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Klebsiella spp. have become an important cause of clinical mastitis in dairy cows in New York State. We
describe the occurrence of two Klebsiella mastitis outbreaks on a single dairy farm. Klebsiella isolates from milk,
feces, and environmental sources were compared using random amplified polymorphic DNA (RAPD)-PCR
typing. The first mastitis outbreak was caused by a single strain of Klebsiella pneumoniae, RAPD type A, which
was detected in milk from eight cows. RAPD type A was also isolated from the rubber liners of milking machine
units after milking of infected cows and from bedding in the outbreak pen. Predominance of a single strain
could indicate contagious transmission of the organism or exposure of multiple cows to an environmental point
source. No new cases with RAPD type A were observed after implementation of intervention measures that
targeted the prevention of transmission via the milking machine as well as improvement of environmental
hygiene. A second outbreak of Klebsiella mastitis that occurred several weeks later was caused by multiple
RAPD types, which rules out contagious transmission and indicates opportunistic infections originating from
the environment. The diversity of Klebsiella strains as quantified with Simpson’s index of discrimination was
significantly higher for isolates from fecal, feed, and water samples than for isolates from milk samples. Several
isolates from bedding material that had the phenotypic appearance of Klebsiella spp. were identified as being

Raoultella planticola and Raoultella terrigena based on rpoB sequencing.

Klebsiella pneumoniae has been reported to be an important
cause of clinical mastitis (CM) in the northern United States
(20, 25). CM due to Kiebsiella infection results in high milk
losses and mortality of the affected cows (13). Antimicrobial
therapy and vaccination have limited effects against Klebsiella
CM (15, 27). Hence, prevention of infections through the re-
duction of exposure of cows to Klebsiella has been the corner-
stone of Klebsiella mastitis control on dairy farms. Sources of
Klebsiella spp. in dairy operations include organic bedding ma-
terial such as wood by-products (16). In addition, fecal shed-
ding by cows contributes to the presence of a large variety of K.
pneumoniae strains in dairy herds (20, 21). Despite the increas-
ing prevalence and incidence of Klebsiella infections in dairy
herds and the impact of infections on cow health and produc-
tivity, information on the molecular epidemiology of Klebsiella
mastitis is very limited (25). In this paper, we present a case
study with the molecular epidemiology of two Klebsiella mas-
titis outbreaks on a single dairy farm.

Outbreak history. An unusual increase in the number of
severe cases of CM in a New York State dairy herd occurred in
April 2006. The herd, a 410-cow Holstein Friesian herd in free
stall facilities bedded with sawdust, had an average daily milk
production of 35.5 kg, a 305-day mature equivalent (i.e., age,
season, and fat-corrected milk production) of 11,318 kg, and a
rolling bulk milk somatic cell count of 244,000 cells/ml. Milk
samples (n = 24) from 20 cows with CM were submitted to
Quality Milk Production Services (QMPS), Cornell University,
Ithaca, NY, for bacteriological culture. Klebsiella pneumoniae
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was detected in 10 of 17 (59%) of the culture-positive samples.
To identify possible sources of K. pneumoniae in the herd so
that targeted measures could be taken to prevent new infec-
tions, bedding samples and animal feces were collected on 27
April 2006. Klebsiella isolates from milk samples, feces, and the
environment were analyzed using random amplified polymor-
phic DNA (RAPD) typing. Nine of 10 isolates from milk
showed indistinguishable DNA banding patterns. The nine
isolates with indistinguishable banding patterns were from CM
cases that occurred in the management group that was housed
in pen 3. The isolate with the second banding pattern origi-
nated from a CM case in a different management group, which
was housed in pen 4. Based on typing results, the observation
that almost all clinical Klebsiella cases had occurred in one
group of animals that were housed and milked together and
analysis of isolates from the milking equipment, contagious
transmission from cow to cow or exposure to an environmental
point source of the pathogen was suspected. Preventive mea-
sures aimed at the limitation of cow-to-cow transmission were
implemented. Briefly, Klebsiella-infected animals were segre-
gated from the herd or marked and milked with a dedicated
unit that was sanitized using an acidified iodine solution (Dyne;
West Agro, Kansas City, MO) after each use. Antimicrobial
therapy of confirmed Klebsiella mastitis cases was not at-
tempted, because treatment is rarely effective. The rubber lin-
ers of the milking units were replaced, and the milking vacuum
was increased. Using weekly cow cleanliness scores as a guide-
line, the frequencies of bedding replacement and alley scraping
were increased to improve environmental hygiene.

