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Preface
The Symposium Series on Food Microbiology consisted of
three international symposia sponsored by the North
American Branch of the International Life Sciences Insti-
tute (ILSI N.A.) Technical Committee on Food Microbiol-
ogy at the International Association for Food Protection
(IAFP) 88th Annual Meeting, held August 5–8, 2001, in
Minneapolis, Minnesota, USA.

The first of the three symposia, the day-long Sympo-
sium on Moving Beyond HACCP: Food Safety Objectives,
was a collaborative effort between ILSI N.A. and the Inter-
national Committee on Microbiological Specifications for
Foods (ICMSF) to introduce the concept of food safety
objectives, or FSOs, to a U.S. audience. FSOs, essentially
statements of the maximum frequency or concentration
of a microbiological hazard in a food considered consistent
with an acceptable level of consumer protection, are real-
ized through the use of GHP/GMP (Good Hygiene/Manu-
facturing Practice) and HACCP (Hazard Analysis Critical
Control Point). FSOs are the brainchild of the ICMSF, an
international standard-setting organization of world-renown
scientists that provides guidance on appraising and con-
trolling the microbiological safety of foods in international
trade. The ICMSF recommended the concept to industry
and worldwide control authorities as a way to translate
“risk” into a definable goal for microbial food safety man-
agement. FSOs have the potential to link microbial stan-
dards, real-world public health requirements, and good
science. FSOs could provide the scientific basis for indus-
try to use in selecting and implementing measures to con-
trol the hazard(s) of concern in specific foods or food op-
erations, and for control authorities in developing and imple-
menting inspection procedures to assess the adequacy of
control measures adopted by industry and to quantify the
equivalence of inspection procedures in different coun-
tries. The ILSI N.A. Technical Committee on Food Micro-
biology invited scientists representing academia, govern-
ment, and industry, as well as representatives of the inter-
national food microbiology community and the public sec-
tor, to discuss the application of FSOs to improve food
safety and achieve public health goals.

Mycobacterium paratuberculosis is the etiologic agent
of Johne’s disease, a severe intestinal wasting disease in
cattle. Surveys have shown that up to 41% of U.S. dairy
herds carry the organism. This organism has a high toler-

ance to heat, and some studies have suggested that it may
survive pasteurization conditions used for fluid milk. Simi-
larities between Johne’s disease in cattle and Crohn’s dis-
ease in humans has led researchers to examine the asso-
ciation of this organism with human Crohn’s disease, and
some to postulate that it may be a causative agent of the
disease. The second of the three symposia, the Sympo-
sium on Mycobacterium paratuberculosis: Villain or By-
stander?, brought together leading international experts
to examine the evidence for and against the association of
the organism with human Crohn’s disease, implications
for the future, and future research directions needed to
definitively address the issue.

A primary objective of the ILSI N.A. Technical Com-
mittee on Food Microbiology is to promote improved un-
derstanding of microbial food safety hazards by sponsor-
ing research. The results of research funded by the com-
mittee during its fifth grant cycle (1998–2001) were re-
ported at the last of the three symposia. The research
activities that were previewed at the symposium will be
published in the peer-reviewed scientific literature by the
individual investigators.

ILSI North America is a public, nonprofit foundation
that advances the understanding of scientific issues re-
lated to the nutritional quality and safety of the food sup-
ply. By bringing together scientists from academia, gov-
ernment, industry, and the public sector, ILSI N.A. seeks a
balanced approach to solving problems with broad implica-
tions for the well-being of the general public. The ILSI
N.A. Technical Committee on Food Microbiology was
formed in 1987 to address issues related to microbial food
safety hazards. The committee has funded over two mil-
lion dollars of research on several important foodborne
pathogens and has sponsored numerous scientific meet-
ings in the area of microbial food safety. Since 1993, the
committee has collaborated with IAFP by sponsoring an
annual international symposium series on food microbiol-
ogy. ILSI N.A. and the Technical Committee on Food Mi-
crobiology hope that making the abstracts and extended
abstracts of the presentations in these symposia available
to the public will provide important information to a world-
wide audience and will help stimulate initiatives to improve
the safety of our global food supply.
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The International Commission on Microbiological Specifications for
Foods (ICMSF) Framework for Managing the Safety of Foods
TERRY A. ROBERTS, Food Safety Consultant, 59 Edenham Crescent, Reading RG1 6HU, United Kingdom
(ICMSF member 1978–2000, Chairman 1991–2000)

History
The ICMSF was formed in 1962 through action
by the International Committee on Food Micro-
biology and Hygiene, a committee of the Interna-
tional Union of Microbiological Societies (IUMS).
Through the IUMS, the ICMSF is linked to the
International Union of Biological Societies and the
World Health Organization (WHO) of the United
Nations.

In the 1960s the importance of foodborne
disease was recognized, leading to greatly in-
creased microbiological testing of foods. This cre-
ated unforeseen problems in international trade
in foods because different analytical methods, and
sampling plans of doubtful statistical validity, were
being used. Analytical results were used without
agreed-upon concepts of biological significance
and acceptance criteria, creating confusion and
frustration.

The ICMSF was founded in this environment
to (1) assemble, correlate, and evaluate evidence
about the microbiological safety and quality of
foods, (2) consider whether microbiological cri-
teria would improve and assure the microbiologi-
cal safety of particular foods, (3) propose, where
appropriate, such criteria, and (4) recommend
methods of sampling and examination.

Thirty years later the role of the ICMSF re-
mains to give guidance on (1) appraising and con-
trolling the microbiological safety of foods and (2)
microbiological quality, since this influences con-
sumer acceptance and losses from spoilage.
Meeting these objectives assists international
trade, national control agencies, the food indus-
try, agencies concerned with humanitarian food
distribution, and consumer interests.

Functions
The ICMSF provides scientific information
through extensive study and makes recommen-
dations based on that information without preju-
dice. Results of the studies are published as books,
discussion documents, or refereed papers.  Ma-
jor publications are listed below.

The ICMSF functions as a working party - it
is not a forum for the reading of papers.  Meet-
ings consist largely of discussions in subcommit-
tees, debate to achieve consensus, the editing of
draft materials, and planning activities.  Most work
is done between meetings by the editorial com-
mittee and members, sometimes with the help
of nonmember consultants.

Since 1962, 33 meetings have been held in
17 countries. Commission members often partici-
pate in symposia organized by microbiologists or
public health officials of the host country.

Currently, the membership consists of 15
food microbiologists from 11 countries, with com-
bined professional interests in research, public
health, official food control, education, product and
process development, and quality control. The
scientists come from government laboratories in
public health, agriculture, and food technology,
from universities, and from the food industry. The
ICMSF is also assisted by consultants who are
specialists in particular areas of microbiology that
are critical to the success of the commission. New
members and consultants are selected for their
expertise, and are not national delegates. All work
is voluntary without fees or honoraria.

Three subcommissions (Latin American,
South-East Asian, and Balkan and Danubian) pro-
mote ICMSF activities among food microbiolo-
gists in their regions and facilitate communica-
tion worldwide.

The ICMSF raises its own funds to support
its meetings. Support has been obtained from gov-
ernment agencies, WHO, and the food industry
(more than 80 food companies and agencies in 13
countries). Some funds are received from the sale
of its books.

Projects
The first book published by the ICMSF, initially
published in 1968 and revised in 1978 (ICMSF
1968), fostered comparative and collaborative
evaluation of methods with the objective of achiev-
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ing agreed-upon methods appropriate for use in
international trade. A worldwide program of com-
parative testing of methods resulted in 17 publi-
cations.

The second ICMSF book, published in 1974
and revised in 1986 (ICMSF 1986), recognized
the need for scientifically based sampling plans
for foods in international trade, and explained the
statistical principles underlying attributes of sam-
pling plans. It described two- and three-class sam-
pling plans and introduced the concept of “choice
of case” based on microbiological risk.

The ICMSF’s third publication, a two-volume
monograph on the Microbial Ecology of Foods
(ICMSF 1980a, 1980b), summarized the factors
affecting the growth, death, and survival of mi-
crobes on foods and provided a detailed overview
of the microbiology of 14 commodity groups, iden-
tifying the most common types of spoilage, mi-
crobiological hazards, and their control.

The fourth book (ICMSF 1988) reflected the
commission’s conclusion that HACCP (Hazard
Analysis Critical Control Point) systems, rather
than extensive microbiological testing, offer the
most effective approach to the control of micro-
biological hazards at all stages of the food chain.

Recognizing the need for a quick reference
manual that summarizes individual foodborne dis-
eases and provides a thorough but concise review
of the literature on the growth, survival, and
death responses of foodborne pathogens led to
the development of the fifth book (ICMSF 1996).
The information in that publication has many uses,
including support of the control measures se-
lected for use in food safety systems based on
good hygiene practices (GHP) and HACCP.

A more recent ICMSF publication (ICMSF
1998) updates and extends an earlier publication
(ICMSF 1980b) for 16 commodity areas, describ-
ing the initial microbial flora and the prevalence
of pathogens, the microbiological consequences
of processing, typical spoilage patterns, episodes
implicating those commodities with foodborne
illness, and measures to control pathogens.

An ICMSF book published in 2002 (ICMSF
2002) is based on a 1987 publication (ICMSF
1986), which put the microbiological testing of
foods on a sounder statistical basis through sam-
pling plans that remain useful at a port of entry
when there is no information on the conditions
under which a food has been produced or pro-
cessed. No sampling plan can ensure the absence

of a pathogen in food, and testing foods cannot
guarantee food safety.

