25% of
samples on each of five visits, while on farm 114 the same pattern
was recovered from only a single sample. Conversely, a single sam-
ple on farm 111 was positive for the MSU.Smn.Xb1 subtype, while
20.6% (65/250) of samples from farm 114 were positive for this
pattern. While important differences between the strains exist, the
identification of the same strains on two different farms at very
different prevalence levels suggests important differences between
farm environments.

Relatedness of Salmonella subtypes between 2000-2001 and
2009. Of the six farms positive in both years, three had the same
serotype recovered at both time points. Two PFGE patterns
(MSU.Sbo.Xb3 and MSU.Snf.Xb4), representing Salmonella sero-
types Bovismorbificans and Senftenberg, were recovered in both
2000 and 2009, and each was recovered within the same farm in
both time frames (Fig. 2), suggesting long-term persistence of the
strains within the same farm. The two subtypes, MSU.Sbo.Xb3
and MSU.Snf.Xb4, were recovered from single samples in 2001 on
farms 125 (1/288) and 121 (1/267) and subsequently recovered
from 6% (3/50) and 20% (9/46) of samples on the same farms in
2009, respectively. Three other serotypes, Salmonella serotypes
Typhimurium, Hartford, and Mbandaka, were recovered in both
time frames but from different herds. On each farm, strains had
distinguishable banding patterns (Fig. 1).

The overall distribution of sequence types was significantly dif-
ferent between time periods (P � 0.05). Differences in strains
between the two time points reflected a higher prevalence of
strains of serogroup C1 and a lower prevalence of serogroups E1
and E4. Serogroups represent important antigenic properties of
strains, and changes in populations of serogroups may indicate
important changes in the ecology of Salmonella. Strains of the
same serogroups may occupy the same niche. For instance, expan-
sion in the population of Salmonella enterica serotype Enteritidis

may have filled an ecological void vacated by Salmonella enterica
serotypes Pullorum and Gallinarum following eradication cam-
paigns (22). In this study, the predominant ST of Salmonella
within each farm was different between years for all six farms
(Table 3). Strains of serogroup C1 were the predominant serotype
for three of the six farms in 2009 (Table 3), compared to none in
2000-2001. Only 2.5% (7/273) of the recovered isolates in 2000-
2001 were strains of serogroup C1, compared to 60% of the iso-
lates in 2009. This change in the population of serogroups may
indicate a change in the environment on dairy farms.

Population changes associated with changes in AMR. A de-
tailed analysis of within-farm changes in the phenotypic antimi-
crobial resistance (AMR) of Salmonella was previously reported
(9). This report is intended to detail the genotypic changes in the
population of Salmonella associated with the previously observed
changes in phenotype. Briefly, although the prevalence of Salmo-
nella was higher in 2009 than in 2000-2001, the frequency of MDR
subtypes was lower in 2009 than in 2000-2001. The proportions of
isolates resistant to at least one antimicrobial were 16% (43/271)
and 1.3% (1/77) in 2000-2001 and 2009, respectively (Table 5).
The proportion of resistant isolates recovered in the summer of
2009 (1%) was lower relative than those recovered in the summers
of 2001 (27%) and 2000 (84%). MDR subtypes of Salmonella Ty-
phimurium with the ACSSuT phenotype (resistant to ampicillin,
chloramphenicol, streptomycin, sulfisoxazole, and tetracycline)
and Salmonella Senftenberg with the GKSSuT phenotype (resis-
tant to gentamicin, kanamycin, streptomycin, sulfisoxazole, and
tetracycline) were recovered in 2000-2001 from farms 101 and
129, respectively. In 2009, only pansusceptible strains of Salmo-
nella Typhimurium and Salmonella Senftenberg (farms 114 and
121, respectively) were recovered (Fig. 3 and 4). The apparently
persistent subtypes of Salmonella Bovismorbificans (MSU.
Sbo.Xb3) were mostly pansusceptible in both 2000-2001 (105/107
isolates) and 2009 (9/9 isolates). In 2009, however, a distinct strain
of Salmonella Bovismorbificans resistant to ceftriaxone and tetra-
cycline was recovered from the same farm. Other serotypes recov-

FIG 2 Pulsed-field gel electrophoresis patterns and dendrogram of serotypes recovered from the same farms in both the 2000-2001 and 2009 time frames. On
two farms, indistinguishable patterns were recovered within the same farm in both time frames (farm 125–S. enterica serotype Bovis-Morbificans and farm 121–S.
enterica serotype Senftenberg) Positive/total samples for each subtype on each sampling date for adult cows, preweaned calves, and environmental swabs are shown.
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ered in both years (Salmonella Hartford, Salmonella Mbandaka,
and Salmonella Montevideo) were susceptible to all tested antimi-
crobial in both time periods (Fig. 1).