After intervention measures were fully implemented, no new
cases of CM due to Klebsiella were reported for 3 weeks.
Approximately 6 weeks later, starting in mid-June 2006, a
second outbreak of Klebsiella CM was observed. This outbreak
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lasted through July and affected cows in multiple management
groups. In addition to milk samples from cows with CM, milk
samples from a whole-herd sampling were available. The
whole-herd survey was performed by QMPS personnel in the
first week of July 2006 at the request of the producer. Using
RAPD-PCR, many different strains were identified among iso-
lates from CM cases that occurred during the second outbreak.
The second outbreak exemplifies Klebsiella mastitis cases due
to exposure to the large variety of Klebsiella strains that is
commonly present in the dairy farm environment. To identify
specific environmental sources of Klebsiella strains that caused
mastitis, additional environmental samples, including samples
from feed and drinking water, were collected and analyzed
towards the end of the second outbreak in August 2006.

MATERIALS AND METHODS

Samples from milk and the milking machine. Milk samples from CM cases
were aseptically collected using standard procedures (22), frozen, and sent in
cooler boxes to the QMPS laboratory by the farm manager. Additional milk
samples were collected by the authors at the time of sampling of the milking
machine (see below) and by QMPS personnel during the whole-herd sampling
during the first week of July 2006. Milk samples from CM cases and the whole-
herd sampling were processed using routine methods for the isolation and iden-
tification of mastitis pathogens (22). Briefly, approximately 0.01 ml of each milk
sample was swabbed onto trypticase soy agar with 5% sheep blood and 0.1%
esculin (TSA-BE; PML Microbiologicals, Mississauga, Ontario, Canada).
Growth was evaluated after 24 h and 48 h of incubation at 37°C. For samples
from cows with CM, a 1:1 mixture with Todd-Hewitt broth (THB) (CMO0189;
Oxoid Ltd., Basingstoke, United Kingdom) was prepared, and after 4 h of
enrichment at 37°C, additional TSA-BE plates were streaked and incubated in
the same manner as the rest of the milk samples. Coliform isolates were iden-
tified based on colony morphology, subcultured onto MacConkey agar no. 3
(CMO0115; Oxoid Ltd., Basingstoke, United Kingdom), and incubated overnight
at 37°C. Pink-yellow, mucoid, lactose-positive colonies were considered to be
Kiebsiella spp. and identified to the species level based on motility and biochem-
istry (i.e., citrate utilization and indole production) (22). One phenotypically
confirmed Klebsiella isolate per milk sample was selected for storage and mo-
lecular typing.

To explore the possibility of transmission of Klebsiella via the milking machine,
swabs were taken from the teat cup liners of milking units in May 2006. Following
the approach described previously by Zadoks et al. (36), three cows that had CM
caused by K. pneumoniae in the first outbreak were selected. Because of the
chronic nature of K. pneumoniae infections, the likelihood that these cows would
still shed the organism was considered to be high. Quarter milk samples from
each animal were collected aseptically to determine the actual infection status
with respect to Klebsiella. Following milking of each of the selected cows, two
additional cows were milked with the same unit. Quarter milk samples were also
collected from those cows. Before and after each of the three selected cows and
their two subsequent cows were milked, the inside surfaces of the rubber liners
of the milking units were sampled with saline-moisturized cotton wool swabs
(BioMérieux, Marcy I’Etoile, France). Swabs were inserted into the liner and
withdrawn in a spiraling motion while rotating the swab at the same time. Swabs
were put into sterile tubes containing 1.5 ml of THB. Milk samples and swabs
were transported to the laboratory in cooler boxes with ice packs. Processing of
milk samples was performed as described above for samples from the herd
survey. Liner swabs in THB tubes were incubated overnight at 37°C, and ap-
proximately 0.01 ml of the enrichment was swabbed onto MacConkey agar
containing 10 mg/liter of ampicillin (MacA), a Klebsiella-selective medium (20).
MacA plates were incubated for 18 to 24 h at 37°C, and putative Klebsiella
isolates were identified as described above for milk samples. Four colonies per
liner swab were selected from each plate, i.e., one from the center of the plate
and three from the periphery at 120° angles. Phenotypic confirmation of Kleb-
siella isolates was performed as described above for milk samples, and four
isolates per sample were used for further processing.

Bedding. Bedding samples were collected using procedures described else-
where (20) and transported to the QMPS laboratory in cooler boxes. Briefly,
samples were collected from the back one-third of 10% of stalls in a pen.
Bedding samples were collected from two pens that housed lactating animals,
pen 1 and pen 3. Pen 3 housed multiparous cows, i.e., animals that have calved
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more than once, including the majority of cows that had CM due to Klebsiella
during the first outbreak. Pen 1 housed heifers, i.e., animals in their first lacta-
tion. No clinical Klebsiella mastitis had occurred in animals in pen 1. Pen 3 and
pen 1 could be considered to be case and control pens, respectively. Bedding
samples were also collected from the stalls in the dry cow pen, from the bedded
pack in the maternity pen, and from two piles of stored bedding, that is, an old
pile of sawdust and a pile of sawdust that had been purchased recently. Bedding
samples were processed as described previously, with slight modifications (20).
Bedding (10 g) was mixed with 90 g of sterile water and homogenized in a
stomacher. Supernatant was decanted, and 50 pl was plated onto MacConkey
agar so that the lower limit of detection for Klebsiella spp. was 200 CFU/g. Plates
were incubated for 24 h at 37°C. The goal of the initial culture was to determine
whether Kilebsiella could be detected. If Klebsiella was detected in a bedding
sample, the sample was processed again after 1 week of storage at 4°C to obtain
additional Klebsiella isolates for assessment of strain diversity within samples.