The 2002 publication (ICMSF 2002) illus-
trates how systems such as HACCP and GHP pro-
vide greater assurance of safety than does micro-
biological testing, but it also identifies circum-
stances where microbiological testing still plays
a useful role in systems to manage food safety.
The reader is introduced to a structured approach
for managing food safety, including sampling and
microbiological testing. The text outlines how to
meet specific food safety goals for a food or pro-
cess using GHP and HACCP.

The concept of a food safety objective (FSO)
is recommended to industry and control authori-
ties to use in translating “risk” into a definable
goal for establishing food safety management sys-
tems that incorporate the principles of GHP and
HACCP.  FSOs provide the scientific basis for in-
dustry to use in selecting and implementing mea-
sures that control the hazard(s) of concern in
specific foods or food operations, and for control
authorities to use in developing and implement-
ing inspection procedures to assess the adequacy
of control measures adopted by industry and in
quantifying the equivalence of inspection proce-
dures in different countries.

Microbiological testing can be a useful tool
in the management of food safety. However, mi-
crobiological tests should be selected and applied
with awareness of their limitations in addition to
knowledge of their benefits and the purposes for
which they are used. In many instances other
means of assessment are quicker and more ef-
fective.

The need for microbiological testing varies
along the food chain. Points should be selected in
the food chain where information about the mi-
crobiological status of a food will prove most use-
ful for control purposes. Similarly, in a food op-
eration, samples may be collected from different
points of a process for control purposes.

Finally, a framework is provided by which
importing countries can assess whether foods
from other countries have been produced in a
manner that provides a level of protection equiva-
lent to that required for domestically produced
foods. This book (ICMSF 2002) illustrates the
insensitivity of even statistically based sampling
plans, and encourages the use of a rational ap-
proach to microbiological testing in systems that
manage food safety through GHP and HACCP.
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Several new chapters are based on the experi-
ence of the food industry in controlling salmonel-
lae, Listeria monocytogenes, and Escherichia coli
O157:H7, on tightened or investigational sampling,
on microbiological testing of the processing envi-
ronment, and on the use of statistical process con-
trol to detect trends and work toward continuous
improvement.

The book is intended to be useful for anyone
engaged in setting microbiological criteria, be it
for the purpose of governmental food inspection
and control or for use by industry. For students of
food science and technology, it offers a wealth of
information on food safety management and many
references for further study.

The commission believes that its original
objectives are still relevant today. The creation of
the European Union, the many other political
changes occurring throughout the world, the
growth of developing countries seeking export
markets, and the growing trade in foods world-
wide, as evidenced by the passage of the General
Agreement on Tariffs and Trade and the North
American Free Trade Agreement, all point to the
continuing need for independent recommenda-
tions, such as those of the commission. It is es-
sential that import/export policies be established
as uniformly as possible and on a sound scientific
basis.

The commission’s overall goal will continue
to be to enhance the safety of foods moving in
international commerce. The commission will
continue to strive to meet this goal through a com-
bination of educational materials, the promotion
of the adoption of food safety management sys-
tems using microbiological food safety objectives
(i.e., this conference), encouragement of the use
of HACCP and GHP, and the recommendation to
use sampling plans and microbiological criteria
where they have been developed according to
Codex Alimentarius principles and where they
offer increased assurance of microbiological safety.
The future success of the ICMSF will continue to
depend on the efforts of members, support from
consultants who generously volunteer their time,
and those who provide the financial support so
essential to its activities.

Further information, including that on the
ICMSF’s membership, can be found at
www.ICMSF.org

Acknowledgment
This extended abstract is based on information
from an article that appeared in Food Control
1996;7:99–101.
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Assessing Microbial Food Safety Risks and Establishing Food Safety
Objectives
ROBERT L. BUCHANAN, ICMSF and Center for Food Safety and Applied Nutrition, U.S. Food and Drug
Administration, Room 3832, 200 C Street, SW, Washington, D.C. 20204, USA

Foods have a unique place in the minds of con-
sumers worldwide. This reflects the fact that, in
addition to nourishing our bodies, the act of eat-
ing plays a large role in defining our experiences
as individuals, as families, and as part of commu-
nities and regions. Our memories are often tightly
linked with events revolving around meals eaten
at family gatherings or repasts during our travels
or vacations. Foods even play a central role in lit-
erature. For example, the simple act of having
tea and pastries has been the focus of literary en-
deavors that have ranged from the surreal meet-
ing of Alice and the Mad Hatter to the philosophi-
cal pondering of Marcel Proust. Thus, it is not sur-
prising that risks associated with foods are viewed
in a unique manner and are typically considered
separately from the risks associated with life’s
other activities. Foods are produced and con-
sumed with a great deal of care, and most foods
have enviable records in relation to safety. Al-
though no food can be made completely free of
all risks, the food safety systems and control
measures that have been developed by industry
and food control agencies effectively manage pub-
lic health risks to a high degree.

One of the basic concepts underlying the
development of food safety systems is that the
degree of control required in the production, pro-
cessing, distribution, marketing, preparation, and
consumption of a food is proportional to the risk
to public health that would be incurred if control
were not exercised. An assumption underlying
this basic concept is that we are capable of mea-
suring food safety risks. In the case of microbio-
logical food safety concerns, this was typically
done in a qualitative manner, based generally on
expert advice or hazard analyses. It was gener-
ally thought that the microbiological food safety
concerns related to foodborne infectious agents
were too complex to be amenable to the types of
quantitative risk assessments that were increas-
ingly used for chemical food safety concerns over
the past three decades. However, beginning in
the second half of the 1990s, the first “research”
microbial food safety risk assessments began to

be published, followed quickly by increasingly
sophisticated risk assessments by regulatory
bodies and international agencies. Examples of
quantitative microbial food safety risk assess-
ments that have been completed or are currently
underway include Salmonella enteritidis in eggs
and egg products, Salmonella spp. in broilers,
Campylobacter jejuni  in broilers, Vibrio
parahaemolyticus in molluscan shellfish, and Es-
cherichia coli O157:H7 in ground beef.

Different types of microbial risk assessments
can be conducted depending on the specific risk
management questions that are being posed.
Probably the best known are pathogen/product
pathway analyses where a specific pathogen/
product pair is examined in detail. These are typi-
cally done to identify the parameters that con-
tribute to the overall risk or to evaluate the likely
impact of potential intervention strategies. Risk
ranking is another type of risk assessment that is
used to compare the relative risks among differ-
ent foods for a single pathogen, multiple patho-
gens for a single food, or potentially for multiple
pathogens and multiple foods. This type of risk
assessment is generally conducted as a means of
establishing priorities, such as determining which
foods should receive the greatest attention to
decrease the public health impact of a pathogen.
A third type of microbial food safety risk assess-
ment is the “geographical” assessment, which
examines the likelihood of an agent such as Bo-
vine Spongiform Encephalopathy (BSE) entering
a new region. Another type of risk assessment
that could be potentially used in addressing mi-
crobial food safety concerns is risk/risk trade-off
analysis. This type of risk assessment is con-
ducted when an intervention strategy that will be
used to decrease a risk associated with one haz-
ard has its own risks. Examples of this type of
risk assessment are the evaluations that have
been conducted to compare the reduction of risks
from infectious diseases achieved by chlorination
of drinking water versus the increased toxicologi-
cal risks associated with the increased incidence
of chlorinated organic compounds such as chlo-
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roform. This type of risk assessment can be con-
sidered a “risk reduction optimization evaluation”
wherein both risks can be reduced to the lowest
possible extent.

While the rapid emergence of quantitative
microbial food safety risk assessment is dramati-
cally changing the manner in which food-associ-
ated microbial threats to public health are evalu-
ated, it is not a paradigm shift. Instead, it can be
viewed as the next step in the evolution of hazard
evaluations in terms of sophistication and trans-
parency. Through the risk assessment frame-
works that have been recommended by bodies
such as the Codex Alimentarius Committee on
Food Hygiene, the U.S. National Advisory Com-
mittee on Microbiological Criteria for Foods, and
the International Commission on Microbiological
Specification for Foods, the scientific information
pertinent to a microbial food safety concern can
be laid out in a structured manner to determine
what knowledge is available and the uncertainty
associated with that knowledge. Although there
are some dif ferences in the details of the ap-
proaches recommended by these bodies, all of
them divide the process into four segments: (1)
hazard identification (definition of the problem),
(2) exposure assessment (the population expo-
sure to the hazard), (3) hazard characterization
(the relationship between the levels of an agent
and the frequency and severity of adverse public
health effects), and (4) risk characterization (over-
all calculation of risk plus an evaluation of the as-
sociated uncertainty). Simplistically, a quantita-
tive risk assessment can be viewed as a math-
ematical relationship:

R = f(e, dr),
which denotes that risk is a function of the expo-
sure of a population to an agent and the relation-
ship of the level of exposure and the extent of
adverse effects. By conducting the exposure as-
sessment and determining the hazard character-
ization (i.e., the dose-response relationship), it is
possible to measure the risk (i.e., risk character-
ization).

As the degree of sophistication with which
the measurement of food safety risks has advanced
in the past 10 years, there is increasing interest
in how these new capabilities can be harnessed
to address food safety risk management at both
the national and the international level—particu-
larly at the international level. This has been fu-

eled by the issuance of the World Trade
Organization’s “Sanitary and Phytosanitary” and
“Technical Barriers to Trade” agreements, which
have articulated a clear role for risk assessment
and international standards-setting bodies such
as the Codex Alimentarius Commission. One of
the key concepts that has arisen from these in-
ternational agreements is the articulation and
establishment of a nation’s “appropriate level of
protection” (ALOP). In essence, this is the de-
gree to which a country intends to manage a risk—
a challenge that has both scientific and societal
components.