Changes in the frequency of human illnesses caused by dairy
farm Salmonella subtypes. A total of 11,326 isolates from human
cases of salmonellosis were submitted to the MDCH for serotyp-
ing between 2001 and 2012. Forty-two percent (4,705/11,326) of
the human cases were associated with one of the 16 serotypes that
were also found on Michigan dairy farms in either 2000-2001 or
2009. Eleven of the 16 serotypes were chosen for further analysis,
including 9 serotypes that were identified at the MDCH �100
times between 2001 and 2012 and two serotypes (Salmonella Bo-
vismorbificans and Salmonella Senftenberg) that were recovered
from the same farm in 2000-2001 and 2009. These 11 serotypes
accounted for 95% (4,445/4,705) of the human cases associated
with the 16 serotypes detected on dairy farms in either time pe-
riod. In total, 48 PFGE patterns representing 11 serotypes recov-
ered on Michigan dairy farms in 2000-2001 or 2009 were com-
pared to 716 PFGE patterns of the same serotypes recovered from

human illnesses in Michigan between the years 2000 and 2012. Of
the 48 PFGE patterns, 12 (25%) matched at least one pattern rep-
resenting strains associated with human infections. Two PFGE
patterns of Salmonella serotype Typhimurium and one pattern
representing each of the remaining 10 serotypes matched a PFGE
pattern recovered from humans (Table 6). Most subtypes found
on the dairy farms were cattle specific, with no match to strains
associated with human illness. Specifically, only 387/11,326
(3.4%) of salmonellosis cases reported between 2001 and 2012
were associated with a PFGE pattern that matched a pattern found
on Michigan dairy farms in either time period. Nonetheless, 38%
(29/77) and 49% (132/271) of isolates recovered on dairy farms
for the 11 serotypes analyzed had PFGE patterns that matched at
least one human pattern. There were also opposing temporal
changes in the yearly frequency of human illnesses associated with
PFGE patterns recovered from dairy farms in either 2000-2001 or
2009. The yearly frequency of human illnesses associated with
PFGE patterns that were recovered from Michigan dairy farms
only in 2000-2001 decreased between 2001 and 2012, primarily
due to decreases in the frequency of the MSU.Sty.Xb6 pattern of
Salmonella Typhimurium (Fig. 5; Table 6). Similarly, the total
frequency of reported human illnesses caused by PFGE patterns
that were recovered from Michigan dairy farms only in 2009 in-
creased between 2000 and 2012. Primarily, the frequency of a
PFGE pattern of S. enterica serotype Thompson (MSU.Sth.Xb1)
increased over that time frame, with smaller increases for patterns
of S. enterica serotypes Braenderup (MSU.Sbr.Xb1) and Hartford
(MSU.Sha.Xb2). The PFGE patterns of Salmonella Senftenberg
and Salmonella Bovismorbificans that persisted within farms over
the 10-year period were associated with only six human illnesses.
These data demonstrate that most subtypes of Salmonella found
on dairy farms were infrequent causes of human illness; however,
there were opposing temporal changes in the yearly frequency of
reported human illness between 2001 and 2012 for subtypes of
Salmonella Typhimurium and Salmonella Thompson corre-
sponding to the year of recovery on Michigan dairy farms.

DISCUSSION

This study utilized a unique approach to enable long-term tem-
poral comparisons of the genetic relatedness and distribution of
Salmonella subtypes recovered from the same Michigan dairy
farms in 2000-2001 and 2009. The increasing prevalence of Sal-
monella and decreasing AMR over time observed in this set of
farms are consistent with nation-level data (8). The emergence
and/or disappearance of novel strains can cause temporal shifts in
the population of Salmonella on farms, which could result in

FIG 3 Unique PFGE patterns of Salmonella Typhimurium (sequence type 19) recovered at each sampling date from Michigan dairy farms in 2000 and 2009.
Salmonella Typhimurium strains recovered in 2000 that were multidrug resistant and associated with human illnesses had a distinct PFGE pattern compared to
the pansusceptible strain recovered in 2009, which was not associated with any reported human illnesses in Michigan between 2000 and 2012.