Feces, feed, and water. Fecal samples were collected using individual palpation
sleeves and transported in cooler boxes to the QMPS laboratory. Fecal samples
were collected from the rectum of a convenience sample of five animals in pen
1 and five animals in pen 3 and processed as described previously (20). Briefly,
a 1:10 dilution of fecal matter in saline was prepared and incubated for 4 h at
37°C. Ten microliters of the enrichment was swabbed onto MacA, and plates
were incubated for 24 h at 37°C before reading. If Klebsiella was detected in a
fecal sample, up to four isolates were selected for assessment of strain diversity
within samples.

Feed samples included the total mixed ration as fed to the cows and feed
refusals that were collected from the feeding alley in front of pen 1 and pen 2.
Feed samples and commingled manure samples were collected in Ziploc bags.
Commingled manure samples were collected from the alleyways in pen 2 and pen
3. Pen 2 housed mature, lactating cows that had not shown CM during the first
outbreak. Feed and commingled manure samples were processed in the same
manner as that used for individual fecal samples. Water samples were collected
from troughs in pen 2 and pen 3 and from the water source that was used to fill
the troughs. Drinking water was collected in sterile snap-cap sample vials (Cap-
itol Vial, Inc., Fultonville, NY). In the laboratory, water samples were filtered
using a 150-ml bottle top with a 0.22-um cellulose acetate filter (Corning Inc.,
Corning, NY) and a vacuum pump. Filters were submerged in 12 ml THB in a
200-ml plastic vial (Capitol Vial) and incubated at 37°C for 4 h. The enrichment
broth was subsequently processed in the same manner as that described above
for enrichments of feces, feed, and commingled manure.

Molecular typing. Molecular methods were used for strain typing and to
confirm the species identity of isolates that had been classified as Klebsiella spp.
based on phenotypic characteristics. Strain typing was performed using RAPD-
PCR (21). Briefly, crude DNA extracts from Klebsiella isolates were obtained by
10 min boil preparation and used as templates for RAPD-PCR with primer set
ERIC-2/ERIC-1026 (5'-AAGTAAGTGACTGGGGTGAGCG-3' and 5'-TAC
ATTCGAGGACCCCTAAGTG-3', respectively) and cycling conditions de-
scribed previously (34). Electrophoresis of amplified products was carried out
using 1.5% agarose gels, with 20 5-mm-wide wells, run in 0.5X Tris-borate-
EDTA buffer for 1.5 h in a horizontal electrophoresis system at ~95 V. Gels were
stained with ethidium bromide and visualized through UV transillumination with
the Molecular Imager Gel Doc XR system and Quantity One software, version
4.4.1 (Bio-Rad, Hercules, CA). For evaluation of the within-sample heteroge-
neity of Klebsiella strains, isolates from a sample were run in adjacent lanes. If
necessary, isolates were included in the lysate preparation, RAPD-PCR, and
electrophoresis repeatedly to allow comparisons of banding patterns from iso-
lates that were initially not processed in the same batch or on the same gel. The
positive control strain, K. pneumoniae ATCC 13883, was included in all lysate
preparations, PCR runs, and corresponding gels. Banding patterns from isolates
with the same numbers and sizes of DNA fragments were considered to belong
to the same strain, regardless of band intensity. Two observers independently
read the banding pattern from each Klebsiella isolate. When discrepancies in
interpretation occurred, lysate preparation, PCR, and gel electrophoresis were
repeated to resolve disagreement. One isolate per Klebsiella RAPD type per
sample was used for genotypic confirmation of species identity and stored at
—80°C using the Microbank preservation system (Pro-Lab Diagnostic, Austin,
TX). Data on the origin of isolates are publicly available online in Cornell
University’s searchable isolate database PathogenTracker 2.0 (http://www
.pathogentracker.net).