If risk assessment is the process by which a
food safety risk is measured and characterized,
then an ALOP is the decision regarding the level
to which the risk will be managed. Initially there
were concerns raised related to this concept, par-
ticularly in relation to whether this is an articula-
tion of the amount of disease a country is willing
to tolerate in its citizens. However, this is not the
case, because implicit in the concept is the idea
of continual improvement: a countr y always
strives to decrease the disease burden that is at-
tributable to foods. Instead, the concept consid-
ers the reality that any societal endeavor produces
a burden, or “costs,” on that society. Such “costs”
are not limited to economic considerations, but
also include the human, medical, ethical, legal,
and moral ramifications of the selection of a par-
ticular level of risk that will be tolerated by a soci-
ety. Through a combination of scientific and soci-
etal considerations, societies ultimately reach
decisions related to conflicting costs associated
with the control of a hazard. For example, decreas-
ing the stringency of a food control measure will
typically decrease the economic burden in rela-
tion to product costs but at the same time will
increase the burden of human and medical costs.
Thus, the ALOP can be considered the “cost” that
a society is willing to bear to achieve a specific
level of control over a hazard.

ALOPs typically have been described in
terms of a country’s public health goals, gener-
ally stated in units related to the incidence of dis-
ease (e.g., cases per 100,000 population). For
example, in the United States, the government
publishes on a 10-year basis its Healthy People
series, which states the public health goals against
which its public health programs are evaluated.
In the case of the most recent edition, Healthy
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People 2010, examples of goals for foodborne dis-
eases are 12.3, 0.25, 1.0, and 6.8 cases per 100,000
population for Campylobacter, Listeria monocyto-
genes, enterohemorrhagic Escherichia coli, and
Salmonella, respectively. This poses a problem in
terms of implementing food control programs in
that the goals are not in a form that are directly
measurable either by the segment of the food
industry that controls the hazard that contributes
to the public health concern or by the food con-
trol agencies responsible for oversight of indus-
try activities. Typically, they focus on such fea-
tures as the frequency or extent of contamination
of a food with a specific microbiological hazard,
not on the incidence of a specific disease. Thus,
the challenge is to convert an ALOP into a value
that can be controlled by the food industry.

During the past several years the Interna-
tional Commission on Microbiological Specifica-
tions for Foods and other international and na-
tional bodies have been exploring the potential
use of food safety objectives (FSOs) as a means
of bridging the gap between a country’s ALOP
and the performance and process standards that
a company would use in its HACCP program. The
definition of a food safety objective currently used
by the Codex Alimentarius Commission is: “the
maximum frequency and/or concentration of a
hazard in a food at the time of consumption that
provides the appropriate level of protection.”
Thus, an FSO can be viewed as the maximum level
of a hazard that can occur in a specific food that is
considered to meet the level of stringency needed
to achieve a country’s stated public health goal.
The key to developing this stringency measure
is the ability to relate, via a risk assessment pro-
cess, the relationship between the level of a
population’s exposure to a hazard and the inci-
dence of disease in a population. The following
are hypothetical examples of FSOs:
• The amount of staphylococcal enterotoxin in

cheese must not exceed 1 µg/100g.
• The frequency of S. enteritidis in eggs can-

not exceed 1 egg/100,000.
• The concentration of aflatoxin B1 in peanuts

is not to exceed 15 µg/kg.
• The concentration of salmonellae in pow-

dered milk is less than 1 CFU/100 g.
From these examples, it is apparent that an

FSO has three components: the hazard, the food,
and the maximum level or frequency. Whenever

possible, an FSO should be quantitative and veri-
fiable. This does not mean, however, that FSOs
must be verifiable by microbiological testing. For
example, an FSO for low-acid canned foods might
be that the “the probability of a viable spore of
Clostridium botulinum is less than 0.000000000001
per can of low-acid canned food.” This is clearly a
goal that could not be verified by microbiological
testing; however, it could be verified by physical
means using well-established relationships be-
tween the extent of heating and the thermal de-
struction of the C. botulinum spores. Although
FSOs appear to be microbiological criteria, it is
important to recognize that they are distinctly
different: an FSO is a measure on which a micro-
biological criterion should be based. Put simply,
a microbiological criterion is highly dependent on
the methodologies employed, the sampling plans
selected, and the variability in results that have
to be accounted for in a microbiological criterion,
whereas an FSO is a value based on relating a
measure of exposure to an ALOP. Thus, a micro-
biological criterion is a further translation of an
FSO and would typically have to be more strin-
gent than the FSO to ensure that the FSO is not
exceeded.

The establishment of an FSO is not that dis-
similar to current processes for establishing lev-
els of stringency for a food control system, ex-
cept that an FSO relies more extensively on a for-
mal assessment of risk, particularly the hazard
characterization phase of a risk assessment in
which the relationship between the incidence of
disease and the frequency and extent of contami-
nation with the microbiological agent is derived.
However, unlike acute chemical toxicants where
a threshold value can deduced, the risks associ-
ated with foodborne pathogens seldom reach a
notional zero value. Thus, a decision must be
reached concerning an ALOP in order to estab-
lish the degree of stringency that will need to be
adopted in the manufacture of a food. On a na-
tional basis, this is typically the responsibility of
a food control agency, although procedures are
often established to ensure that the facts and
opinions of various stakeholders are considered
in reaching the final decision. For example, in the
United States the establishment of a new food
safety regulation involves the development of a
proposal followed by a formal public comment
period. On an international basis, the development
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of FSOs would typically fall to a standards-setting
body such as the Codex Alimentarius Commis-
sion or would be handled through bilateral or
multilateral agreements among nations.

A strong consideration in establishing an FSO
is that it must be technologically feasible, because
an infeasible FSO is not likely to be “enforced.”
This is not to say that every current manufacturer
of a food must currently be capable of meeting an
FSO. In fact, an FSO can be a highly effective tool
for increasing overall food safety effectiveness in
an industry by providing a food safety goal that
the poorer performers in an industry, along with
the better performers, are expected to achieve.

If a newly proposed FSO appears to be tech-
nologically feasible, the next step is its implemen-
tation by industry. However, if the FSO is found
to be technologically infeasible during the imple-
mentation process, the food control agency is
faced with the options of considering a less strin-
gent FSO, a close alternative product substitution
(e.g., pasteurized versus nonpasteurized milk),
or a ban if the product affected by the FSO is in-
herently dangerous to health. Examples of the
latter option are rare.

An important feature of FSOs is the fact that
they are based on the frequency and/or extent of
contamination at the time of consumption. This
location in the food chain was selected because it
allows the levels of a microbial hazard to be di-
rectly related to the ALOP. In many instances,
however, the control of the agent occurs earlier
in the food chain where the specific target may
be different from the goal of the FSO. For ex-
ample, the maximum extent of a contaminant at
the time of manufacture of a ready-to-eat food
might have to be substantially below the FSO if
the food supports the growth of the pathogen of
concern between the time of manufacture and the
time of consumption. The goal that would have to
be achieved at the time of manufacture to meet
the FSO would be considered a performance cri-

terion. It is anticipated that both FSOs and per-
formance criteria would be needed in many in-
stances to establish effective quantitative manage-
ment of microbial food safety risks.

One of the underlying goals of an FSO is to
make food safety risk management decisions in a
manner that directly relates the level of control
to the level of public health protection that will
be achieved. Of necessity, this is an information-
intensive process.  However, it provides several
distinct advantages, such as a high degree of trans-
parency, the effective use of scientific informa-
tion, and the articulation of clear public health/
food safety goals. FSOs also have strong poten-
tial in resolving concerns regarding equivalence
among food safety risk management options and
systems, both nationally and internationally. The
most obvious application would be in the area of
evaluating and assuring the equivalence of food
produced under different HACCP plans. FSOs
would provide flexibility in approaches employed
while providing a clear articulation of the “bot-
tom line” performance that needs to be achieved
by all manufacturers. While the fact that FSOs
are based on a consideration of specific hazard/
food combinations that would have to be inte-
grated to consider the overall equivalence of en-
tire food safety systems, the use of FSOs has clear
advantages in that they are directly related to a
nation’s stated public health goals.

In summary, the concept of food safety ob-
jectives is increasingly viewed as a means of es-
tablishing a clear bridge between the articulation
of food safety public health goals and the devel-
opment of performance criteria that provide the
level of control needed to achieve those goals.
Furthermore, this risk assessment–based ap-
proach to establishing the stringency of food con-
trol systems provides a means of increasing the
transparency of decision making and uses the best
available science in the decision-making process.
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On-the-Line: Performance, Product, and Process Criteria
MARTIN B. COLE, ICMSF and Food Science Australia, P.O. Box 52, North Ryde, New South Wales 1670,
Australia

Establishing Control Measures to Meet a
Food Safety Objective
From the information provided in a food safety
objective (FSO), regulatory authorities and food
operators can select appropriate control measures
to achieve the intended safe level of pathogens.
A control measure is any action and activity that
can be used to prevent or eliminate a food safety haz-
ard or reduce it to an acceptable level. One or more
control measures may be necessary at each stage
along the food chain to ensure that a food is safe
when consumed. In the design of control mea-
sures it is necessary to establish what needs to
be achieved (the performance criterion) and how
it will be achieved (the process and product crite-
ria).

Control measures should be established ac-
cording to good hygiene practices (GHP) and
Hazard Analysis Critical Control Point (HACCP).
They generally fall into three categories:

Controlling Initial Levels
• Avoiding foods with a history of contamina-

tion or toxicity (e.g., raw milk, raw mollus-
can shellfish harvested under certain condi-
tions).