TABLE 5 Frequency of antimicrobial resistance profiles of Salmonella
serotypes that were recovered in both 2000-2001 and 2009

Serotype

2000-2001 2009

Profilea

No. of
isolates Profile

No. of
isolates

S. Bovismorbificans Susceptible 123 Susceptible 9
S 1 CxT 1
Su 1

S. Hartford Susceptible 1 Susceptible 1
S. Montevideo Susceptible 1 Susceptible 29
S. Mbandaka Susceptible 1 Susceptible 8

S. Typhimurium ACSSuT 15 Susceptible 8
ACSSu 1
ACSuT 1

S. Senftenberg Susceptible 1 Susceptible 3
GKSSuT 13
GSSuT 4
GSuT 2
SuT 2
GKSuT 1

Total 168 59
a A, ampicillin; C, chloramphenicol; Cx, ceftriaxone; G, gentamicin; K, kanamycin; S,
streptomycin; Su, sulfisoxazole; T, tetracycline.
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changes in the distribution of subtypes associated with human
infections. Given the ability of Salmonella to persist within farms
for long periods of time, longitudinal studies with greater tempo-
ral separation are important to discern population changes over
time and determine the importance of cattle-derived genotypes in
human infections.

Within-farm distribution of Salmonella subtypes. These re-
sults demonstrate clonal dominance and persistence of specific
Salmonella subtypes between bimonthly visits in 2000-2001, wide-
spread environmental dissemination within dairy farms, and
likely transmission between different production classes of ani-
mals. Some of the subtypes seemed to have the same propensity to
colonize both cows and calves. For instance, on farm 111, a single
PFGE pattern of Salmonella Bovismorbificans was recovered on 5
consecutive sampling visits and in relatively equal proportions of
cow samples (39%, 76/193) and calf samples (38%, 13/34) (Table
4). Similarly, 21% (42/199) and 33% (11/33) of cow and calf sam-
ples, respectively, were positive for the same subtype of Salmonella
Muenster on farm 114. MDR subtypes of Salmonella, in contrast,
may be more likely to colonize the immature gastrointestinal tract
of calves. An MDR subtype of Salmonella Senftenberg (MSU.
Snf.Xb1) was recovered from a higher proportion of calves (47%,
15/32) than cows (4%, 3/80) on the same farm. Similarly, a higher
proportion of calf samples (60%, 3/5) than of cow samples (4%,
1/28) were positive for any MDR pattern of Salmonella Typhimu-
rium (MSU.Sty.Xb6) on the same farm and within the same sam-
pling visit.

Relatedness of Salmonella subtypes between 2000-2001 and
2009. With the exception of two apparently persistent subtypes,
the overall population of Salmonella recovered in 2009 was sub-
stantially different from the population recovered from the same
set of farms in 2000-2001. Population changes may be a result of
introduction of new strains into the farm environment, within-
farm diversification of the strain resulting in higher fitness, or
changes in the microbial environment that result in differential
fitness advantages between Salmonella strains. In this study, herds
were sampled once or twice in the summer of 2009 and were
sampled at 5 bimonthly visits in 2000-2001. A single subtype of
Salmonella typically predominated within farms between sam-
pling visits in 2000-2001, suggesting that a single sampling visit is
likely to capture a large proportion of the predominant strains on
the farms in 2009. However, the majority (19/21) of the prevalent
subtypes recovered in 2009 were not recovered in the more inten-
sive sampling of the same set of herds in 2000-2001. For the two
subtypes recovered in both time frames, each was recovered
within the same farm at both time points. Because the more in-

tensive sampling in 2000-2001 could be expected to capture most
of the diversity in the Salmonella population, these results suggest
that changes in the population of Salmonella were primarily due to
introduction of Salmonella strains between the time periods.