Species confirmation was carried using sequence data for the housekeeping
gene rpoB (beta subunit of RNA polymerase). PCR was performed using primers
described previously by Diancourt and coworkers (7). PCR amplicons were
treated with ExoSAP-IT (USB Corporation, Cleveland, OH) to remove excess
primers and nucleotides. Sequencing of treated PCR products was performed in
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FIG. 1. (Left) RAPD-PCR banding patterns of isolates from milk of all cows involved in the first clinical mastitis outbreak. (Right) Examples
of all RAPD-PCR banding patterns of isolates found in bedding and feces shortly after the first clinical mastitis outbreak. Isolates were identified
as being K. pneumoniae based on phenotypic methods and rpoB sequencing, with the exception of six strains from bedding, which were identified
as being Klebsiella spp. with phenotypic methods but were identified as being Raoultella spp. (star) based on rpoB sequencing (n = 5) or as being
K. oxytoca (arrow) with all methods (n = 1). L, DNA ladder; M, isolates from milk; Be, isolates from bedding; F, isolates from feces; +, positive

control lysate (ATCC 13883); —, negative control lysate; W, water.

two directions using PCR primers and Big Dye Terminator chemistry on an ABI
PRISM 3700 DNA analyzer (Applied Biosystems, Foster City, CA). Sequence
data were proofread using SeqMan (version 5.08, Lasergene; DNASTAR Inc.,
Madison, WI), and compared with publicly available sequence data using nucle-
otide-nucleotide BLAST (1).

Statistical analysis. To compare the strain diversities between isolate popu-
lations from milk and from other sources, Simpson’s index of discrimination
(SID) and its 95% confidence interval (CI) were calculated (14). In addition, the
proportions of isolates belonging to the strain that caused the first outbreak were
compared between milk samples and samples from feces, feed, and water using
the chi-square statistic (Statistix, version 8.0; Analytical Software, La Jolla, CA).
For both analyses, each combination of strain and sample was included once,
regardless of how many isolates belonging to the same RAPD type were found
in a sample. Furthermore, if a strain was obtained from the udder quarter of a
cow on multiple occasions, e.g., during an outbreak and during the analysis of the
milking machine, only one of the observations was included in the statistical
analysis. Liner samples were excluded from the analysis because isolates from
liners can originate from milk or from the environment. Bedding samples were
excluded because of the low number of samples and RAPD types from bedding.
Statistical significance was considered to be a P value of <0.05.

RESULTS

Milk and milking machine samples. Of 24 samples from CM
cases submitted in April 2006, 17 were culture positive and 11
isolates were identified as being Klebsiella based on colony
morphology. Ten of 11 isolates were confirmed to be K. pneu-
moniae based on citrate, motility, and indole testing and rpoB
sequencing. One isolate was identified as being an Enterobacter
sp. isolate based on citrate and motility testing and was ex-
cluded from further analyses. The remaining six isolates were
identified as being Staphylococcus spp. (n = 3), Escherichia coli
(n = 2), and Staphylococcus aureus (n = 1). RAPD typing
showed indistinguishable patterns (RAPD type A) for 9 of 10
K. pneumoniae isolates (Fig. 1, left), all of which originated
from eight cows in pen 3. The first sample that tested positive
for RAPD type A was obtained on 2 April 2006, and the cow
from which this sample originated was considered to be the
index case for the outbreak. Approximately 2 weeks later, the
same cow developed a second case of CM in a different quar-
ter. RAPD type A was also obtained from this quarter. The
10th K. pneumoniae isolate that was obtained during the first
outbreak originated from a cow in pen 4 and showed a different
banding pattern (Fig. 1).

Three cows that had CM due to Klebsiella in April 2006 were
selected to evaluate Klebsiella transmission via the milking
machine in May. Only one of three cows still shed Klebsiella in

milk in May (unit 3, cow A, right rear [RR] quarter) (Fig. 2).
During milking of this cow, the RR and left rear (LR) teat cups
were detached, and the LR teat cup was reattached to the RR
teat. The outbreak strain, RAPD type A, was isolated from
milk of the RR udder quarter and from both rear liners im-
mediately after milking of the cow (four isolates per teat cup).
After milking of the next cow with unit 3, RAPD types C and
H were isolated from the LR teat cup (two isolates per RAPD
type), and RAPD type H was isolated from the RR teat cup
(four isolates). After milking of the third cow with unit 3,
RAPD type H was again isolated from the RR teat cup (four
isolates) (Fig. 2). One cow that was milked with unit 2, cow F,
shed Klebsiella in milk from three udder quarters (Fig. 2). Cow
F had not shown CM, and Klebsiella spp. isolates had not been
obtained from this cow before. Isolates from all three udder
quarters belonged to RAPD type A. RAPD type A was also
isolated from the corresponding teat cup liners after this cow

Milking Milking
Unit 3 Cows Unit 2 Cows
time time
LF|RF LF|RF
LR|RR LR|RR
« | LF|RF Cow A « |LE|RF[CowD
LR LR [RR
7 LF|RF
LR |RR
LF|RF| Cow B LF|RF| Cow E
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LF|RF| Cow C
s
LR|RR
v LF|RF
LR|RR

—

| |Klebsiella positive, outbreak strain
Klebsiella positive, non-outbreak strain

FIG. 2. Detection of K. pneumoniae in quarter milk samples from
cows and in milking machine liners after milking of cows. Gray blocks
show the detection of K. pneumoniae strains belonging to the outbreak
strain, RAPD type A. Dotted blocks represent K. pneumoniae isolates
belonging to other RAPD types.
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FIG. 3. Number of CM cases caused by specific strains of Klebsiella identified by RAPD-PCR during a 17-week period in a dairy herd. All
strains were identified as being K. pneumoniae based on rpoB sequencing, with the exception of RAPD type G, which was identified as being a K.

oxytoca isolate.

was milked (one to four isolates per teat cup liner). No Kleb-
siella was isolated from liners in the third milking unit or from
cows milked with that unit. All Klebsiella strains that were
collected from milk and liners during analysis of the milking
machine were identified as being K. pneumoniae by phenotypic
and molecular methods.

