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ABSTRACT

The fiercely competitive nature of the US beverage
industry will drive the fluid milk sector of the dairy
industry to improve product quality and shelf life to
enable dairy beverages to compete with innovative new
introductions as well as with currently popular shelf-
stable products. The recent substantial growth in the
volume of flavored milk sales specifically suggests that
attention is needed to improve these products. Further,
increasing public awareness and regulatory attention
directed toward food safety issues highlight the need for
the dairy industry to proactively address and eliminate
emerging food safety issues that may negatively impact
the image of dairy products. Shelf life and sensory pro-
files of high temperature short time pasteurized fluid
milk products are presented, illustrating the need for
greater attention to controlling contaminating microor-
ganisms in processed fluid milk products. Bacterial
spoilage patterns of flavored versus unflavored milks
are compared, and suggestions are presented for ex-
tending flavored product shelf lives. Strategies cur-
rently applied to extend shelf life are reviewed. Food
safety issues facing the dairy industry are presented
within the context of an overview of foodborne illnesses
in the United States. The pressing need to determine
thermal resistance characteristics of Mycobacterium
paratuberculosis is described.
(Key words: dairy food safety, extended shelf life prod-
ucts, microfiltration, Mycobacterium paratuberculosis)

Abbreviation key: BSE = bovine spongiform encepha-
litis, IBD = inflammatory bowel disease, MF = microfil-
tration, MQIP = milk quality improvement program,
PPC = psychrotprohic plate counts, SPC = standard
plate count, TSE = transmissible spongiform encepha-
lopathy.
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INTRODUCTION

The US beverage industry is highly competitive and
financially robust, showing an overall annual growth
rate of approximately 3% per annum since 1995 (M. P.
Anders, 2000, personal communications). Even though
US milk production reached a record high in 1998 (Milk
Industry Foundation, 1999), fluid milk products have
not enjoyed a relative increase in the share of consump-
tion within the past decade. Specifically, fluid milk
products have maintained an approximate 10% share
of total US liquid consumption since 1990, while the
relative shares of soft drinks and juices have increased
by nearly 5 and 2%, respectively, during the same pe-
riod (Milk Industry Foundation, 1999). To date, dairy
marketing efforts have aimed to increase consumer
awareness of milk and its health benefits, but for the
dairy industry to improve its competitive position, milk
products must be able to compete with the new, innova-
tive, and convenient shelf-stable beverage products that
continue to enter the market. Fluid milk products must
compete for sales against popular shelf-stable products
such as soft drinks as well as with new products includ-
ing sports beverages, bottled waters, and ready-to-
drink tea beverages. Further, a number of new prod-
ucts, including soy-based beverages and calcium forti-
fied orange juices, appear to directly compete for milk’s
niche as a highly nutritious beverage.

Consumers expect fluid milk products to be nutri-
tious, fresh tasting, and wholesome. To the consumer,
“quality” means that the product tastes good and that
it keeps well in their home refrigerator. From a fluid
milk processor’s or a regulatory point of view, “quality”
is measured more objectively by comparing product con-
formance to established standards on the last day of
sale. To maintain or increase market share, however,
the processor’s goal should be to meet, or perhaps, cre-
ate, the consumer’s quality expectations. To meet these
challenges, dairy processors must focus on improving
the quality and extending the shelf lives of their
products.
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Current Shelf-Life Characteristics of Processed
Fluid Milk: Results from the New York State
Milk Quality Improvement Program

Dairy farmers in New York State recognized the link
between processed product quality and market develop-
ment more than 27 yr ago. In addition to funding state-
wide generic dairy product advertising campaigns,
since 1972 the New York State Dairy Promotion Advi-
sory Board has funded a Cornell University research
and educational program aimed at improving the qual-
ity, safety, and shelf life of fluid milk products. The
Milk Quality Improvement Program (MQIP) was initi-
ated by Professor David Bandler, who directed the pro-
gram until 1996. Initially, this program was designed
to examine school milk quality. A 1974 survey con-
ducted by the MQIP found a direct correlation between
milk flavor and levels of milk consumption by school-age
children. This survey revealed that children in districts
receiving off-flavored products consumed 30% less milk
than did children in school districts that regularly re-
ceived good tasting milk (Bandler et al., 1975). This
clear link between milk quality and product consump-
tion provided the initial impetus for the development
of the MQIP. Current objectives of the ongoing MQIP
are to monitor initial and keeping quality of commer-
cially processed and packaged fluid milk products in
New York State; to monitor raw milk quality; to assist
dairy plants in identifying and correcting handling and
processing problems affecting dairy product quality;
and to assist dairy plants with vitamin A and D fortifi-
cation. As described below, the MQIP has documented
significant improvements in processed fluid milk qual-
ity during the last 10 yr; however, the data clearly
illustrate the need for further improvements in control-
ling and reducing bacterial numbers in processed dairy
beverages throughout product shelf life.

MQIP strategies. Each processing plant participat-
ing in the MQIP is visited two times a year and raw
and HTST pasteurized milk samples are collected for
analysis. Samples of finished product are chosen to rep-
resent the various types of products processed as well
as the different packaging machines in operation. The
selection of products depends on the operation, but gen-
erally includes whole, 2%, 1%, nonfat, chocolate, and a
raw milk sample (i.e., a silo sample). Representative
containers from each packaging machine (e.g., gallon
plastic, half-gallon paperboard, and quart paperboard)
are generally collected for one product (e.g., homoge-
nized milk) that has been filled from the same pasteur-
ized milk tank. In general, the remaining products are
collected in half-gallon containers. Samples represent
the freshest product available.
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Figure 1. Percentage of HTST pasteurized fluid milk products
analyzed in the New York State Milk Quality Improvement Program
that met the Pasteurized Milk Ordinance (18) regulation of less than
20,000 cfu of total bacteria/ml at 1, 7, 10, and 14 d postprocessing
from 1989 to 1999. Milk samples were stored at 6°C.

Samples are transported to the laboratory in coolers
kept below 40°F. Initial testing begins within 48 h of
collection. Following arrival at the laboratory, the sam-
ples are split into four sterile 500-ml bottles. One bottle
is used for initial-day testing while the remaining bot-
tles are stored at 6° (±1°) C (43°F) for testing at 7, 10,
and 14 d. Ideally, dairy products should be stored at
temperatures less than 4°C (40°F) without freezing to
achieve the maximum product shelf life and quality.
The 6°C temperature is designed to simulate realistic
temperatures that may be encountered in retail dairy
distribution.

On the initial day, samples are tested for bacterial
numbers by standard plate count (SPC) and coliform
count (Marshall, 1992), as well as for sensory character-
istics (Boor and Nakimbugwe, 1998), acid degree value
(Shipe et al., 1980), freezing point (Boor et al., 1998),
and vitamin A and D levels (Boor and Nakimbugwe,
1998). Processed milk samples are analyzed for SPC,
coliform count, and sensory characteristics at 7, 10, and
14 d postcollection. Raw milk samples are analyzed on
the initial day for bacterial numbers by SPC, laboratory
pasteurized count, and rapid psychrotrophic count
(Marshall, 1992).