• Selecting ingredients (e.g., pasteurized liq-
uid eggs or milk).

• Using microbiological testing and criteria to
reject unacceptable ingredients or products.

Preventing the Increase of Levels
• Preventing contamination (e.g., adopting

GHP to minimize contamination during
slaughter, separating raw from cooked ready-
to-eat foods, implementing employee prac-
tices that minimize contamination, using
aseptic filling techniques).

• Preventing the growth of pathogens (e.g.,
chilling and holding temperatures, pH, wa-
ter activity [aw], preservatives).

Reducing Levels
• Destroying pathogens (e.g., freezing to kill

certain parasites, disinfectants, pasteuriza-
tion, irradiation).

• Removing pathogens (e.g., washing, ultrafil-
tration, centrifugation).

Performance, Process, and Product Criteria
In the design and control of food operations, it is
necessary to consider pathogen contamination,
destruction, survival, growth, and possible recon-
tamination. Consideration should also be given to
subsequent conditions to which the food is likely
to be exposed, including further processing and
potential abuse (time, temperature, cross-con-
tamination) during storage, distribution, and
preparation for use. The ability of those who con-
trol foods at each stage in the food chain to pre-
vent, eliminate, or reduce food safety hazards var-
ies with the type of food and the effectiveness of
available technology.

A performance criterion is the required out-
come of one or more control measures at a step
or combination of steps that contribute to assur-
ing the safety of a food. When establishing per-
formance criteria, one must take into account the
initial levels of the hazard and changes of the haz-
ard during production, processing, distribution,
storage, preparation, and use. A performance cri-
terion is preferably less than, but at least equal
to, the FSO and can be expressed by the follow-
ing equation:

H0 - ΣR + ΣI ≤ FSO, (1)

where FSO = the food safety objective, H0  = the
initial level of the hazard, ΣR = the total (cumula-
tive) reduction of the hazard, and ΣI = the total
(cumulative) increase of the hazard. (FSO, H0, R,
and I are expressed in log10 units.)

These criteria are usually not established for
control measures that involve the avoidance of
certain foods or ingredients, although they may
be applied to ensure that the initial levels of haz-
ards in ingredients are not excessive. Microbio-
logical testing may thus be used to select ingre-
dients or to obtain information on the initial level
of a hazard.

This systematic approach can provide the
framework for the validation of control measures
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and the establishment of verification activities for
use by food operators and control authorities. The
application of processes validated to achieve speci-
fied performance criteria is more reliable for en-
suring food safety than are attempts to rely on
the microbiological testing of foods to separate
“safe” from “unsafe” foods.

An example of a performance criterion is a
6D kill of salmonellae when cooking ground beef
or <15% contamination of freshly slaughtered
broilers with Salmonella. It should be noted that
a performance criterion specifying the frequency
and/or concentration of a pathogen is identical to
the “acceptable level” to be achieved at a Critical
Control Point (CCP).  A CCP is defined as “a step
at which control can be applied and is essential to
prevent or eliminate a food safety hazard or re-
duce it to an acceptable level.”

Process criteria are the control parameters
(e.g., time, temperature, pH, aw) at a step, or com-
bination of steps, that can be applied to achieve a
performance criterion. For example, the control
parameters for milk pasteurization in the United
States are 71.7oC for 15 seconds (Food and Drug
Administration 1997). This combination of tem-
perature and time assures the destruction of Cox-
iella burnetii, as well as other non-spore-forming
pathogens that are known to occur in raw milk.
Process criteria are identical to critical limits when
the control point is a CCP in a HACCP plan.

Product criteria consist of parameters that
are used to prevent unacceptable multiplication
of microorganisms in foods. Microbial growth is
dependent on the composition and “environment”
in the food. Consequently, pH, aw, temperature,
gas atmosphere, etc., have an influence on the
safety of particular foods where those factors are
the main reasons for microbiological safety. For
example, it may be necessary for a food to have a
certain pH (e.g., pH 4.6 or below) or an aw (e.g.,
0.86 or below) to ensure that it will meet an FSO
for a pathogen for which growth in the product
must be limited (e.g., Clostridium botulinum,
Staphylcoccus aureus, or Listeria monocytogenes).

The Use of Microbiological Sampling and
Performance Criteria
Increasingly, it is realized that food safety man-
agement systems based on preventing hazards
through GHP and HACCP are much more effec-
tive in ensuring safe foods than is end-product
testing.

Two uses for microbiological criteria can be
identified: (1) to validate that control measures
meet performance criteria and (2) to determine
the acceptability of a food when more effective
means of providing such assurance of safety are
not available, i.e., in the absence of knowledge
that GHP and HACCP have been properly applied.

Different control measures or options can be
applied in manufacturing safe foods to meet an
FSO. The equivalence of these measures, in com-
parison to an established performance criterion,
needs, however, to be established. For a number
of processes and products, this can be expressed
in terms of the frequency or the concentration of
a microbiological hazard in a food. Traditionally,
the performance of sampling plans and microbio-
logical criteria has been expressed in terms of
“defect rate.” The proportion of defective samples
can be established by using the distribution of
bacteria for relating the performance of attribute
plans (i.e., plans based on a positive or negative
result) to the concentration of a hazard (Foster
1971, Legan et al. 2000). Homogeneous distribu-
tion or random sampling has to be assumed.

For example, given below is the number of
25-g samples that would be needed and that
tested negative to be able to conclude (with a
probability of 95%) that the concentration of or-
ganisms per grams of food was at a given level or
below:

13 × 25 g negative corresponds to <1 cell/125g,
29 × 25 g negative corresponds to <1 cell/250g,

and
60 × 25 g negative corresponds to <1 cell/500g.

With this approach, microbiological testing
can be used to ensure that the concentration of
the hazard (H0) in an ingredient does not exceed
a given concentration (assuming a homogeneous
distribution or random sampling). In this way a
microbiological criterion can be used as a control
measure to help meet a performance criterion.

Validation of Control Measures
Validation in the context of this paper means the
process of ensuring that a defined set of control
measures achieves appropriate control over a
specific hazard(s) in a specific food(s).

Validation of a defined set of control measures
requires that their ef fectiveness be measured
against an expected outcome in controlling a haz-
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ard, normally expressed in terms of a performance
criterion (e.g., a 5-log reduction in the level of a
pathogen, i.e., a specific incidence reduction of a
pathogen in a product). Thus, control measures
should be validated to prove that they meet es-
tablished performance criteria for controlling a
specific hazard(s) in a food(s) in order to meet a
given FSO.

Validation can include the use of laboratory
data in the form of predictive microbial models
and challenge tests, the use of data collected dur-
ing normal processing in the food operation, com-
parison with similar processes/products, as well
as the use of other expert knowledge.

Example
The following example is taken from an ICMSF
publication (ICMSF 2002) and is concerned with
the risk of Escherichia coli O157:H7 and similar
enteric foodborne pathogens in fermented sau-
sages.

In December 1994, an outbreak of foodborne
illness caused by E. coli O157:H7 in a fermented
sausage product occurred on the West Coast of
the United States. In response, the U.S. Depart-
ment of Agriculture established a requirement
that all manufacturers use processes that control
the risk of illness from E. coli O157:H7. In this
case, the agency proposed a performance crite-
rion (i.e., 5D kill of E. coli O157:H7) and left it to
industry to decide how to satisfy the criterion and
still produce products of acceptable quality. The
agency’s proposal of a 5D kill was based on very
limited evidence suggesting that up to 1000 E.
coli O157:H7/g could occur in the raw meat used
for processing. Industry-sponsored research led
to five options that were accepted by the agency
(Nickelson et al. 1996):
1. Apply an existing approved heat treatment

as specified in former USDA regulation 9
CFR 318.17 (i.e., heating to an internal tem-
perature of 62.8°C for 4 minutes or to a lower
temperature for such time as required to
obtain an equivalent level of safety).

2. Apply a process that is validated by research
to cause a 5D kill of E. coli O157:H7 before
the product is released for distribution.

3. Combine raw material testing with a process
that is validated by research to cause a 2D
kill of E. coli O157:H7 before the product is
released for shipment. The sample proce-

dure must ensure that the level of E. coli
O157:H7 in the raw sausage blend does not
exceed 1/g. One such sampling procedure
could consist of analyzing 15 samples (25 g
each) collected at the time the meat blend
is stuffed into the casings.

4. Apply a hold-and-test program for the fin-
ished product before distribution. Products
intended to be heated before serving (e.g.,
pepperoni for pizza) would be sampled at a
rate of 15 samples per lot. Products normally
consumed without heating before serving
(e.g., salami) would be sampled at a rate of
30 samples per lot. An analytical unit of 25 g
for each sample tested would be used.

5. To allow for new technology or ideas, this
option permits the use of alternative pro-
cesses that would provide the equivalent of
a 5D reduction
All of the options are intended to ensure that

the level of E. coli O157:H7 is 1 cell/100 g or less
when the products are released for distribution.
The agency considered that this, at the time, pro-
vided an acceptable level of consumer protection
for this class of product. The five options include
process criteria, performance criteria, and micro-
biological criteria. Options 1 and 2 assume an ini-
tial level of 1000 E. coli O157:H7/g in the raw
sausage blend. The process criterion for option 1
(heating to an internal temperature of 62.8oC and
holding for 4 minutes) is derived from an existing
regulation for roast beef and is based on research
data demonstrating a 5D kill of salmonellae and
E. coli O157:H7 in beef. The 4-minute hold time
was an added requirement, since the roast beef
regulation does not require a hold time at 62.8oC.
Processors choosing this option would not take
advantage of the faster rate of kill that would oc-
cur with the reduced pH of a fermented product.
The performance criterion in option 2 specifies a
5D kill of E. coli O157:H7. To satisfy this option,
the processing plant must have on file, and avail-
able for review, research data validating that the
process being used will achieve a 5D kill. The
validation research must have been developed
with a protocol approved by the USDA.