From mid-April to mid-May 2006, when intervention mea-
sures were gradually put into place, five presumptive Klebsiella
spp. isolates were obtained from milk samples of cows with
CM. Two isolates were saved for further characterization. Both
isolates were identified as being K. pneumoniae based on rpoB
sequencing, and both isolates belonged to RAPD type C (Fig.
3). Intervention measures, as described above, were fully im-
plemented by 15 May 2006. After this time, no new cases of
CM attributed to Klebsiella spp. were observed for 3 weeks
(Fig. 3).

In June and July 2006, a second outbreak of CM was ob-
served. Between 23 June and 26 July, 39 milk samples from 37
cows with CM were submitted to the QMPS laboratory by the
herd manager. Sixteen of 39 samples were culture positive, 6 of
which were K. pneumoniae and 1 of which was K. oxytoca based
on phenotypic and molecular identification. The remaining
culture-positive samples contained yeast (n = 2), E. coli (n =
2), S. aureus (n = 1), Staphylococcus spp. (n = 1), Streptococcus
spp. (n = 1), Enterobacter spp. (n = 1), and gram-negative bacilli
(n = 1). During the whole-herd sampling, Klebsiella was ob-
tained from four additional cows with mild CM. Figure 3 shows

the total number of samples with specific RAPD types of K.
pneumoniae or K. oxytoca. The figure includes all genotypically
confirmed Klebsiella spp. isolates from milk samples from cows
with CM during the study period. The strain that caused the
first outbreak, RAPD type A, was found once during the sec-
ond outbreak, in the last week of June (Fig. 3). RAPD type B
was found in the last week of June and again in the first week
of July. The remaining Klebsiella isolates from CM cases be-
longed to distinct RAPD types (Fig. 3).

Klebsiella isolates were also obtained from milk samples that
were collected from cows that did not show CM during the
whole-herd survey. Twenty-one nonclinical samples yielded
cultures that were identified as being putative Klebsiella spp.
based on colony morphology on MacConkey agar. Nineteen of
those isolates were confirmed to be Klebsiella isolates by addi-
tional phenotypic testing, and 13 were confirmed by 7poB se-
quencing. Of six isolates that were identified as being Klebsiella
spp. by phenotypic methods but not by rpoB sequencing, five
were Enterobacter cloacae and one was Providencia stuartii.
Klebsiella isolates from nonclinical samples that were obtained
during the whole-herd sampling belonged to RAPD types A,
C, B, K, and H and were found in three, four, one, two, and
one milk samples, respectively. Two isolates from milk samples
collected during the whole-herd sampling had unique RAPD
types, i.e., RAPD types that were not identified in any other
sample. For four milk samples, multiple isolates (n = 4) per
sample were characterized. All isolates within a milk sample
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showed the same RAPD pattern, as was the case for 10 milk
samples from a concurrent study (results not shown). There-
fore, testing of multiple isolates per sample was not deemed
necessary for the remainder of the milk samples.

Bedding samples. Seven bedding samples were analyzed.
Five samples were culture negative for Klebsiella spp., i.e.,
sawdust from pen 1, hay from the maternity pen, sand from the
dry cow pen, unused fiberboard bedding, and unused sawdust
from a recently delivered pile. The fiberboard and the recently
delivered sawdust were used as bedding in pens 1 through 4.
Two bedding samples were culture positive for Klebsiella spp.,
i.e., used bedding from pen 3 and the old pile of unused
sawdust. After repeated culture, 14 and 7 isolates were avail-
able for pen 3 and the old sawdust, respectively. Based on
phenotypic methods and rpoB sequencing, 2 isolates from pen
3 were identified as being K. oxyfoca, and the remaining 12
isolates were identified as being K. pneumoniae. The isolates
from the unused sawdust had the phenotypic appearance of K.
pneumoniae, but they were identified as being members of the
closely related genus Raoultella based on rpoB sequencing.
Four isolates were identified as being Raoultella planticola, and
three were identified as being Raoultella terrigena. The 14 ge-
notypically confirmed Klebsiella isolates from bedding in pen 3
belonged to three RAPD types, i.e., RAPD type A (K. pneu-
moniae) (n = 10), RAPD type H (K. pneumoniae) (n = 2), and
RAPD type N (K. oxytoca) (n = 2). Among the R. planticola
isolates from unused bedding, two RAPD types were identi-
fied, neither of which was found in any other sample. Each of
the R. terrigena isolates from unused bedding had a unique
RAPD type.