MQIP sample shelf-life characteristics: quality
challenges for the dairy processing industry.
United States regulatory standards specify that pas-
teurized fluid milk must contain less than 20,000 cfu
of total bacteria per milliliter by the SPC and fewer
than 10 coliforms/ml by analysis on violet red bile agar
(FDA, 1995; Marshall, 1992). In general, for fluid prod-
ucts to routinely meet the SPC standard at 14 d postpro-
cessing and beyond, processors must have effective
quality control programs in place.

The percentages of MQIP samples that have met the
legal standard from 1989 to 1999 are shown in Figure
1. In 1999, of 447 samples tested, 99% had SPC below
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Figure 2. Organoleptic scores for HTST pasteurized fluid milk
products analyzed in the New York State Milk Quality Improvement
Program at 1, 7, 10, and 14 d postprocessing from 1989 to 1999. Milks
were evaluated on a scale of 1 to 10, with “no defects detected” = 10;
“good”, 8–10; “fair”, 6–7.9, and “unacceptable”, <6. Milk samples were
stored at 6°C.

20,000 on the initial day of testing. The percentages of
samples <20,000 cfu/ml during storage at 6°C were 61,
45, and 28% at 7, 10, and 14 d. The percentage of the
447 MQIP samples tested in 1999 that contained fewer
than 10 coliforms/ml were 99% on d 1, and 83, 77, and
79%, respectively, at 7, 10, and 14 d. Although the frac-
tion of samples meeting the regulatory standard for
total bacterial numbers has continuously improved in
the past decade, our results illustrate the need to fur-
ther reduce bacterial numbers in pasteurized products.

From a consumer perspective, sensory characteristics
most directly influence product acceptability. Average
1999 milk flavor scores for initial day, and for 7, 10,
and 14 d postprocessing for 165 products are shown in
Figure 2. Milk products were evaluated on a scale of 1
to 10, with no defects detected = 10; good = 8 to 10; fair
= 6 to 7.9, and unacceptable <6. The 1999 average initial
score for milk flavor (8.5) for MQIP samples has been
fairly consistent since 1994. After 7, 10, and 14 d of
refrigeration storage (6°C), the average flavor scores
for 1999 (8.0, 6.8, and 5.5) were slightly improved over
1998 scores in all categories. Interestingly, when milk
samples with scores of 1 (awarded to samples that are
not tasted by panelists due to foul odor or visible spoil-
age, typically attributable to microbial reproduction in
the product) were disregarded, the average flavor scores
for samples at 1, 7, 10, and 14 d postprocessing became
8.5, 8.0, 7.2, and 6.8, suggesting a bimodal distribution
of flavor scores. Further, of the 165 samples analyzed
for flavor, 53% had no specific defect other than “lacks
freshness” at d 14. These data suggest the feasibility
of further shelf-life extension for HTST pasteurized
products that are adequately protected from bacterial
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contamination. The concept of shelf life extension
through control of bacterial contaminants is not novel;
however, these data illustrate the scope of improvement
needed to allow fluid milk products to compete in the
marketplace with beverages with longer shelf lives.

Shelf-Life Extension in Flavored Milk Products

Although the largest fraction of fluid milk products
currently sold (93%) comprises unflavored products,
with flavored milk products constituting only about 6%
of total volume, flavored milk sales have shown sub-
stantial growth since 1995, with a nearly 8% increase
in volume in 1998 and an additional 7% increase in
1999 (Milk Industry Foundation, 1999). Further, this
increased sales volume is at least partially due to an
increased number of households purchasing flavored
milk products (Milk Industry Foundation, 1999). Thus,
timely improvements in flavored milk quality and shelf
life could provide a growth opportunity for the US fluid
milk industry.

Several fluid milk manufacturing companies partici-
pating in the MQIP had reported reduced fluid product
shelf lives for their flavored products in contrast to their
unflavored products, despite somewhat higher pro-
cessing times, temperatures, or both for their flavored
milk products. To examine this problem, the MQIP col-
lected matched flavored (chocolate) and unflavored milk
products from four processing plants over four periods
and compared SPC and psychrotrophic plate counts
(PPC) from the samples on the initial day, and at 7,
10, and 14 d postprocessing. Bacterial numbers within
24 h of processing were not significantly different in
the unflavored and in the chocolate milk samples (P >
0.001). SPC and PPC were less than 1000 and 10 cfu/
ml, respectively, for all products. However, both SPC
and PPC were higher in chocolate milk samples than
in unflavored milk samples after 14 d of storage at 6°C
(P < 0.001) in products collected from all four processing
plants (Douglas et al., 2000). These findings confirmed
the previously reported observations of reduced product
shelf lives among flavored products relative to unfla-
vored products.

We thus sought to identify the source(s) of the con-
taminating microorganisms. We first examined the pos-
sibility of bacterial contaminant entry through the addi-
tion of the various cocoa formulations. Bacteria present
in the cocoa formulations were below the detection lim-
its of our analytical procedures (<10 cfu/g) for products
manufactured in all four plants, suggesting that these
cocoa powders did not serve as major sources of contam-
ination for these products. With one exception, isolation
and identification of bacteria present in the various
products showed that the profiles of the predominant
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organisms were the same for flavored and unflavored
products processed in the same plants, suggesting that
the spoilage organisms were not unique to either set of
products. The predominant organisms present in 73%
of the samples examined were Gram-positive, catalase-
positive, oxidase-negative, spore-forming rods identi-
fied as Bacillus spp. by 16s rDNA sequencing and by
Biolog analyses (Douglas et al., 2000). These organisms
were found to be present in raw and in processed milk
samples and were capable of surviving laboratory pas-
teurization procedures. These findings are consistent
with our previous observation of the widespread pres-
ence in the raw milk supply (albeit in low numbers) of
heat-resistant, spore-forming psychrotrophic bacteria
that are capable of increasing in number when held at
7°C for 10 d (Boor et al., 1998).

To further investigate the effects of chocolate milk
components on bacterial numbers in processed prod-
ucts, SPC were monitored in experimentally prepared
and aseptically collected unflavored milk, milk with
chocolate powder and sucrose (chocolate milk), milk
with sucrose only, and milk containing chocolate pow-
der only on the initial day and after storage at 6°C on
d 7, 14, and 21 postprocessing. At d 14 and 21, SPC
were higher (P < 0.001) in both chocolate milk and in
milk with chocolate powder only than in either milk
with sucrose or in unflavored milk (Douglas et al.,
2000), suggesting that the chocolate powder stimulates
increases in bacterial numbers among the residual bac-
teria surviving HTST pasteurization. From these stud-
ies, we conclude that extension of flavored milk shelf life
and improved milk quality will require that bacterial
spores be removed from raw milk (e.g., through microfi-
ltration strategies, such as those described below) or
by the application of processing conditions that utilize
increased time or temperature treatments relative to
those used for unflavored milk products or through a
combination of these strategies.