Option 3 incorporates both a reduction step
and an elimination step based on microbiological
criteria. It involves a performance criterion of a
2D kill, in combination with obtaining a microbio-
logical negative result (Foster 1971). Although
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this may be a prudent sampling plan for some
operations, this level of sampling exceeds by ap-
proximately 100-fold the detection level required
in option 3.

Option 4 establishes microbiological crite-
ria for finished product and assumes no prior
knowledge of the level of E. coli O157:H7 in the
raw sausage blend or the lethality of the process.
Reliance is placed solely on the use of a sampling
plan that may detect E. coli O157:H7 if it is present
in the finished product. The sampling plans are
based on an ICMSF recommendation (in book 2
[ICMSF 1986]) and an assignment of E. coli
O157:H7 to cases 13 and 14 for pepperoni and
salami, respectively. Case 13 involves n = 15 and
c = 0. Case 14 involves n = 30 and c = 0. A negative
result with 15 25-g samples (375 g total) provides
a 95% probability of no more than 1 cell/125 g. A
negative result with 30 25-g samples (750 g to-

tal) provides a 95% probability of no more than 1
cell/250 g (Foster 1971).
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Use and Misuse of Microbiological Criteria for Foods
MICHIEL van SCHOTHORST, Secretary, ICMSF; Wageningen University, The Netherlands; and Nestlé,
Avenue Nestlé 55, Vevey, CH-1800, Switzerland

Microbiological criteria are used in the manage-
ment of food safety. They are used, for example,
in the inspection of imported or locally produced
foods, in HACCP verification, and in trade agree-
ments between commercial partners. The terms
used for the various criteria differ according to
their purpose. For instance, in the examination
of consignments of raw materials and end prod-
ucts, they are called “acceptance criteria.” In pro-
duction, microbiological limits that are used to
express the outcome of a certain processing step
are often called “performance criteria.” In the
context of Codex (Codex Alimentarius Commis-
sion 1997), “microbiological criterion” has a spe-
cific meaning that will be explained below. Food
safety objectives (FSOs) differ from microbiologi-
cal criteria in many respects, although they also
may express the number of microorganisms per
unit or mass of a food product.

Microbiological Criteria According to Codex
Codex defines a microbiological criterion as “the
acceptability of a product or a food lot, based on
the absence or presence or number of microor-
ganisms including parasites, and/or quantity of
their toxins/metabolites, per unit(s) of mass, vol-
ume, area or lot.” In the establishment of micro-
biological criteria, consideration should be given
to the following:
• Evidence of actual or potential hazards to health.

This could be, for instance, the outcome of a
risk assessment or epidemiological evidence
that a certain microorganism in the food for
which the criterion has to be established was
implicated in a foodborne disease outbreak.

• Microbiology of raw materials. This is the H0
value, which can be found in the FSO equa-
tion H0 + ΣR + ΣI ≤ FSO.

• Effect of processing. The various effects of pro-
cessing and food preparation are designated
in the FSO equation as ΣR.

• Likelihood and consequences of contamination
and growth during handling, storage, and use.
This reflects the ΣI from the FSO equation.

• The category(ies) of consumers at risk. The very
young, the very old, the diseased, and the

immunocompromised are more sensitive to
many foodborne pathogens than others are.
This difference may also be reflected in the
outcome of a risk assessment.

• The cost-benefit ratio associated with the appli-
cation of the criterion. Codex recognizes that
resources are limited and should be used
efficiently.

• The intended use of the food. Food products
for export may need to be treated differently
(often because of a longer and more compli-
cated transport and distribution chain) than
foods for the local market.
According to Codex, a microbiological crite-

rion should state the food and the point in the
food chain at which it applies and any actions to
be taken if the criterion is not met.  Additionally,
the following components of a microbiological
criterion are listed:
• microorganisms and reasons for concern,
• analytical methods to be used,
• sampling plan and size of analytical units,
• microbiological limit, and
• numbers of units to be in conformity.
The sampling plans should take into account:
• risks to public health associated with the

hazard,
• the susceptibility of the target group of con-

sumers, and
• the acceptable quality level and the desired

statistical probability of accepting a noncon-
forming lot,
Codex does not give further guidance on how

sampling plans should be established, other than
reference to the ICMSF book 2 (ICMSF 1986).
The first part of that book, dealing with the sub-
ject of sampling, is being revised and will be pub-
lished as book 7 in the series Microorganisms in
Foods (ICMSF 2002).

Sampling Plans
The ICMSF describes three categories of hazards:
moderate, serious, and severe. Three food-han-
dling conditions are also distinguished: those that
result in a decrease in the hazard level, those
where no change will occur, and those that may



Moving Beyond HACCP: Food Safety Objectives 15

lead to an increase of the hazard level. Examples
of moderate hazards are Bacillus cereus and Sta-
phylococcus aureus enterotoxin; examples of seri-
ous hazards are Salmonella serovars and Listeria
monocytogenes; and examples of severe hazards
are Escherichia coli O157:H7 and Vibrio cholerae
O1. When the three categories of hazards and
the three handling conditions are combined, nine
so-called cases, numbered 7 to 15, are obtained.
The risk from eating certain foods obviously in-
creases from “case 7” (moderate hazard/decrease
in hazard level) to “case 15” (severe hazard/in-
crease in hazard level). The ICMSF has proposed
sampling plans that increase in stringency with
increased risk.

Statistical calculations can be used to express
the likelihood of accepting or rejecting a consign-
ment of food based on various sampling schemes.
For example, when 10 units of a milk powder lot
containing 40,000 units, each of 250 g, are exam-
ined, and when 25-g samples from the 250-g units
are tested without finding one Salmonella-positive
sample, there is a 35% probability that lots con-
taining up to 4,000 contaminated units are ac-
cepted. Statistical interpretation of test results is
valid only when samples are randomly taken or
when there is a homogeneous distribution of the
microorganism throughout the lot, which is of-
ten not the case. This example clearly demon-
strates that microbiological testing alone is not
an adequate tool in food safety management. More
efficient tools are good manufacturing practices
(GMP) and HACCP programs.

The Selection of Microbiological Criteria in
Relation to FSOs
FSOs are concerned with the level of a hazard at
the moment of consumption. Microbiological test-
ing is not normally applied at this point in the food
production chain.  Microbiological criteria are of-
ten based on what can be achieved during food
production/processing and are expressed as per-
formance criteria.

A further distinction is that many FSOs can-
not be measured microbiologically, particularly
when production includes a step intended to kill
(reduce, inactivate) the hazard. Examples include
the level of Salmonella in milk powders and pas-
teurized meat products. In such circumstances,
indicator microorganisms may be used as part of
a microbiological criterion to check the likelihood

that an FSO is met. An indicator should detect
unacceptable survival, recontamination, or growth
of the hazard. The indicator should have the same,
or very similar, heat resistance, growth charac-
teristics, etc., as the pathogen of concern. It must
be emphasized that using an indicator can never
be relied upon as a “proof” that the pathogen of
concern is absent. Tests for “Enterobacteriaceae”
in the examination of pasteurized egg products
have proved reliable when the testing limit was
based on a performance criterion. Useful indica-
tors are not always available, for instance, in the
case of Clostridium botulinum in canned meat prod-
ucts (where the level of the hazard is too low to
be determined); in this case a microbiological cri-
terion cannot be established.

Sometimes an FSO is measurable microbio-
logically; e.g., the FSO suggested for
L. monocytogenes is <100/g at the moment of con-
sumption. The ICMSF has published sampling
plans (ICMSF 1994) based on this FSO, which
are currently under discussion by the Codex
Alimentarius Food Hygiene Committee. For ex-
ample, when a product has been adequately
heated before consumption, no testing is advised.
When an increase in a hazard may be expected,
analysis of 20 samples is proposed, none of which
should contain ³100/g or mL at the moment of
consumption. Because such an examination will
be made before the expiry date, a lower number
of L. monocytogenes per gram needs to be estab-
lished as a microbiological limit. That number can
be based on product-specific growth data obtained
from the manufacturer or on more general growth
data obtained from microbiological models. When
Listeria spp. cannot grow in a product, such as in
ice cream, it is proposed that 10 samples be ex-
amined, none of which should contain ³100/g.
Because there is no change in numbers between
manufacture and consumption, this microbiologi-
cal criterion could also be the performance crite-
rion.

In many instances, microbiological criteria
will not have any mathematical relationship with
FSOs. This is due partly to the differences in pur-
pose. An FSO is an objective that should give suf-
ficient consumer protection, but is not designed
for testing. Microbiological criteria, on the other
hand, are intended to give guidance for testing.
They should confirm that GMP and HACCP are
properly established and applied.
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Examples of the Use and Misuse of Micro-
biological Criteria
FSOs are a new concept and, to our knowledge,
have not yet been applied officially.  Microbiologi-
cal criteria have been used in commerce for many
decades. The first Codex document on the sub-
ject of microbiological criteria was elaborated in
1977. However, the principles described have
rarely been applied. Microbiological criteria are
not always used correctly. For example, they are
used to ensure food safety or to provide evidence
of food safety (due diligence), they are used at
the wrong point in the food chain, “zero tolerance”
criteria have been established, quality criteria are
used as “nontariff” barriers, etc.