Fecal, feed, and water samples. Ten fecal samples were
analyzed. Klebsiella pneumoniae was detected in one of five
fecal samples from heifers in pen 1 and in five of five fecal
samples from cows in pen 3. Species identity was confirmed by
phenotypic and genotypic methods. Nineteen isolates were
available for strain typing, and eight RAPD types were de-
tected (Fig. 1, right). Between one and three RAPD types per
sample were identified. One RAPD type, type M, was found in
feces from four of five cows from pen 3. Klebsiella isolates were
not detected in the commingled manure samples, fresh feed,
feed refusals from pen 3, or tap water. By contrast, feed re-
fusals from pen 1 and the water samples from troughs in pen 2
and pen 3 harbored K. pneumoniae, as confirmed by pheno-
typic and genotypic methods. In each Klebsiella-positive feed
and water sample, multiple RAPD types were identified.
Among nine K. pneumoniae isolates from feed refusals, three
RAPD types were found. Among 10 K. pneumoniae isolates
from the water trough in pen 2, five RAPD types were de-
tected, including the outbreak strain, RAPD type A. Among 9
and 10 K. pneumoniae isolates from the water troughs in pen 3,
four and five RAPD types, respectively, were identified. None
of the RAPD types from water was found in more than one
trough.

Overview of molecular typing results. In total, 142 isolates
that had been identified as being Klebsiella spp. based on mor-
phology on MacConkey agar and citrate and motility testing
were characterized by means of RAPD typing, i.e., 39 isolates
from milk, 32 isolates from milking machine liners, 14 isolates
from bedding, and 57 isolates from feces, feed, and water
(Table 1). For each RAPD type/sample combination, i.e., for
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TABLE 1. Klebsiella-positive samples, Klebsiella isolates used for
strain typing, and RAPD types by sample category”

Sample type No. of positive ~No. of No. of RAPD
samples isolates types detected
Milk 39 39 16
Liners” 8 32 3
Bedding 1 14 3
Feces, feed, water® 10 57 24

“ Numbers are based on the identification of Klebsiella spp. with phenotypic
methods.

> Rubber liners of milking machine units.

¢ Samples were grouped for calculation of SID. Eight RAPD types were
detected among 19 isolates from six fecal samples. Three RAPD types were
detected among nine isolates from one feed sample. Thirteen RAPD types
were detected among 29 isolates from three water samples.

97 isolates, species identity was determined using rpoB se-
quence data. Of 89 isolates that had been identified as being K.
pneumoniae using citrate, motility, and indole testing, 83 were
confirmed as being K. pneumoniae, 3 were R. planticola, 2 were
R. terrigena, and 1 was E. cloacae. Three isolates that had been
identified as K. oxyfoca based on phenotypic methods were
confirmed to be K. oxytoca. Five isolates were citrate positive
and motility negative but had uncharacteristic colony morphol-
ogy on MacConkey agar. These isolates were initially consid-
ered to be Klebsiella spp. but were shown to be E. cloacae (n =
4) and P. stuartii (n = 1) based on rpoB sequencing. All
Raoultella isolates originated from bedding, and all Enter-
obacter and Providencia isolates originated from composite
milk samples collected during the whole-herd sampling from
cows that did not show CM.

Among genotypically confirmed Klebsiella spp. isolates from
milk, 11 RAPD types were identified, including 10 types for K.
pneumoniae and 1 type for K. oxytoca. Genotypically confirmed
K. pneumoniae isolates from the milking machine belonged to
three RAPD types. Klebsiella spp. isolates from bedding also
belonged to three RAPD types. Klebsiella pneumoniae isolates
from other sample types, i.e., feces, feed, and water, displayed
24 RAPD types, 20 of which were unique to a single sample
(Table 1). Strain diversity of isolates from feces, feed, and
water (SID, 0.98; 95% CI, 0.96 to 1.00) was significantly higher
than strain diversity of isolates from milk (SID, 0.80; 95% CI,
0.70 to 0.91). RAPD type A was significantly more common
among isolates from milk (16 of 39 [41%] samples) than among
isolates from feces, feed, and water (2 of 28 [7%] strain-sample
combinations) (P < 0.01). RAPD types A and H were found in
milk, liners, bedding, and water (Table 2). RAPD type C was
found in milk, liners, and feces. All other RAPD types were
unique to one sample type (types B, K, and M, found in milk,
milk, and feces only, respectively) or to a single sample (unique
strains) (Table 2). For seven isolates, lysate preparation, PCR,
and gel electrophoresis needed to be repeated before the
RAPD type could be determined. For other isolates that were
included in lysate preparation, PCR, and gel electrophoresis
on more than one occasion, as was done to compare strain
typing results across samples, RAPD patterns were generally
reproducible, with the exception of weak bands of more than
2,000 bp (results not shown).
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TABLE 2. Breakdown of the number of samples that tested
positive for specific RAPD types of genotypically
confirmed Klebsiella spp.