Other quality parameters that may limit fluid
product shelf life extension: SCC. To date, fluid prod-
uct shelf life extension has focused primarily on reduc-
ing and controlling the presence of bacterial contami-
nants to achieve better product quality for longer peri-
ods. It is possible, however, that other factors intrinsic
to the raw product may begin to limit fluid product
quality as strategies are implemented to reduce bacte-
rial contaminants to the extent that HTST pasteurized
fluid products approach and exceed 21-d shelf lives.
Thus, David Barbano’s research group at Cornell Uni-
versity examined the effects of various levels of somatic
cells resulting from intramammary infection of Strepto-
coccus agalactiae (mastitis infection) on fluid milk qual-
ity (Ma et al., 2000).
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Milk was collected before and after cows were artifi-
cially infected with S. agalactiae. Following infection,
milk samples were commingled to achieve average SCC
of 45,000 cells/ml (preinfection) and 849,000 cells/ml
(postinfection). Pasteurized, homogenized 2% milk
samples from pre- and postinfection periods were ana-
lyzed for proteolysis, lipolysis, bacterial numbers, and
sensory attributes on the initial day and following 7,
14, and 21 d of storage at 5°C.

Bacterial numbers (SPC, coliform counts, and PPC)
were generally low in both high and low SCC milk
samples throughout the 21 d. However, the average
rates of FFA increase and casein hydrolysis were two
and three times higher, respectively, in high SCC milk
than in low SCC milk. Although low SCC milk main-
tained acceptable organoleptic quality throughout the
21-d period, sensory defects were identified between 14
and 21 d in the high SCC milk samples, resulting in
low overall quality ratings for these milks. The detected
sensory defects were predominantly “rancid” and “bit-
ter,” which was consistent with the increased lipolysis
and proteolysis observed in the high SCC milks (Ma et
al., 2000). Thus, from these studies, fluid milk proces-
sors are urged to use milk with low SCC numbers when
seeking to extend pasteurized fluid product shelf life
and quality beyond 14 d of storage.

Processing strategies profoundly influence fluid
product shelf life. One significant barrier to extending
the shelf lives of various dairy products is the difficulty
of balancing the removal or destruction of spoilage mi-
croorganisms and spores present in raw milk while lim-
iting product color changes, vitamin destruction, and
milk protein denaturation. Strategies currently em-
ployed in the United States to extend dairy product
shelf lives include the application of high-temperature
processing technologies such as UHT thermal pro-
cessing and ultrapasteurization. Because UHT milk is
considered to be a shelf-stable product, thermal pro-
cesses for UHT milk in the US must comply with FDA
requirements for sterilizing low acid foods. Although
UHT and ultrapasteurized milks are exposed to similar
processing times and temperatures (135 to 140°C for a
few seconds for UHT and 138°C (280°F) for at least 2
s for ultrapasteurized; FDA, 1995), UHT products are
aseptically packaged, and the resulting products are
thus shelf stable for several months at room tempera-
ture. In contrast, ultrapasteurized milk products are
not aseptically packaged. The resulting products are
generally coded for a shelf life of 2 to 3 mo under refrig-
erated conditions (Boor and Nakimbugwe, 1998). In
previous work in our laboratory, we determined that
ultrapasteurized 2% fat milk remained organolepti-
cally, chemically, and microbiologically stable for at
least 10 wk of storage at 7° (±1°) C (Boor and Nakim-
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bugwe, 1998). HTST pasteurized milk, which must be
heated to 72°C (161°F) for a minimum of 15 s or the
equivalent, is usually coded for a last day of sale be-
tween 10 and 21 d of refrigerated storage after the date
of processing. Thus, with existing technology, processed
fluid milk products in the US typically have shelf lives
ranging from a minimum of approximately 10 d for
HTST products and up to 6 mo for UHT products.

Microfiltration

One problem limiting consumer acceptance of high-
temperature processed milk (UHT and ultrapasteur-
ized products) in the United States is the development
of a distinct cooked flavor, which may be objectionable
to those accustomed to pasteurized milk (Hill, 1988).
Other common limitations to UHT product acceptabil-
ity among consumers include oxidized and stale flavors
(Hill, 1988), creaming or fat separation (Schroder and
Bland, 1984), gelation or sediment formation (Hill,
1988), and proteolytic or lipolytic deterioration from
enzymes surviving the heat treatment (Cox, 1993; Hill,
1988; Lopez-Fandino et al., 1993). In general, with the
exception of cooked flavor, most flavor and texture de-
fects tend to increase in severity with increased storage
time and temperatures (Boor and Nakimbugwe, 1998;
Hill, 1988; Lopez-Fandino et al., 1993).

Microfiltration may provide a lower temperature ap-
proach for the production of dairy products with ex-
tended shelf lives (Daufin et al., 1993; Eckner and Zot-
tola, 1991; Kosikowski and Mistry, 1990; Madec et al.,
1992; Olesen and Jensen, 1989). This approach, fol-
lowed by a mild pasteurization treatment, has already
been adopted by a Canadian fluid milk processor. The
company reports production of “fresher-tasting” milk
products with extended shelf lives. These types of prod-
ucts may meet with consumer approval in the United
States, as well.

Microfiltration (MF) is the passage of product under
relatively low pressure (approximately 1 bar) through
a semipermeable membrane with pore sizes ranging
from 0.2 to 5 µm (Olesen and Jensen, 1989). As bacteria
generally range from 1 to 3 µm, under some circum-
stances MF should be able to completely remove bacte-
ria from the fluid permeate. MF might provide a lower
temperature option, and thus, a less pronounced cooked
flavor than UHT processing for extended shelf-life
dairy products.

Very little published work exists on microfiltration
for milk processing, and among the existing reports,
the results are sometimes contradictory. Olesen and
Jensen (1989) found that the initial content of Bacillus
cereus spores in milk had a significant effect on the
content of spores in the microfiltered milk, but that
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concentration ratio and circulation pressure had no ef-
fects under the conditions studied. Varying operating
temperature between 30 and 50°C did not appear to
affect bacterial retention in one study (Eckner and Zot-
tola, 1991); however, increasing microfiltration temper-
atures from 35 to 50°C was reported to significantly
increase Salmonella, but not Listeria retention (Madec
et al., 1992). Eckner and Zottola (1991) concluded that
different membranes with the same molecular weight
cut-off have different bacterial retention characteris-
tics, but that bacterial morphology did not affect the
ability of the organism to pass through the membrane.
In contrast, Madec et al. (1992) reported that Listeria
and Salmonella had differing retention characteristics,
but that these characteristics were not influenced by
initial contamination levels, suggesting that bacterial
size and shape may play a role in the passage of a
particular organism through a membrane. This report
also found retention of Listeria cells to be much lower
when cells were inoculated into milk that had been
previously microfiltered. In summary, microfiltration
operating parameters must be established to meet the
specific goals of a given processing operation.

Foodborne Illnesses in the
United States: an Overview

In addition to contributing to increased rates of prod-
uct spoilage, the presence of microbes with pathogenic
potential can render foods unfit and harmful for human
consumption. In the following sections, the current sta-
tus of foodborne illnesses in the United States is re-
viewed, and emerging issues of relevance to the dairy
industry are highlighted.