The correct use of mandatory microbiologi-
cal criteria are clearly described in a Codex docu-
ment (CAC 1997): “They shall apply to those prod-

ucts and/or points of the food chain where no
other more effective tools are available, and where
they are expected to improve the degree of pro-
tection to the consumer.”
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Applying ICMSF Processes for Foods
R. BRUCE TOMPKIN, Vice President of Food Safety, ConAgra Refrigerated Prepared Foods, 3131
Woodcreek Drive, Downers Grove, Illinois 60515, USA

For decades, microbiological criteria have been
used as a means to assess food operations and
the safety of foods. When the number of microbes
of concern or the proportion of defective units is
high, microbiological testing can be an effective
means of detecting unacceptable product. How-
ever, in many modern food operations where the
prevalence and concentration of pathogens are
very low, microbiological testing is a weak, unre-
liable means to detect unacceptable lots of food
and to assess food operations. For example, in
operations that produce a contaminated food with
a prevalence rate of 0.5%, there is a 61% probabil-
ity of accepting a positive lot even though 100
samples are analyzed. In addition, testing prod-
uct is of limited value for assessing food opera-
tions because this provides only a snapshot and
little, or no, confidence for what may be produced
over an extended period of time. These weak-
nesses pointed to the need for a new approach to
assess control and ensure food safety.

The International Commission on Microbio-
logical Specifications for Foods (ICMSF) con-
cluded that a more effective approach would be
to strengthen food safety systems through the
application of good hygiene practices (GHP) and

HACCP (Hazard Analysis Critical Control Point).
To confirm the effectiveness of that approach, an
objective is needed to define the necessary level
of control. Ideally, this objective should be linked
to specific public health goals (e.g., level of con-
sumer protection). These considerations led to
the food safety objective (FSO), a new concept
that can offer significant advantages over the test-
ing of individual lots of food.

FSOs are statements of the maximum fre-
quency or concentration of a microbiological haz-
ard in a food. In practice, FSOs are realized
through the use of GHP and HACCP. This may
lead to the development of performance criteria
that specify the expected level of control at one
or more steps in the food chain that may be nec-
essary to meet an FSO. FSOs and performance
criteria provide the basis for review of food op-
erations by regulatory agencies and other audi-
tors. They also can be used by food operators to
validate that their operations will meet an FSO.
This approach shifts the decision to accept or re-
ject individual lots of food to an assessment of
whether the control measures adopted are ad-
equate to meet the FSO and, thus, provide the
desired level of consumer protection.
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What Is a Food Safety Objective, and How Do FSOs Relate to Public
Health Objectives?
R. BRUCE TOMPKIN, Vice President of Food Safety, ConAgra Refrigerated Prepared Foods, 3131
Woodcreek Drive, Downers Grove, Illinois 60515, USA

Risk managers in government and industry share
the common goal of providing consumers with
safe, wholesome foods. National food safety goals,
however, are a responsibility of governments and
are established by risk managers in federal agen-
cies following input from all affected stakehold-
ers. Food safety goals are expressed in terms of
the risk that a society regards as tolerable in the
context of, and in comparison with, other relevant
risks in everyday life (i.e., the tolerable level of
risk, or TLR). Other factors that must be consid-
ered are the public health impact of the hazard,
technological feasibility of controlling the hazard,
consumer willingness give up their freedom of
choice (e.g., rare hamburger, soft egg yolk), and
economic implications (e.g., higher food prices).

The TLR can be expressed as the number of
illnesses occurring because of a certain micro-
bial hazard per 100,000 population per year. A
hypothetical example could be 0.5 cases of list-
eriosis per 100,000 population per year. Although
deciding on a TLR is a societal issue, sound scien-
tific principles should underline the evaluation of
risk. Thus, epidemiologic data to document the
role of specific foods and the conditions leading
to foodborne illness are essential. This informa-
tion along with other scientific data can be used
in qualitative or quantitative risk assessments to
guide risk managers as they consider establish-
ing an appropriate TLR.

An effective surveillance system is a key
component of this process. Comprehensive sur-
veillance systems may include different means
to monitor and report the incidence of foodborne
diseases, such as passive notification systems,
active surveillance systems, case-control studies,
outbreak investigations, and sentinel studies.

None of these systems alone can yield all of
the data necessary for a risk assessment, and
some (e.g., passive notification systems) often fail
to identify food as a source. Passive notification
systems follow trends in disease and can be use-
ful for measuring the impact of changes in tech-
nology, preventive measures, and regulatory poli-
cies. Another approach is through active surveil-

lance systems such as EnterNet or FoodNet.
EnterNet is being used to more accurately deter-
mine the incidence of salmonellosis and infections
caused by E. coli O157 in Europe and to identify
outbreaks in Europe from a common food source.
The U.S. surveillance program, FoodNet, is an
active, sentinel site program that collects weekly
updates on gastroenteritis and listeriosis from cli-
nicians in certain regions of the country. Isolates
of selected pathogens are compared for common-
ality to identify outbreaks stemming from a com-
mon food source.

Data on foodborne disease is also collected
through case-control studies by interviewing pa-
tients to learn their food consumption history and
to identify food sources. In parallel, a number of
individuals are selected to serve as controls. This
methodology has been used to identify not only
the foods that may be involved, but also risk fac-
tors that the patients may share and that may
explain increased susceptibility to the disease.
Case-control studies are useful for identifying
pathogen-food combinations where it has been
difficult to isolate the causative organism from the
food source or the role of foods in diseases with
long incubation times before onset of symptoms
(e.g., listeriosis).

Case-control studies can also be used to help
identify the source(s) of sporadic cases of
foodborne illness and the factors that contribute
to their frequency. Different sources may be more
important in sporadic cases than in outbreaks.
The identity of the food source and conditions
leading to foodborne illness may also be deter-
mined through epidemiologic investigations of
outbreaks.

Sentinel studies monitor selected health
events in a group of persons representative of the
whole population. Laboratory testing may be lim-
ited or may include, for example, examination of
all fecal samples for a range of pathogens.

In addition to epidemiologic data, informa-
tion is necessary about the food(s), how they re-
late to the food chain, and why they may be a
source of disease. Collectively, this information
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is used to establish a TLR. In some cases, the
TLR may be expressed simply as the number of
cases/100,000 population per year, and the TLR
also may specify a food or food group (e.g., Sal-
monella enteritidis from eggs).

Food operators cannot use a public health
goal or a TLR to design and control processing
conditions to prevent, eliminate, or reduce a mi-
crobiological hazard. For this and other reasons,
the ICMSF has proposed the use of a food safety
objective (FSO) to enable risk managers to com-
municate to industry and trade partners precise
food safety goals. An FSO is the maximum fre-
quency and/or concentration of a pathogen, toxin,
or metabolite in a food considered tolerable for
consumer protection. FSOs are typically expres-
sions of concentrations of microorganisms or tox-
ins at the moment of consumption. FSOs, along
with performance criteria, define the level of con-
trol expected of a food establishment’s food safety
management system. In practice, FSOs and per-
formance criteria are realized through the appli-
cation of the establishment’s prerequisite pro-
grams and the HACCP system.

Ideally, a TLR would be linked through the
risk assessment process to an FSO so that if the
FSO is met, the anticipated TLR also will be met.
It is highly questionable, however, that the data
available for risk assessments are adequate and

accurate enough to permit such a relationship. In
addition, the process of establishing an FSO also
should be transparent, based on technological fea-
sibility and other scientific criteria and with input
from all affected stakeholders. This could influ-
ence the FSO that is adopted and its relationship
to the TLR, thus requiring reconsideration of the
TLR. The relationship may be more direct for
certain pathogen-food combinations. For example,
a TLR for foodborne botulism linked to an FSO
for the control of Clostridium botulinum in low-
acid canned foods would be more likely than a
TLR for listeriosis linked to an FSO for the con-
trol of L. monocytogenes in either dairy or meat
products. These issues must be resolved through
experience and application of the concepts.

In the meantime, the FSO concept offers a
new management tool to address new, emerging
food safety concerns. Depending on the urgency
of the situation, the hazard, and the available
knowledge of the factors that lead to a foodborne
illness, an interim FSO may be established based
on advice from an expert panel or following a risk
assessment. The FSO is intended to lead to the
adoption of control measures to prevent, elimi-
nate, or reduce the risk. As more information
becomes available, the FSO can be adjusted to
fur ther enhance the safety of the implicated
food(s).
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What Role Should Food Safety Objectives Play in the U.S. Food Industry,
and How Will They Affect the Way Industry Does HACCP?
DON L. ZINK, Future Beef Operations, LLC, Suite 325, 19751 East Mainstreet, Parker, Colorado 80138,
USA

A food safety management system incorporating
good manufacturing practices and HACCP (Haz-
ard Analysis Critical Control Point) is now widely
accepted as the preferred system for controlling
food safety risks. However, a HACCP system can-
not be credible or effective unless it is designed
to meet specific food safety goals. A current weak-
ness of many HACCP plans is that the level of
control needed is not known with certainty.

Scientifically sound food safety goals, or food
safety objectives (FSOs), provide a common ba-
sis for the food industry to use in developing and
implementing control measures, for regulatory
agencies to use in assessing the adequacy of these
control measures, and for use in determining the
equivalence of control measures applied in other
countries. The safety of low-acid canned foods is
an example of how a well-defined FSO combined
with scientifically sound and effective control
measures can virtually eliminate a food safety
hazard.