No. of positive samples (no. of unique RAPD types)
with RAPD type:

Sample type
Unique” A B C H K M
Milk 8¢ 16 4 6 2 3 0
Liners” 0 5 0 1 3 0 0
Bedding 1(1)¢ 1 0 0 1 0 0
Feces, feed, 8 (20) 2 0 1 1 0 4
water

“ Rubber liners of milking machine units.

® For milk samples, one isolate per sample was characterized, and the number
of unique RAPD types equals the number of samples. For bedding, feces, feed,
and water samples, multiple isolates per sample were characterized, and the
number of unique RAPD types (shown in parentheses) is higher than the num-
ber of samples. RAPD types were considered to be unique if they were found in
one sample only.

¢ Unique RAPD types of K. oxytoca were detected in one milk sample and in
one bedding sample. All other isolates were K. pneumoniae.

DISCUSSION

Klebsiella pneumoniae is an opportunistic, environmental or-
ganism that can cause intramammary infections in dairy cows
(15, 32). The environment can contain a large variety of K.
pneumoniae strains with pathogenic potential (26, 30), and
mastitis cases within a dairy herd are usually caused by many
different strains (3, 23-25). Predominance of a single K. pneu-
moniae strain, such as RAPD type A in the first outbreak of
CM described here, is unusual. Predominance of a single strain
can result from several mechanisms: (i) contagious transmis-
sion of the strain between cows, (ii) predominance of the strain
in the environment, or (iii) an increased ability of an environ-
mental strain to cause udder infections. Mechanisms 1 and 2
are often thought to be mutually exclusive but could occur
together if infected cows contaminate the environment with
milk with high pathogen loads, resulting in the subsequent
exposure of other cows to the same bacterial strain (35). Thus,
the relative abundance of RAPD type A observed in bedding
during the first outbreak could be the cause of the CM out-
break or a result of it. RAPD type A was the predominant
strain in bedding in the outbreak pen, but it was not detected
in unused bedding or in any of the other pens. Hence, con-
tamination of bedding with the outbreak strain probably hap-
pened after its introduction into pen 3. Because the chronology
of events is unknown and because not every possible source of
Klebsiella could be tested, it is impossible to determine with
certainty where RAPD type A occurred for the first time.
Based on the large proportion of cows that shed Klebsiella in
feces (20) and the large variety of Klebsiella strains in feces
(21), we think that feces are likely to have been the original
source of RAPD type A. Infection of the index case, a cow that
showed CM in early April 2006, with RAPD type A may
subsequently have resulted in the amplification of this strain,
followed by dissemination via the milking machine or bedding
material. Sawdust bedding is an excellent substrate for growth
of Klebsiella, and sawdust that is contaminated with milk sup-
ports much higher levels of coliform bacteria than sawdust that
is not contaminated with milk (8). In the outbreak that we
observed, contaminated sawdust may have been a vehicle for
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transmission, or it may have become a secondary source due to
additional amplification of the outbreak strain after contami-
nation of the bedding with milk. The suggestion that cattle may
be the source of Klebsiella in bedding material has been raised
previously (24). Humans can be a source of Klebsiella, but the
prevalence of carriage on skin or in the nasopharynx is low (1
to 6%) (5, 28). Because carriage of Klebsiella by humans is rare
and because Klebsiella is abundant in dairy barns, it was not
considered to be necessary to investigate farm personnel as a
possible source of the outbreak strain. Humans or nonbovine
animals can be a source of pathogens that cause mastitis in
dairy cattle, but this has been described mainly for mastitis
pathogens that are extremely rare in the farm environment,
such as methicillin-resistant S. aureus (6), Streptococcus canis
(31), and Streptococcus agalactiae (9).

An outbreak of mastitis caused by a single strain of Klebsiella
was described previously. Based on capsular serotyping (23)
and plasmid profiling (18), nine CM cases from this outbreak
were shown to be caused by the same strain of K. pneumoniae.
Because of its sudden occurrence, Kikuchi et al. (18) previ-
ously suggested that a common source, such as the milking
machine, played a role in this outbreak. Other authors also
suggested a role of the milking machine in the transmission of
Klebsiella, but strain typing was not used to determine whether
contagious transmission might have occurred (11, 17, 33).

The presence of coliform bacteria in the milking machine
may result from contact with milk from infected cows or from
environmental contamination (17). Jasper and Dellinger (17)
previously observed that coliform bacteria from infected quar-
ters were more likely to constitute a risk to uninfected quarters
and cows than those from contaminated teat ends. Coliform
populations on the teat apex that come from environmental
sources were transitory and did not persist throughout a milk-
ing (17). In our study, we obtained the strain that was shed by
infected cows as well as strains that were not shed by infected
cows from liners (Fig. 2). The number of samples collected was
not sufficiently high to determine whether strains from cows
were more likely to persist than other strains.