From a consumer perspective, foodborne illnesses are
sometimes thought to be “nuisance” diseases that cause
temporary discomfort but have no serious long-term ill
effects. However, recent evidence suggests that some
food-related illnesses may cause lingering health prob-
lems, ranging from reactive arthritis as a consequence
of salmonellosis to miscarriage resulting from listeri-
osis (Donnelly, 1990). One recent estimate suggests
that up to 76 million food-related illnesses, 325,000
hospitalizations, and 5000 deaths may occur in the
United States on an annual basis (Mead et al., 1999).
Medical expenses and lost work productivity caused
by seven major foodborne pathogens may cost between
$6.6 and $37.1 billion annually (Crutchfield et al.,
1999).

Food safety challenges for the dairy processing
industry. Although fluid milk and milk-based products
are more closely regulated at state and federal levels
than many other food products, occasional outbreaks
of foodborne illness resulting from the consumption of
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contaminated dairy products do occur. In fact, the
largest single salmonellosis outbreak in US history—
over 23,000 culture-confirmed cases from March to
April 1985—resulted from consumption of Salmonella-
contaminated whole and 2% milk that had been pro-
duced by a suburban Chicago processor (Lecos, 1986).
A few months later, in June 1985, an outbreak of listeri-
osis resulting in 145 cases and 46 deaths was linked to
the consumption of Mexican-style white cheese pro-
duced in California (Donnelly, 1990). More recently,
bacterially contaminated dairy products were impli-
cated as the source of the most widespread outbreak of
foodborne illness in Japan since the central government
began collecting statistics of this nature in 1975. Pro-
cessed fluid milk samples containing Staphylococcus
aureus enterotoxin or Bacillus cereus or both sickened
at least 14,000 people in June and July, 2000. The
economic, medical, and emotional consequences of
large-scale, food-related illnesses are devastating. For
example, as a consequence of the US-based outbreaks
described above, the factories involved permanently
ceased operations.

Pasteurization: a false sense of security? Cur-
rently, the most common methods of destroying patho-
genic organisms and of reducing or eliminating spoilage
organisms in US dairy products are through pasteuriza-
tion by the HTST method. These thermal treatments
are designed to destroy the most heat-resistant of the
non-spore-forming pathogens, specifically, Mycobacte-
rium tuberculosis and Coxiella burnetii. Some microbes
can survive pasteurization (Hammer et al., 1995).
Spore-forming bacteria, including those of the Bacillus
and Clostridium genera (e.g., Bacillus cereus, Clostrid-
ium botulinum, and Clostridium perfringens), are
among the heat resistant organisms that can be isolated
from pasteurized milk. Some studies suggest the possi-
bility that Mycobacterium paratuberculosis, a bacte-
rium that causes Johne’s disease in cattle and that may
be linked to Crohn’s disease in humans, can survive
pasteurization (Mechor, 1997). This issue is addressed
in detail below. In addition, minimal pasteurization
conditions will not inactivate the causative agent of
bovine spongiform encephalitis (BSE), also known as
mad cow disease. The agent responsible for this disease,
an infectious protein, shows little loss of infectivity,
even after prolonged exposure to temperatures up to
176°F (80°C) (Asher et al., 1986). Fortunately, no evi-
dence exists linking transmission of this disease to con-
sumption of milk from cows with BSE. For example,
mice injected with milk from BSE-infected cattle did not
develop this disease nor have epidemiological analyses
suggested transmission of BSE to calves via milk (Hil-
lerton, 1997). The issue of disease transmissibility
through consumption of animal products is likely to
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haunt the US dairy industry, however. To illustrate,
on July 18, 2000, Jan Charney, Vermont’s health com-
missioner, in consultation with the US Centers for Dis-
ease Control and Prevention advised consumers not to
eat cheese made from the milk of three flocks of Ver-
mont sheep that may have a form of transmissible spon-
giform encephalopathy (TSE). The precedent estab-
lished by this recommendation and the implications
for perceived food safety risks associated with dairy
product consumption are very sobering for the US
dairy industry.

Although some pathogens can survive pasteuriza-
tion, as described above, the presence of most patho-
genic microbes (e.g., Salmonella or L. monocytogenes)
in processed dairy products implies either failure of the
pasteurization process or postpasteurization contami-
nation. Postpasteurization contamination occurs when
microbes are reintroduced into the pasteurized product
as a consequence of product contact with contaminated
processing or packaging equipment or workers. In gen-
eral, postpasteurization contamination contributes the
majority of microorganisms that contaminate and spoil
pasteurized milk (Griffiths et al., 1984). We demon-
strated the extension of HTST product shelf life from
<7 d to >21 d through identification and elimination of
a single, specific source of bacterial contamination in
the product filling unit (Ralyea et al., 1998). Rapid trou-
ble-shooting of postpasteurization contamination sites
can be accomplished effectively through the application
of adenosine triphosphate-bioluminescence hygiene
monitoring kits (Murphy et al., 1998). In addition to
the benefits of shelf life extension, the importance of
protecting processed products from recontamination is
further illustrated by the demonstration that the patho-
gen Escherichia coli O157:H7 can persist for at least
35 d as a postpasteurization contaminant in buttermilk
with a pH of 4.1 (Dineen et al., 1998).

Multiple routes exist for the entry of contaminating
microbes into the dairy processing environment. For
example, microbes can be introduced into a dairy-pro-
cessing environment along with the raw milk. The
abundance of nutrients and moisture in a processing
plant can facilitate the survival and growth of these
contaminants. For example, Listeria innocua, Listeria
monocytogenes, and Yersinia enterocolitica are com-
monly isolated from dairy processing plant locations
that involve “wet traffic,” including the floors of coolers,
freezers, and processing rooms; cases and case wash-
ers; floor mats and foot baths; and beds of paper fillers
(Donnelly, 1990). Thus, processed product contact with
a contaminated surface or employee downstream of the
pasteurizer can render the pasteurization step useless.

Product protection from contaminating microbes
should be a top priority for all dairy and food processing
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establishments. The consequences of product linkage
with an outbreak of foodborne illness will result in the
need to recall the remaining contaminated product that
is still on the market. A product recall can be very
expensive and time consuming, depending on the scope
of product distribution. Once product has been recov-
ered, it must then be stored until disposal can be com-
pleted. In general, once a product has been linked with
human illness, the media begin to cover the outbreak.
Negative media coverage can result in loss of consumer
confidence in the product and brand name. Consumer
confidence in product safety plays an important role in
food purchasing decisions. Consumers may avoid prod-
uct types or specific labels following widely publicized
episodes of product contamination and food-related ill-
nesses. Reduced sales can further compound the eco-
nomic distress a company faces following a product re-
call. In general, regulatory agencies responsible for con-
trolling the product in question will rapidly arrive at
the plant as the outbreak unfolds. Regulatory investiga-
tions usually require that the plant cease operations
until the cause of the outbreak can be identified and
eliminated. These closures can be brief, prolonged, or
permanent. In summary, product protection must be a
top priority to protect the consumer from illness and to
prevent the financial losses associated with trouble-
shooting and preventing further product contami-
nation.

Attention to process controls, raw product quality,
and plant sanitation will greatly contribute to produc-
tion of high quality, safe dairy products. However, the
dairy industry must be prepared to handle challenges
imposed by emerging pathogens as they are identified.
As described below, Mycobacterium paratuberculosis is
one such microbe that may threaten the perception of
dairy product safety.

Mycobacterium paratuberculosis: An Emerging
Pathogen Affecting the Dairy Industry?