Changes in herd demographics and management practices
may result in changes in the microbial environment that have
important impacts on the population of Salmonella. The preva-
lence of Salmonella has consistently been associated with herd size
(8, 23, 24), and expansion of herds could be expected to result in
overall increases in the prevalence of Salmonella. Considering
summer visits only, the prevalence of Salmonella was higher in
2009 (12%) than in 2000-2001 (9%) (Table 2), and the proportion
of resistant isolates recovered in the summer of 2009 (1%) was
lower than those recovered in the summers of 2001 (27%) and
2000 (84%). Dairy farming management practices changed sub-
stantially between 2000 and 2009, and these practices may influ-
ence the ecology of Salmonella by selecting for specific strains.
Various management practices have been previously associated
with a higher prevalence of Salmonella (10, 23, 24) For instance,
increases in the frequency of the use of anionic salts or vaccination
for Salmonella may have differential impacts on strain types.
Larger studies with more farms would be necessary to pinpoint the
mechanism for changes in the prevalence and population of Sal-
monella on dairy farms.

This study provides additional evidence of long-term within-
farm persistence of Salmonella strains over a 10-year period. Only
two PFGE patterns were recovered in both years, and each pattern
was recovered within the same herd. All 13 isolates representing
these two patterns were pansusceptible, and only 1 human illness
in Michigan between 2000 and 2012 was associated with an indis-
tinguishable PFGE pattern for either of the apparently persistent
strains. Long-term persistence within farms has previously been
documented for Salmonella serotypes Cerro, Typhimurium, and
Newport (11–13) and within previously clinically ill dairy cattle
animals for up to a year (25). A recent study showed in greater
temporal detail a within-farm serotype shift that occurred gradu-
ally over 2 years (12). At the farm level, long-term persistence
could be caused more by a combination of environmental persis-
tence, temporary chain infections, and extended excretions from
individual animals (11). In this study, subtypes of Salmonella that
apparently persisted within farms between the two time frames
were pansusceptible and rarely associated with the reported cases
of salmonellosis. The durations of shedding for isolates causing
clinical disease in cattle were shown to be similar for different
serotypes (25); however, it is possible that pansusceptible Salmo-
nella strains that infrequently cause clinical illness may be more

FIG 4 Unique PFGE patterns of Salmonella Senftenberg (sequence type 14) recovered from Michigan dairy farms in 2001 and 2009. The Salmonella Senftenberg
strains recovered in 2001 were MDR but were not associated with human illnesses in Michigan. Pansusceptible isolates of Salmonella Senftenberg from 2001 were
indistinguishable from a Salmonella Senftenberg isolate recovered from the same farm in 2009.
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apt to colonize a large percentage of animals and persist for longer
periods of time.

Population changes associated with changes in antimicro-
bial resistance of Salmonella. Changes in AMR for the isolates in
the study have previously been reported (9). This study identifies
the changes in genotypes responsible for the associated changes in
AMR. In this subset of farms, MDR isolates of Salmonella Typhi-
murium and Salmonella Senftenberg were recovered in 2000-
2001, and only pansusceptible strains of the same serotypes were
recovered in 2009 (Fig. 3 and 4). The MDR Salmonella Typhimu-
rium PFGE pattern recovered in 2000 was consistent with the
resistance phenotype of Salmonella Typhimurium DT104 and was
a frequent, yet declining, cause of reported cases of human salmo-
nellosis in Michigan. By comparison, the pansusceptible strain of
Salmonella Typhimurium recovered in 2009 was not identified as
a reported cause of human illness in Michigan. Recovery of geno-
typically distinct (with distinguishable PFGE patterns) MDR and
pansusceptible strains of Salmonella Senftenberg and Salmonella
Typhimurium may represent clonal displacement between time
frames; however, larger studies would be necessary to determine if
the same phenomenon explains decreases in nation-level esti-
mates of the frequency of AMR of Salmonella recovered from
dairy cattle. Region- or nation-level prevalence estimates of AMR
in Salmonella can change through the emergence and/or disap-
pearance of clonal subtypes, and clear temporal patterns of clonal
displacement have previously been documented for nontyphoidal
Salmonella (26, 27). Decreases in resistance for some antimicro-
bials were demonstrated for Salmonella from cattle in the North-
east between 2004 and 2011, in part due to the dissemination of
pansusceptible subtypes (28); however, within-serotype increases
in resistance were shown for Salmonella serotype Newport. Iso-
lates from the environment or from cattle with subclinical shed-
ding were excluded from that study despite being more commonly
susceptible to antimicrobials and a less frequent causes of illness.
Strains of the same serotypes may occupy the same ecological
niche, and less-pathogenic and/or less-resistant strains may none-
theless play an important role in temporal changes in the popula-
tion of Salmonella. Consequently, more research is necessary to
understand how less-pathogenic Salmonella strains impact the
overall ecology of the Salmonella subpopulation.