In the second outbreak of Klebsiella mastitis described in our
case study, almost every case of mastitis was caused by a dif-
ferent strain. High variability of strains is typical of opportu-
nistic, environmental pathogens (19, 25). Opportunistic udder
infections in dairy cows can occur when there is a decrease in
host resistance or an increase in exposure or by chance. An
increase in exposure may result from a failure to persist in the
implementation of management measures to improve environ-
mental hygiene or from increases in environmental tempera-
ture and humidity. Often, recommendations for mastitis con-
trol are implemented by dairy farmers only temporarily, until
the acute problem subsides and the perceived need for imple-
mentation of control measures diminishes (33, 35). The inci-
dence of Klebsiella mastitis increases under hot and humid
weather conditions (15). According to the herd manager of the
farm, environmental hygiene was maintained throughout the
summer. Hence, an increase in environmental exposure due to
the summer weather, possibly combined with decreased host
resistance due to heat stress, is likely to have precipitated the
second outbreak.

The coexistence of different epidemiologies within a bacte-
rial species on a single dairy, as observed for K. pneumoniae in
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this case study, was described previously for other mastitis
pathogens (29, 36). In the case of gram-positive mastitis patho-
gens, host adaptation of strains is thought to contribute to
strain-specific epidemiology. For K. pneumoniae, there is no
indication that host or niche adaptation exists (25, 30). Mastitis
outbreaks due to a single strain of Klebsiella may be the result
of an unknown mechanism of host or niche adaptation or the
result of a chance accumulation of events.

In previous studies, we showed that cows’ feces are a com-
mon source of a large variety of Klebsiella strains (20, 21). In
the case study described here, we showed that RAPD type C
was isolated from feces and from milk, which strengthens the
suggestion that at least some strains from feces have the ability
to cause mastitis. RAPD type C was also isolated from a
milking machine liner after milking of cows that did not shed
K. pneumoniae at detectable levels. The same was true for
RAPD type H. In our opinion, contamination of the liner with
fecal matter or bedding material, either directly or via contam-
ination on teat skin of the cows that were milked (17, 37), is the
most likely explanation for this observation. An oral-fecal
transmission cycle has been suggested for K. pneumoniae in
dairy herds, with fecal shedding resulting in the contamination
of feed and water and subsequent reingestion of the organism,
resulting in renewed fecal shedding (21). In the case presented
here, K. pneumoniae was not detected in fresh feed and tap
water, but feed refusals and water troughs in the barn did
contain K. pneumoniae. Klebsiella strains found in water
troughs may originate from the mouths of cows (4, 24). In our
opinion, the presence of K. pneumoniae in feed refusals, water
troughs, and the oral cavities of cows is most likely the result of
fecal contamination.

Several isolates that were identified as being K. pneumoniae
based on phenotypic methods that are used routinely in labo-
ratories for mastitis diagnosis (22) were shown to belong to the
genus Raoultella based on rpoB sequencing. Raoultella terrigena
and R. planticola were considered Klebsiella species until they
were renamed in 2001 (10). Phenotypic methods that are used
in clinical laboratories in human medicine also fail to differ-
entiate Raoultella spp. from Klebsiella spp. (2, 12). To our
knowledge, this is the first report of the identification of
Raoultella on a dairy farm. In the case reported here, Raoultella
spp. were detected only in bedding material. We have since
detected R. planticola, but not R. terrigena, in milk and feces
from dairy cattle (unpublished data from our laboratory [avail-
able at www.pathogentracker.net]). The true prevalence and
the importance of Raoultella spp. on dairy farms and in milk
are unknown, because routine methods fail to differentiate
Raoultella from Klebsiella. In addition to Raoultella species,
some E. cloacae isolates and a single Providencia isolate were
incorrectly identified as being Klebsiella isolates by phenotypic
methods.

Conclusions. Two outbreaks of clinical mastitis due to K.
pneumoniae were observed in one dairy herd. The first out-
break was caused by a predominant RAPD type and may have
been caused by contagious transmission via the milking ma-
chine or by exposure to a common source, specifically, bed-
ding. By contrast, the second outbreak was caused by a large
variety of RAPD types, indicating opportunistic infections
from the environment. Without the use of molecular typing
methods such as RAPD-PCR, it would not have been possible
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to distinguish the two outbreaks and to target control mea-
sures. The strain diversity of milk isolates was significantly
lower than the strain diversity of environmental isolates, in-
cluding isolates from feces, feed, and water. Strains found in
feces, water, and bedding were also found to be the cause of
mastitis in dairy cows. Routine phenotypic methods for mas-
titis diagnosis may result in the misclassification of E. cloacae
and Raoultella spp. as Klebsiella.
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