Mycobacterium paratuberculosis is the causative
agent of Johne’s disease in dairy cows. This transmissi-
ble disease, which currently affects ~33% of US dairy
herds (Collins, 1997), dramatically reduces milk pro-
duction, reproductive performance, and animal condi-
tion (Stabel, 1997) and thus has a significant negative
economic impact on the dairy industry. This organism,
which is excreted in feces and milk, is reportedly not
as easily inactivated by pasteurization and thermal
treatments as other bacteria infecting humans and ani-
mals (Sung and Collins, 1998). Recent studies suggest
that humans with Crohn’s disease, a chronic intestinal
disorder, are more likely to show indications of the pres-
ence of Mycobacterium paratuberculosis than humans
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not suffering from Crohn’s disease (Thompson, 1994).
M. paratuberculosis might, therefore, be considered a
foodborne pathogen; thus, it is critical to establish the
thermal resistance characteristics of this organism. Ex-
periments of this nature do not represent a trivial un-
dertaking because culturing techniques for this organ-
ism are labor intensive and very slow, taking up to 16
wk to produce visible colonies on appropriate microbio-
logical media (Collins, 1997).

Mycobacterium paratuberculosis as an animal
pathogen. Paratuberculosis, or Johne’s disease, is a
chronic progressive enteric disease of ruminants caused
by infection with M. paratuberculosis (Stabel, 1997).
Cattle can become infected with M. paratuberculosis as
calves but often do not develop clinical signs until 2
to 5 yr of age. Clinical symptoms of paratuberculosis
include chronic and intermittent diarrhea, rapid weight
loss, failure to respond to treatment and death. Animals
with clinical paratuberculosis are often culled from the
herd early in their productive lives, while animals with
subclinical disease show reduced milk production and
poor reproductive performance. These consequences of
M. paratuberculosis infections are estimated to lead to
economic losses exceeding $1.5 billion/yr for the na-
tional dairy industry (Jones, 1989).

Eradication and control of Johne’s disease in infected
herds is generally difficult. The primary route of infec-
tion is through the ingestion of fecal material, milk, or
colostrum containing M. paratuberculosis. Cattle may
shed low levels of M. paratuberculosis in their fecal
material during subclinical infection, but over time,
shedding can cause significant contamination of the
environment and, thus, subsequent infection of other
animals. M. paratuberculosis can also be transmitted
to calves through feeding of colostrum from infected
cows. One of the significant problems for control of para-
tuberculosis is the fact that diagnosis of this disease is
difficult and time consuming. Bacteriologic culture is
the most definitive method of diagnosis, but it is slow
and very labor intensive (Stabel, 1997; Sung and Col-
lins, 1998). Furthermore, animals with subclinical dis-
ease may shed the organism intermittently so that, at
any given time, fecal culture alone may detect as few
as 50% of these animals (Sanftleban, 1990). The lack
of sensitive and rapid methods for the detection of M.
paratuberculosis also presents a problem for the detec-
tion of this organism in milk and colostrum. Fast and
sensitive detection methods are essential to make it
feasible to screen for the presence of M. paratuberculo-
sis in milk or colostrum prior to feeding it to calves
and thus risking the spread of infection to additional
animals in a herd. Serologic tests for the diagnosis of
paratuberculosis appear to lack the necessary sensitiv-
ity to be applicable for reliable eradication or diagnosis
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of infection (Stabel, 1997). More recently, DNA-based
methods for the detection of M. paratuberculosis (e.g.,
PCR) have been developed. PCR assays are generally
combined with fecal culture to allow more rapid detec-
tion of this organism. However, one study found that
a commercial PCR assay was only able to detect 60%
of infected cows determined positive by standard cultur-
ing methods (Whipple et al., 1992). Clearly, to enhance
our ability to limit the spread of paratuberculosis, im-
proved, rapid detection methods for M. paratuberculo-
sis are needed.

M. paratuberculosis—a potential human food-
borne pathogen? Over recent years, concern has
arisen over a possible role of mycobacterial species (in-
cluding, but not limited to, M. paratuberculosis) in the
etiology of human Crohn’s disease. Crohn’s disease is
chronic, incurable, inflammatory bowel disease (IBD)
with symptoms similar to those of Johne’s disease (Sung
and Collins, 1998). Because of their similar clinical
symptoms, Crohn’s disease and ulcerative colitis are
often confused. The term IBD is used to refer to both
diseases (Chiodini, 1989). An estimated 2 million pa-
tients in the United States alone appear to be afflicted
by IBD (Chiodini, 1989).

In 1984, Chiodini et al. (1984; 1986) reported the first
isolation of M. paratuberculosis from a Crohn’s patient.
These isolates were subsequently shown to be geneti-
cally identical to bovine M. paratuberculosis strains and
were shown to be able to cause Johne’s disease by oral
inoculation in goats (Collins, 1997; Van Kruiningen et
al., 1986). Since then, a variety of studies have been
conducted to determine whether there is a correlation
between the presence of M. paratuberculosis or other
Mycobacterium species and human Crohn’s disease (re-
viewed in Chiodini, 1989). These studies used culturing
techniques to isolate Mycobacterium species from
Crohn’s patients or DNA-based approaches to screen for
the presence of mycobacterial DNA in tissues obtained
from Crohn’s patients. Many studies have shown that
a variety of Mycobacterium species, including M. para-
tuberculosis, can be isolated from patients with Crohn’s
disease. For example, Chiodini et al. (as cited in Chio-
dini, 1989) isolated M. paratuberculosis from four of 26
Crohn’s patients but from none of 26 control samples.
Additionally, Sanderson et al. (1992) found that 65%
of the intestinal samples from Crohn’s disease patients
(n = 40) tested positive for the presence of M. paratuber-
culosis DNA by PCR compared with 10% of the samples
from controls (no IBD or ulcerative colitis; n =63). Fidler
et al. (1994) reported that four of 31 Crohn’s disease
tissues, but none of 30 control and ulcerative colitis-
derived samples were positive for M. paratuberculosis
DNA by PCR. Additional studies also found a higher
incidence of M. paratuberculosis DNA in tissue from
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Crohn’s patients compared with control samples (e.g.,
Dell’Isola et al., 1994). A variety of other studies did
not find any evidence for the presence of mycobacterial
DNA in tissues from Crohn’s disease patients using
PCR (Frank and Cook, 1996; Rowbotham et al., 1995;
Wu et al., 1991). In summary, although some studies
described an association between the presence of M.
paratuberculosis and Crohn’s disease, a role for Myco-
bacterium species and M. paratuberculosis in the etiol-
ogy of this human disease remains highly controversial.

Thermal tolerance of M. paratuberculosis. Ex-
cretion of M. paratuberculosis from infected dairy cattle
occurs primarily in feces and, to a lesser extent, in
milk (Collins, 1997). For example, Sweeney et al. (1992)
found low concentrations of M. paratuberculosis from
asymptomatic cows (2 to 8 cfu/50 ml of milk). Grant et
al. (1998) suggested that concentrations of M. paratu-
berculosis in milk might be as high as 104 cfu/ml due
to fecal contamination of the raw milk. In one study
designed to examine commercially pasteurized milk for
the presence of M. paratuberculosis, Millar et al. (1996)
found that at least 15 of 312 milk samples collected
at retail stores contained viable M. paratuberculosis.
These results do not necessarily prove that M. paratu-
berculosis survives commercial pasteurization proce-
dures, but could also suggest the possibility of postpas-
teurization contamination with this organism.