Changes in the frequency of reported human illnesses asso-
ciated with the same subtypes. Humans may be exposed to dairy
farm-associated subtypes of Salmonella through consumption of
inadequately pasteurized or unpasteurized milk, contamination
of beef through fecal contamination of carcasses or lymph node
contamination, and less-direct transmission routes, including en-
vironmental contamination and contamination of fruits and veg-
etables through environmental contamination. In this study, the
majority of the PFGE patterns recovered from the farms were
uncommon causes of human salmonellosis, in agreement with
recent research (7). Many of the pansusceptible serotypes recov-
ered are uncommonly recovered from clinical illnesses. These data
are in agreement with data from the 2010 NARMS report, where
53/61, 8/8, and 4/4 isolates of Salmonella Montevideo, Salmonella
Mbandaka, and Salmonella Senftenberg isolates from cattle were
susceptible to all antimicrobials tested (29). Similarly, 57/60 Sal-
monella Montevideo isolates recovered from clinically ill humans
were susceptible to all tested antimicrobials (29). However, this
study suggests that temporal changes in the population of Salmo-
nella on these dairy farms correlate with changes in the frequency
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of reported human illnesses associated with same PFGE patterns.
Subtypes recovered on dairy farms in 2009, including patterns of
Salmonella Thompson, Salmonella Braenderup, and Salmonella
Hartford, were numerically more frequent causes of human illness
in the later time frames (2007 to 2009 and 2010 to 2012) (Table 6).
Likewise, the frequency of human illnesses with PFGE patterns
indistinguishable from those of the Salmonella Typhimurium
strain (MSU.Sty.Xb7) (recovered in 2000) decreased substantially
through the time frame from 2001 to 2012. The resistance pheno-
type, ST, and PFGE banding pattern of the MDR Salmonella Ty-
phimurium strain recovered in 2000 from farm 101 are indistin-
guishable from those of the globally disseminated Salmonella
Typhimurium DT104 strain (30). The changes observed in this
study are consistent with previous work that has shown a decline
in the prevalence of Salmonella Typhimurium DT104 (8, 31). The
recovery of indistinguishable PFGE patterns from humans and
dairy farms does not demonstrate that the dairy farms are specific
sources of illness but demonstrates that these Salmonella subtypes
may have been circulating within and between these populations
during the same time frame. More-discriminatory molecular
techniques or PFGE with two enzymes would be particularly use-
ful to make comparisons between strains from bovine and human
populations; however, two-enzyme PFGE patterns were not avail-
able for most of the retrospective human clinical isolates, and
more-discriminatory comparisons between human and bovine
isolates were not possible.

Conclusions. This study provides insights into changes in the
distribution, genetic relatedness, and AMR of Salmonella subtypes
recovered from the same Michigan dairy farms in 2000-2001 and
2009. During the longitudinal sampling in 2000-2001, Salmonella
strains persisted within farms over a bimonthly sampling visits
and were broadly distributed within farms across adult lactating
cattle and calves. However, Salmonella isolates recovered from the
same set of farms in 2009 most frequently had a different serotype,

sequence type, and PFGE pattern. Only 2 of 21 recovered PFGE
patterns in 2009 had previously been recovered in the more-in-
tensive sampling period from 2000 to 2001. The two PFGE pat-
terns that were recovered in both time periods were recovered
within the same farm, suggesting long-term persistence. Addi-
tionally, a lower frequency of AMR in 2009 than in 2000-2001 was
attributable to the recovery of MDR strains in 2000-2001 and
genetically distinct, pansusceptible strains of the same serotype in
2009. Finally, the PFGE patterns recovered in 2000-2001 and 2009
were more frequently associated with human illnesses in their re-
spective time frames, suggesting that changes in the population of
Salmonella on dairy farms may have important implications for
public health. These data support the conclusion that the 2009
population of Salmonella on dairy farms was distinct, more prev-
alent, and less antimicrobial resistant than the population of Sal-
monella recovered from the same subset of farms in 2000-2001.
Further understanding of the drivers of population changes may
lead to positive interventions for reducing the prevalence and
AMR of Salmonella on dairy farms.
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