The food industry urgently needs FSOs to
drive the development of improved hazard con-
trol measures. FSOs will have the greatest im-
pact on HACCP systems that do not have at least
one control process that eliminates a hazard. In
many cases, particularly for unprocessed foods,
the industry must rely on a combination of par-
tially effective control processes. FSOs will de-
termine the required effectiveness of these con-
trol processes and allow industry to implement
the most effective combination of controls. Finally,
the food industry will be able to establish accep-
tance criteria based on a public health goal. This
will provide an important rational basis for con-
trol and allows the consequences of failure to be
seen in public health terms. The result will be
better HACCP plans and more effective control
measures.
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An International Perspective on Food Safety Objectives
STEPHEN C. HATHAWAY, Food Assurance Authority, Ministry of Agriculture and Forestry, P.O. Box 646,
Gisborne, New Zealand

International Trade
After many years of good hygienic practices by
the food industry, the introduction of HACCP prin-
ciples and risk assessment in the last decade has
resulted in fundamental changes in the design of
food control programs and the roles of the vari-
ous stakeholders. For foods in international trade,
the World Trade Organization Sanitar y and
Phytosanitary (WTO SPS) Agreement has argu-
ably been the most important catalyst in shifting
the regulatory focus from the prescription of pro-
cess to risk-based measures that can be demon-
strated as achieving specified levels of consumer
protection. The application of a particular range
of hygiene measures by a country provides the
level of protection chosen for its consumer popu-
lation, i.e., the “appropriate level of protection”
(ALOP).

It is often the case that food control systems
operating in an exporting country dif fer from
those in an importing country. In this respect, the
WTO SPS Agreement requires that if requested
by an exporting country, claims of equivalence
for identified hygiene measures should be con-
sidered by an importing country. Equivalence as
described in the WTO SPS Agreement is the ob-
jective demonstration that different hygiene mea-
sures in an exporting country achieve the level
of consumer protection delivered by the hygiene
measures of the importing country.

Food Safety Objectives
The concept of a food safety objective (FSO) is
founded on the need for an objective measure of
the level of hazard control in food that is required
to achieve a desired level of consumer protection
(Hathaway and Cook 1997, Jouve 1998, van
Schothorst 1998). A working definition of an FSO
is “a statement which expresses the level of a
hazard in food that is tolerable in relation to an
ALOP.” Thus, FSOs provide an important tool for
• controlling food safety problems (design,

validation, and implementation of controls),
• elaborating food standards,
• judging the equivalence of different hygiene

measures, and

• facilitating communication of risk manage-
ment decisions to all stakeholders in food
safety.
Reference to a risk management framework

positions an FSO in the stepwise development of
a HACCP system (Anonymous 2000). In the case
of microbiological hazards in foods, the broad food
safety goal will usually be to reduce risks to a level
that is “as low as reasonably achievable.” During
the assessment of risk management options, an
ALOP will be “arrived at” by considering desired
levels of protection and the availability and effec-
tiveness of different risk management options. Fol-
lowing the final risk management decision, estab-
lishment of an FSO will utilize data on hazards
that are available from the risk assessment, to-
gether with knowledge of food technology.

In the case of chemical hazards in food, an
ALOP is usually predetermined by regulatory food
safety policy, e.g., “notional zero risk” in the case
of residues of veterinary drugs. Here, assessment
of risk management options usually has a differ-
ent function. Risk assessment can be used to de-
termine the level of control of the hazard in the
food that is required to achieve the designated
level of protection, and hygiene measures will be
selected so as to achieve that level of protection.
Establishment of an FSO flows from this process.

Application in Food Control Systems
In the ideal situation, a quantitative risk assess-
ment (QRA) model will be available for a particu-
lar food/hazard combination. The QRA model will
likely present estimates of risk resulting from dif-
ferent levels of hazards at the point of consump-
tion. Once a decision on an ALOP is taken, the
FSO will be a quantitative representation of that
ALOP.

In the absence of a QRA model, no decision
can be taken on an ALOP relative to different ex-
posure scenarios for hazards in the food supply.
Notwithstanding this, the current level of hazard
control can be deemed to be “reflective” of an
ALOP if it is not seen to be resulting in an unac-
ceptable food safety situation. Objective measure-
ment of the level of hazard control is then neces-
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sary to establish an FSO on this basis.
Where there is no QRA model available and

there are food safety concerns associated with a
particular hazard/food combination, establishing
an FSO has additional constraints. An FSO repre-
senting a more stringent level of hazard control
can be set, but this can be considered to repre-
sent only stakeholder “expectations” in terms of
reducing foodborne risks to human health. The
FSO will be properly reflective of an ALOP only if
ongoing monitoring of the consumer population
demonstrates that the more stringent hygiene
measures needed to achieve the FSO are actu-
ally delivering an acceptable reduction in risk.

If an FSO has been established, the detailed
design of a HACCP system is likely to include per-
formance and/or process parameters, either alone
or in combination, that are validated as achieving
or contributing to the achievement of the FSO.
Once per formance/process parameters have
been validated as meeting the required level of
hazard control at particular point(s) in the food
process, ongoing verification will assure the re-
quired level of consumer protection.

FSOs can be set at different steps in the food
chain, providing that there are established corre-
lations between the required level of hazard con-
trol at a step and the level of hazard control at the
point of consumption that delivers the ALOP. At
the least, this requires detailed knowledge on the
prevalence and concentration of the hazard in the
food as it progresses through the food chain.
Modeling of the whole food chain in this manner
presents obvious advantages in providing food
safety assurances for foods produced in one coun-
try and consumed in another. For example, dem-
onstrating that the microbiological status of fresh
meat at the point of packaging will achieve the
importing county’s ALOP should preempt any
need for routine monitoring at the port of entry.

Conclusion
As international food standards increasingly
specify outcomes rather than processes, i.e., as
they become genuinely risk based, all stakehold-
ers should welcome the increased transparency
and objectivity that the concept of FSOs will bring
to food safety risk management. For foods in in-
ternational trade, FSOs facilitate verifiable “tar-
gets” for industry and regulators, and they are
vital components in assuring consumers that their
safety expectations for imported foods are being
met. Furthermore, FSOs provide an objective
basis for judging the equivalence of alternative
hygiene measures in different countries, and they
can be used to build precautionary buffers into
the required level of hazard control when risk
estimates are highly uncertain.

It is also incumbent on governments to pro-
mote the design of genuinely risk-based HACCP
systems. In the absence of FSOs, HACCP sys-
tems in many ways become empirical experi-
ments rather than being validated as achieving
contemporary food safety goals.
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How Can We Educate the Public About Tolerable Level of Risk/
Acceptable Level of Protection?
KATIJA BLAINE and Douglas A. Powell, Department of Plant Agriculture, University of Guelph, Guelph,
Ontario, Canada, N1G 2W1

Public awareness and discussion of food-related
risks have reached unprecedented levels in terms
of media coverage and survey responses. In the
wake of the Escherichia coli O157:H7 outbreak in
fast-food restaurants in 1993, stories about micro-
bial food safety began appearing more frequently
and more prominently in the U.S. media. A two-
fold increase in North American media coverage
of microbial food safety was seen from late 1993
through mid 1994 and has remained front and
center through December 31, 1999 (Powell
2000). Outbreaks of food- and waterborne ill-
nesses from such pathogens as Listeria
monocytogenes in hot dogs and Escherichia coli
O157:H7 in a municipal water supply in Walkerton,
Ontario, are increasingly associated with other
food-related risks, such as mad cow disease and
foot-and-mouth disease. Growing concern is also
being expressed about farm animal welfare issues,
genetically engineered crops, and the environ-
mental impacts of farming practices. These and
other issues are cumulatively leading to a rejec-
tion of science-based approaches to producing
safe, abundant food.

FoodNet data show very little change in the
incidence of foodborne illness over the last 5
years (Foodborne Diseases Active Surveillance
Network 2001). It is therefore not surprising that
bacteria and pesticides consistently top consum-
ers’ lists of their top food safety concerns (Cana-
dian Food Inspection Agency 1998, CMF&Z 2000,
International Food Information Council 2001, Food
Marketing Institute 1995). Hormones, Bovine
Spongiform Encephalopathy, food spoilage and
food related technologies like irradiation and ge-
netic engineering are also important consumer
concerns. Foot-and-mouth disease was mentioned
as a food safety concern for the first time in the
2001 Ipsos-Reid poll (Ipsos-Reid 2001), an annual
North American survey on food. This is an indi-
cator not only that animal health and welfare is-
sues are adding to consumer concerns about food,
but also that consumer perceptions of food-related
risks may not accurately reflect the actual levels
of risk to society.

Survey responses have indicated that the
greatest perception of safety is often associated
with products and organizations that are the least
regulated and scientifically assessed. For example,
in a recent CMF&Z survey (CMF&Z 2000), re-
spondents cited “natural foods” as the safest. The
2001 Ipsos-Reid poll (Ipsos-Reid 2001) found that
Canadian consumers had the greatest confidence
in farmers’ markets over retailers, government,
and food manufacturers. These findings also point
to a lack of trust in government regulation and
industry.

The current state of risk management and
communication research suggests that those re-
sponsible for food safety risk management must
be seen to be reducing, mitigating, or minimizing
a particular risk. Those responsible must be able
to communicate their efforts effectively, and they
must be able to prove that they are actually re-
ducing levels of risk. The current climate of dis-
trust in regulatory agencies and industry makes
communicating about risks not only more chal-
lenging but also much more important. In the
absence of credible, honest messages about the
nature of a food-related risk, consumers will use
stigma, a powerful shortcut, to evaluate a risk
(Gregory et al.1995).