Heat treatment represents the most important micro-
bial killing step in dairy product processing. Because
of the possibility of the presence of M. paratuberculosis
in raw milk, determination of this organism’s potential
for survival of thermal inactivation during pasteuriza-
tion is of considerable importance. Various studies have
attempted to determine thermal death curves for M.
paratuberculosis. Grant et al. (1996) obtained a concave
thermal death curve at 63.5 C, showing rapid death at
10 min of heating and slow death (“tailing”) after 10
min of heating, possibly due to the presence of clumped
cells. Sung and Collins (1998) determined D values for
human and animal strains of M. paratuberculosis using
the sealed tube method and found linear death curves
for both single and clumped M. paratuberculosis cells
by a radiometric counting method. Their results suggest
that M. paratuberculosis may survive HTST time and
temperature treatments when the initial organism con-
centration is >10 cells/ml.

In studies designed to simulate commercial thermal
processing conditions, Chiodini and Hermon-Taylor
(1993) reported that 5 to 9% of inoculated M. paratuber-
culosis cells survived heat treatment at 63°C for 30 min
(batch pasteurization conditions) and 3 to 5% survived
72°C for 15 s (HTST pasteurization conditions). Grant
et al. (1996) also isolated M. paratuberculosis after inoc-
ulated milk samples were heat treated by either HTST
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or by low temperature holding, finding that, with an
inoculum density of 103 to 104 cfu/ml, 50 and 58% of
the inoculated samples were positive for M. paratuber-
culosis after low temperature holding and HTST, re-
spectively. More than 85% of the samples were positive
when the inoculum level was between 106 and 107 cfu/
ml. In a more recent study, Grant et al. (1998) found
viable M. paratuberculosis in 14.8 and 10% of statically
heated HTST-pasteurized milk samples inoculated at
103 or 102 cfu/ml, but no viable organisms from samples
inoculated with either 10 cfu/ml or 10 cfu/50 ml. Stabel
et al. (1997) found that use of a laboratory-scale pas-
teurizer unit resulted in the destruction of M. paratu-
berculosis at 72°C for 15 s, while viable bacteria were
recovered from static test tubes held at 65, 72, 74, or
76°C for 0 to 30 min. The results of Stabel et al. (1997)
imply that turbulent-flow HTST pasteurization condi-
tions may be effective for destruction of M. paratubercu-
losis, but that currently applied processes for batch
pasteurization and HTST time and temperature treat-
ments under static conditions are likely to be inade-
quate. Using heat treatment in capillary tubes, Kes-
wani and Frank (1998) found that three strains of M.
paratuberculosis appeared to not survive treatment
conditions equivalent to pasteurization treatment
when plated on Middlebrook 7H11 agar.

The contradictory nature of the results described
above illustrates the need for definitive studies to
clearly define the thermal tolerance characteristics of
M. paratuberculosis strains. While thermal inactiva-
tion curves have been described for some M. paratuber-
culosis strains, heat treatment procedures that will reli-
ably inactivate M. paratuberculosis have not been es-
tablished. Our current understanding of the
inactivation of M. paratuberculosis during heat treat-
ment processes is limited largely because of a lack of
rapid and sensitive methods for detection of viable cells
(Collins, 1997). Furthermore, questions of recovery of
heat injured M. paratuberculosis cells on selective agar
media have not been addressed in most experiments
intended to determine the heat resistance of this or-
ganism.

Detection and enumeration methods for M.
paratuberculosis. Detection of M. paratuberculosis
represents a significant challenge and is very time con-
suming. Bacteriologic culture is currently the most de-
finitive method of diagnosis, but typically takes up to
6 wk. Incubation times are often further extended (up
to 8 mo) to ensure detection of heat-injured cells, e.g.,
after heat treatment of milk.

Because of the difficulties in detection and enumera-
tion of M. paratuberculosis, alternative methods have
been used to monitor for the presence of this organism.
For example, Sung and Collins (1998) used a radiomet-
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ric culture method (BACTEC) to monitor the survival of
M. paratuberculosis after heat treatment of inoculated
milk samples. In this method, the sample is inoculated
into a selective medium and subsequently incubated at
37°C. The presence of viable M. paratuberculosis cells
is indirectly determined by measuring the production
of 14CO2 produced by the metabolism of [14C] palmitate.

In an attempt to improve detection methods for M.
paratuberculosis, a variety of groups have also devel-
oped DNA-based methods, including various PCR pro-
tocols. A commercially available PCR test for M. paratu-
berculosis (IDDEX, Westbrook, ME) allows this organ-
ism to be detected at levels of 1000 cells/g of sample or
higher (van der Giessen et al., 1992; Vary et al., 1990).
This approach provides approximately a 100-fold lower
sensitivity than current culturing methods, which can
detect as few as 10 cells/g of sample (van der Giessen
et al., 1992). Although a variety of researchers with
extensive paratuberculosis experience continue to work
toward development of various M. paratuberculosis
PCR assays, so far, all published studies have reported
assay detection limits ranging between 1000 and
10,000,000 M. paratuberculosis cells/g of fecal material.
In evaluations on both high and low shedding animals,
PCR assays have detected only 3 to 54% of the positive
samples (van der Giessen et al., 1992; Whitlock et al.,
1996). In addition to the current inability to apply PCR
assays for detection of low numbers of M. paratubercu-
losis, another significant disadvantage of PCR method-
ology is the inability to reliably determine whether posi-
tive results arise from the existence of living or dead
bacteria (Collins, 1997). This disadvantage is likely to
be a particular problem when one attempts to detect
the presence of M. paratuberculosis following a heat
treatment or any other killing step. For example, Millar
et al. (1996) found that 22 of 312 commercially pro-
cessed milk samples were PCR positive for M. paratu-
berculosis, while only nine of 18 PCR positive samples
tested positive by standard culturing methods, sug-
gesting that, in some samples, the PCR methodology
detected the presence of residual DNA from dead M.
paratuberculosis cells. In the same study, six of 36 PCR
negative samples tested positive by standard culturing
methods. While improved PCR-based methods are ulti-
mately likely to be appropriate for some M. paratuber-
culosis applications, current results clearly show that
these methods are unlikely to be useful for monitoring
the survival of M. paratuberculosis during heat treat-
ments. Particular problems with PCR-based assays for
the detection of M. paratuberculosis include 1) low sen-
sitivity in comparison with culturing methods; 2) the
potential for the detection of dead organisms, coupled
with the unreliability of the use of current PCR-based
strategies designed to distinguish between dead and
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living cells (e.g., strategies that target mRNA rather
than DNA, etc.); and 3) the inability to apply short
enrichments before PCR assays due to the extremely
slow growth of the organism on bacteriological media.

Conclusive determination of the destruction of M.
paratuberculosis during milk pasteurization hinges
upon our ability to devise effective, specific, and rela-
tively rapid methods for detecting cell viability. This
information is essential to ensure consumer confidence
in the safety of US dairy products.

CONCLUSIONS

The ultimate goal of the US dairy industry is to sell
wholesome, nutritious dairy products to the consuming
public. To remain economically competitive, the dairy
industry must move toward production of fluid products
that can compete in distribution channels and in the
marketplace with popular, shelf-stable beverages. To
that end, processors must focus on product shelf-life
extension. These strategies will ultimately improve
product quality as well.

To ensure public confidence in the safety of the US
milk supply, the dairy industry must act aggressively
to monitor, minimize, and ultimately eliminate, food
safety risks that may be associated with emerging
pathogens such as M. paratuberculosis and TSE. Dairy
manufacturers must not rely solely on pasteurization
to protect product safety, but must evaluate their entire
processing operations with a view to maximizing prod-
uct protection from microbial contamination at all
points.

ACKNOWLEDGMENTS

The author is grateful to the New York State Dairy
Promotion Advisory Board and to the NYS dairy farm-
ers for their enthusiastic support and financial backing.
The North East Dairy Foods Research Center
(NEDFRC) and Dairy Management, Inc. have provided
additional financial support for research completed in
the laboratory. Mycobacterium paratuberculosis re-
search is currently funded by U. S. Department of Agri-
culture CSREES Project Award No. 99-35201-8039
awarded to Kyle Sasahara, postdoctoral associate.

The author is indebted to Professors David Bandler,
David Barbano, Dennis Miller, and Martin Wiedmann
for mentoring, scientific advice and unflagging moral
support. The work reported in this manuscript reflects
the outstanding technical expertise provided by past
and present staff and students in the Milk Quality Im-
provement Program and in the Food Safety Laboratory.

Journal of Dairy Science Vol. 84, No. 1, 2001

REFERENCES

Asher, D. M., C. J. Gibbs Jr., and D. C. Gajdusek. 1986. Slow viral
infections: Safe handling of the agents of subacute spongiform
encephalopathies. Pages 59–71 in Laboratory Safety: Principles
and Practices B. M. Miller, ed. American Society of Microbiology,
Washington, DC.

Bandler, D. K., R. O. Brown, and E. T. Wolff. 1975. Milk quality
in the New York public school system. J. Milk Food Technol.
38:223–226.

Boor, K. J., and D. N. Nakimbugwe. 1998. Quality and stability of
2% fat ultrapasteurized fluid milk products. Dairy Food Environ.
Sanit. 18:78–82.

Boor, K. J., D. P. Brown, S. C. Murphy, S. M. Kozlowski, and D. K.
Bandler. 1998. Microbiological and chemical quality of raw milk
in New York State. J. Dairy Sci. 81:1743–1748.

Chiodini, R. J., H. J. Van Kruiningen, R. S. Merkal, W. R. Thayer
Jr., and J. A. Couthu. 1984. Characteristics of an unclassified
Mycobacterium species isolated from patients with Crohn’s dis-
ease. J. Clin. Microbiol. 20:966–971.

Chiodini, R. J., H. J. Van Kruiningen, W. R. Thayer, and J. A. Coutu.
1986. The spheroplastic phase of mycobacteria isolates from pa-
tients with Crohn’s disease. J. Clin. Microbiol. 24:357–363.

Chiodini, R. J. 1989. Crohn’s disease and the mycobacterioses: A
review and comparison of two disease entities. Clin. Microbiol.
Rev. 2:90–117.

Chiodini, R. J., and J. Hermon-Taylor. 1993. The thermal resistance
of Mycobacterium paratuberculosis in raw milk under conditions
simulating pasteurization. J. Vet. Diagn. Invest. 5:629–631.

Collins, M. T. 1997. Mycobacterium paratuberculosis: A potential
food-borne pathogen? J. Dairy Sci. 80: 3445–3448.

Cox, J. M. 1993. The significance of psychrotrophic pseudomonads
in dairy products. Aust. J. Dairy Technol. 48:108–113.

Crutchfield, S. R., J. C. Buzby, T. Roberts, and M. Ollinger. 1999.
Assessing the costs and benefits of pathogen reduction. Food Rev.
Inf. 22:6–9.

Daufin, G., F. Michel, J.-P. Labbe, A. Quemerais, and A. Grangeon.
1993. Ultrafiltration of defatted whey: Improving performance
by limiting membrane fouling. J. Dairy Res. 60:79–88.

Dell’Isola, B., C. Poyart, O. Goulet, J. F. Mougenot, E. Sadoun-Journo,
N. Brousse, J. Schmitz, C. Ricour, and P. Berche. 1994. Detection
of Mycobacterium paratuberculosis by polymerase chain reaction
in children with Crohn’s disease. J. Infect. Dis. 169:449–451.

Dineen, S. S., K. Takeuchi, J. E. Soudah, and K. J. Boor. 1998. Persis-
tence of Escherichia coli O157:H7 in dairy fermentation systems.
J. Food Prot. 61:1602–1608.

Donnelly, C.W. 1990. Concerns of microbial pathogens in association
with dairy foods. J. Dairy Sci. 73:1656–1661.

Douglas, S. A., M. J. Gray, A. D. Crandall, and K. J. Boor. 2000.
Characterization of chocolate milk spoilage patterns. J. Food Prot.
63:516–521.

Eckner, K. F., and E. A. Zottola. 1991. Potential for the low-tempera-
ture pasteurization of dairy fluids using membrane processing.
J. Food Prot. 54:793–797.

FDA. 1995. Grade “A” Pasteurized Milk Ordinance. US Dept. of
Health and Human Services, Public Health Service.

Fidler, H. M., W. Thurell, N. McI Johnson, G.A.W. Rook, and J. J.
McFadden. 1994. Specific detection of Mycobacterium paratuber-
culosis DNA associated with granulomatous tissue in Crohn’s
disease. Gut 35:506–510.

Frank, T. S., and S. M. Cook. 1996. Analysis of paraffin sections of
Crohn’s disease for Mycobacterium paratuberculosis using poly-
merase chain reaction. Modern Pathol. 9:32–35.

Grant, I. R., H. J. Ball, S. D. Neill, and M. T. Rowe. 1996. Inactivation
of Mycobacterium paratuberculosis in cows’ milk at pasteuriza-
tion temperatures. Appl. Environ. Microbiol. 62:631–636.

Grant, I. R., H. J. Ball, and M. T. Rowe. 1998. Effect of high-tempera-
ture, short-time (HTST) pasteurization on milk containing low
numbers of Mycobacterium paratuberculosis. Lett. Appl. Micro-
biol. 26:166–170.



ADSA FOUNDATION SCHOLAR AWARD 11

Griffiths, M. W., J. D. Phillips, and D. D. Muir. 1984. Post-pasteuriza-
tion contamination—the major cause of failure of fresh dairy
products. Hannah Res. Inst. Rep. 1984:77–87.

Hammer, P., F. Lembke, G. Suhren, and W. Heeschen. 1995. Charac-
terization of a heat resistant mesophilic Bacillus species affecting
the quality of UHT milk. Pages 9–16 in Heat Treatment and
Alternative Methods. Proceedings of the IDF Symposium held in
Vienna (Austria). International Dairy Federation, Brussels,
Belgium.

Hill, A. R. 1988. Quality of ultra-high temperature processed milk.
Food Technol. 42:92–97.

Hillerton, J. E. 1997. Milk as a risk factor for BSE. Proc. Annu. Mtg.
of the Natl. Mastitis Council. 1997:33–41.

Jones, R. L. 1989. Review of the economic impact of Johne’s disease
in the United States. Pages 46–50 in Johne’s Disease. Current
Trends in Research, Diagnosis, and Management. A. R. Milner
and P. R. Wood, ed. Commonw. Sci. Ind. Res. Organ., Melbourne,
Victoria, Australia.

Keswani, J., and J. F. Frank. 1998. Thermal inactivation of Mycobac-
terium paratuberculosis in milk. J. Food Prot. 61:974–978.

Kosikowski, F. V., and V. V. Mistry. 1990. Microfiltration, ultrafiltra-
tion, and centrifugation separation and sterilization processes for
improving milk and cheese quality. J. Dairy Sci. 73:1411–1419.

Lecos, C. W. 1986. A closer look at dairy safety. FDA Consumer
20:14–17.1.

Lopez-Fandino, R., A. Olano, N. Corzo, and M. Ramos. 1993. Proteoly-
sis during storage of UHT milk: Differences between whole and
skim milk. J. Dairy Res. 60:339–347.

Ma, Y., C. Ryan, D. M. Barbano, D. M. Galton, M. A., Rudan, and
K. J. Boor. 2000. Effects of somatic cell count on quality and shelf
life of pasteurized fluid milk. J. Dairy Sci. 83:264–274.

Madec, M. N., S. Mejean, and J. L. Maubois. 1992. Retention of
Listeria and Salmonella cells contaminating skim milk by tangen-
tial membrane microfiltration (“Bactocatch” process). Lait
72:327–332.

Marshall, R. T., ed. 1992. Standard Methods for the Examination of
Dairy Products. 16th ed. American Public Health Association,
Washington, DC.

Mead, P. S., L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C.
Shapiro, P. M. Griffin, and R. V. Tauxe. 1999. Food-related illness
and death in the United States. Emerg. Infect. Dis. 5:607–625.

Mechor, G. D. 1997. Milk as a risk factor for Crohn’s disease. Proc.
Annu. Mtg. of Natl. Mastitis Council. 1997:50–55.

Milk Industry Foundation. 1999. Milk Facts. International Dairy
Foods Association. Publication #F-22200. Washington, DC. 64 pp.

Millar, D. S., J. Ford, J. D. Sanderson, S. Withey, M. Tizard, T. Doran,
and J. Hermon-Taylor. 1996. IS900 PCR to detect Mycobacterium
paratuberculosis in retail supplies of whole pasteurized cows’ milk
in England and Wales. Appl. Environ. Microbiol. 62:2446–3452.

Murphy, S. C., S. M. Kozlowski, D. K. Bandler, and K. J. Boor. 1998.
Evaluation of adenosine triphosphate-bioluminescence hygiene
monitoring for trouble-shooting fluid milk shelf life problems. J.
Dairy Sci. 81:817–820.

Olesen, N., and F. Jensen. 1989. Microfiltration. The influence of
operation parameters on the process. Milchwissenschaft
44:476–479.

Journal of Dairy Science Vol. 84, No. 1, 2001

Ralyea, R. D., M. Wiedmann, and K. J. Boor. 1998. Bacterial tracking
in a dairy production system using phenotypic and ribotyping
methods. J. Food Prot. 61:1336–1340.

Rowbotham, D. S., N. P. Mapstone, L. K. Trejdosiewicz, P. D. Howdle,
and P. Quirke. 1995. Mycobacterium paratuberculosis DNA not
detected in Crohn’s disease tissue by fluorescent polymerase chain
reaction. Gut 37:660–667.

Sanderson, J. D., M. T. Moss, M.L.V. Tizard, and J. Hermon-Taylor.
1992. Mycobacterium paratuberculosis DNA in Crohn’s disease
tissue. Gut 33:890–896.

Sanftleben, P. 1990. Quest continues for fast, reliable test for bovine
paratuberculosis. JAVMA 197:299–305.

Schroder, M.J.A., and M. A. Bland. 1984. Effect of pasteurization
temperature on the keeping quality of whole milk. J. Dairy Res.
51:569–578.

Shipe, W. F., G. F. Senyk, and K. B. Fountain. 1980. Modified copper
soap solvent extraction method for measuring free fatty acids in
milk. J. Dairy Sci. 63:193–198.

Stabel, J. R. 1997. Johne’s disease: A hidden threat. J. Dairy Sci.
81:283–288.

Stabel, J. R., E. M. Steadham, and C. A. Bolin. 1997. Heat inactivation
of Mycobacterium paratuberculosis in raw milk: Are current pas-
teurization conditions effective? Appl. Environ. Microbiol.
63:4975–4977.

Sung, N., and M. T. Collins. 1998. Thermal tolerance of Mycobacte-
rium paratuberculosis. Appl. Environ. Microbiol. 64:999–1005.

Sweeney, R. W., R. H. Whitlock, and A. E. Rosenberger. 1992. Myco-
bacterium paratuberculosis cultured from milk and supramam-
mary lymph nodes of infected asymptomatic cows. J. Clin. Micro-
biol. 30:166–171.

Thompson, D. E. 1994. The role of mycobacteria in Crohn’s disease.
J. Med. Microbiol. 41:74–94.

van der Giessen, J.W.B., R. M. Haring, E. Vauclare, A. Eger, J.
Haagsma, and B.A.M. van der Zeijst. 1992. Evaluation of the
abilities of three diagnostic tests based on the polymerase chain
reaction to detect Mycobacterium paratuberculosis in cattle: Ap-
plication in a control program. J. Clin. Microbiol. 30:1216–1219.

Van Kruiningen, H. J., R. J. Chiodini, W. R. Thayer, J. A. Coutu, R.
S. Merkal, and P. L. Runnels. 1986. Experimental disease in
infant goats induced by a Mycobacterium from patients with
Crohn’s disease. Dig. Dis. Sci. 31:1351–1360.

Vary, P. H., P. R. Anderson, E. Green, J. Harmon-Taylor, and J.
J. McFadden. 1990. Use of highly specific DNA probes and the
polymerase chain reaction to detect Mycobacterium paratubercu-
losis in Johne’s disease. J. Clin. Microbiol. 28:933–937.

Whipple, D. L., P. A. Kapke, and P. R. Andersen. 1992. Comparison
of a commercial DNA probe test and three cultivation procedures
for detection of Mycobacterium paratuberculosis in bovine feces.
J. Vet. Diagn. Invest. 4:23–27.

Whitlock, R. H., A. E. Rosenberger, R. W. Sweeney, and P. A. Spencer.
1996. National survey of diagnostic laboratories: The performance
of fecal culture and serologic testing for Johne’s disease. Pages
242–249 in Fifth International Colloquium on Paratuberculosis.
Madison, WI.

Wu, S.W.P., C. C. Pao, J. Chan, and T.S.B. Yen. 1991. Lack of myco-
bacterial DNA in Crohn’s disease tissue. Lancet 337:174–175.