British beef and mad cow disease are prime
examples of stigma. Poor risk communication ef-
forts and insistence by the U.K. government that
there was no risk to the public from Bovine
Spongiform Encephalopathy (BSE) undermined
the faith of the British in their food safety regula-
tory system, which has not been fully restored
(Powell and Leiss 1997). The Canadian govern-
ment still does not like to talk about BSE. In Feb-
ruary 2001, Canada, like the United States, banned
imports of Brazilian beef, an action that was widely
criticized as being a political and trade issue rather
than a food safety issue. Theories of government
conspiracies abounded.

BSE, however, is a health-related risk. The
ban was implemented because Brazil could not,
or would not, provide the requested paperwork
on the whereabouts of several thousand cattle
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imported from European Union countries that have
since been found to have cattle with BSE. After
repeated requests for information were denied,
the veterinarians at the Canadian Food Inspec-
tion Agency imposed the ban. Canada lifted the
ban when authorities were convinced that Brazil
was taking appropriate measures to control the
risk (Powell 2001).

This is an example of good risk management
but poor risk communication. Health Canada failed
to communicate proactively to the public the un-
derlying risks that led to the decision to imple-
ment the ban. Perhaps fearing that Canadians
could not handle the message of a possible risk
to health from Brazilian beef and the efforts taken
to control the situation and reduce risk, Health
Canada said nothing at all. As a result, in the ab-
sence of readily available, credible information
from regulators, people began to make up their
own stories, which included conspiracy theories
and rumors of trade wars (Powell 2001). Subse-
quent media coverage focused more on the trade
and political aspects of the ban than on potential
human health aspects. What can be done to alle-
viate poorly supported food-related safety fears?

Focus on Building Trust
Current research on perceptions of food-related
risks has identified trust in food safety regulators
as the primary predictor of consumer support for
food technologies and consumer confidence in the
food supply (Frewer et al. 1994, Dittus and Hill-
ers 1993, Covello 1992). If trust is a better pre-
dictor of consumer support, then which factors
influence perceptions of trust? Frewer et al. (1996)
conducted two sets of in-depth interviews with
about 45 people each followed by a larger quanti-
tative survey to better understand how trust is
formed. Overall, there were many findings of rel-
evance to the effective communication of food-
related risks, including the following:
• The single most important determinant of

gain or loss of trust in a source is whether
the information is subsequently proven right
or wrong and whether the source is subse-
quently demonstrated to be unbiased.

• Trust appears to be linked with perceptions
of accuracy, knowledge, and concern with
public welfare.

• If government sources and risk regulators
are seen to be proactive in their interactions

with the media and other trusted sources—
including discussions of risks—this may posi-
tively influence the way in which risk infor-
mation is reported as well as increase trust
in government regulation.

• Admitting to uncertainty, or facilitating pub-
lic understanding of science as a “process,”
could increase communicators’ trustworthi-
ness.

Focus on Public Health and the Consumer
The U.S. Department of Agriculture and U.S. De-
partment of Health and Human Services (2001)
conducted a risk assessment of foodborne listerio-
sis and concluded that there is a risk to suscep-
tible individuals, especially from the following
foods: pâté and meat spreads, fresh soft cheeses,
smoked seafood, deli meats, and deli salads. Rec-
ommendations focus on risk reduction for these
food categories, including identifying new ap-
proaches for protecting human health.

What is needed next is to be honest and open
and to communicate the risks that these foods
may pose to susceptible groups: pregnant women,
the elderly, and immunocompromised individu-
als. This includes an understanding of consumer
concerns by framing risk messages in a context
to which consumers can relate. The public will
want to know what the risks are and, more im-
portantly, what this means to them personally and
what they should do about it.

Proactive Measures Can Also Improve
Consumer Confidence
Fresh fruits and vegetables are increasingly rec-
ognized as vectors for foodborne illness. An on-
farm food safety program was developed, imple-
mented, and analyzed for the Ontario Greenhouse
Vegetable Growers, in Ontario, Canada, over a two-
and-a-half-year period (Powell et al. 1999). This
HACCP-based system was designed to reduce the
potential for microbial contamination throughout
the production and distribution process. Through
the use of microbiological testing, on-site visits,
and surveys, it was determined that the program
has increased growers’ knowledge, understand-
ing, and awareness of the microbial risks associ-
ated with fresh produce, and has brought about
improvement in practices used in the greenhouse
and packing sheds. The Ontario Greenhouse Veg-
etable Growers are playing a proactive role in the



Moving Beyond HACCP: Food Safety Objectives 25

produce industry with its verifiable on-farm food
safety program. Through press releases, its
website, and newsletters, the group also has been
proactive in communicating information about the
program to its consumers and producers.

Consumers want honest information on the
nature of risks. Producer-led risk management
programs like that of the Ontario Greenhouse
Vegetable Growers are an appropriate risk man-
agement strategy that demonstrates that produc-
ers are aware of consumer concerns about food
safety. Cooperating with the media and commu-
nicating early and often about such programs and
initiatives can also enhance the perception of trust.
In addition, providing continuous updates on the
findings and progress of such programs will help
show that actions match words.

Agricultural biotechnology is another ex-
ample of technology and products that have been
stigmatized. A survey by the International Food
Information Council (2001) found that the major-
ity of consumers surveyed incorrectly cited to-
matoes and fresh fruits and vegetables as ex-
amples of supermarket foods produced through
genetic engineering. In the absence of credible
messages on the nature of the risks of biotech-
nology and the efforts taken by regulators to re-
duce these risks, opponents of genetic engineer-
ing have filled the void with their own highly
memorable propaganda, e.g., the fish gene in to-
matoes (Greenpeace 2001).

In a trial of consumer acceptance of geneti-
cally modified foods that took place on a commer-
cial fruit and vegetable farm near Hillsburgh,
Ontario, Canada, genetically engineered Bt sweet
corn and Bt potatoes were grown side by side
with conventional varieties. Neither the Bt sweet
corn nor the Bt potatoes required any insecticides.
The corn and potatoes harvested through the trial
were segregated and labeled, and direct consumer
testing for purchasing preference was conducted.
Overall, the Bt sweet corn outsold the regular
sweet corn. The final sales numbers were 680
dozen Bt sweet corn sold compared with 452.5
dozen conventional sweet corn sold. Surveys of
consumers who were given the opportunity to
buy the Bt corn indicated that reduced pesticide
use and improved taste and quality influenced
purchasing decisions.

This trial clearly indicates that consumers
can handle messages about risk. The corn was

clearly labeled as genetically engineered, and
background information was provided on what
“genetically engineered” meant. The majority of
consumers, after reading the information, chose
to buy the genetically engineered corn.

Conclusions
Slovic (1997) noted: “We live in a world in which
information, acting in concert with the vagaries
of human perception and cognition, has reduced
our vulnerability to pandemics of disease at the
cost of increasing our vulnerability to social and
economic catastrophes of unprecedented scale.
The challenge before us is to learn how to man-
age stigma and reduce the vulnerability of impor-
tant products, industries, and institutions to its
effects, without suppressing the proper commu-
nication of risk information to the public.”

Appropriate risk management strategies,
such as on-farm food safety programs and honest
communication with consumers about agricultural
technologies, such as occurred in the demonstra-
tion farm and market study described above, can
enhance consumer confidence in the safety of
improved foods produced through biotechnology.

Producer-led risk management programs
are active, appropriate risk management strate-
gies that demonstrate to consumers that produc-
ers are cognizant of their newfound concerns
about food safety, and that show that producers
and others in the farm-to-fork continuum are work-
ing to reduce levels of risk. When the next out-
break or crisis of confidence comes—and micro-
organisms can adapt and evolve to any food pro-
duction and distribution system that is created—
producers need to demonstrate due diligence to
minimize potential losses.

Surveys and media analyses have shown
that levels of perceived trust in promoters and
regulators of technologies are the most accurate
gauges of consumer support. People who dem-
onstrate low trust have the highest concern about
possible risks regarding pesticides and agricul-
tural biotechnology (Frewer and Shepherd 1994),
whereas those with high trust perceive greater
benefits from both. In conclusion, trust in gov-
ernment and industry is a more important factor
in influencing risk perception than is perceived
potential safety or danger from a particular food
product or technology.
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The Evidence for and Against the Association of Mycobacterium
paratuberculosis with Human Crohn’s Disease
R. BALFOUR SARTOR, Department of Medicine, University of North Carolina, CB 7038, Room 032, Glaxo
Building, Chapel Hill, North Carolina 27599-7038, USA

Crohn’s disease bears a clinical resemblance to
intestinal tuberculosis and Johne’s disease. How-
ever, a possible mycobacterial etiology of this
chronic, spontaneously relapsing granulomatous
inflammatory disorder, which preferentially af-
fects the distal ileum and colon of humans, re-
mains a matter of intense debate. Recovery of
Mycobacterium paratuberculosis from Crohn’s dis-
ease tissues is quite low (<15%), even in the most
experienced hands, with slow-growing sphero-
plasts slightly more frequently isolated. Although
initial polymerase chain reaction studies detected
IS900, a multicopy genomic DNA insertion ele-
ment, in 65% of Crohn’s disease tissues versus
13% of controls, recent investigations using simi-
lar techniques have been either negative or non-
specific.

Several groups have recently repor ted
highly specific serologic responses to defined M.
paratuberculosis proteins (p14, p35, and p36) in

Crohn’s disease patients, but no consistent T-cell
responses to this organism have been detected.
Some antibiotic trials report improvement of ac-
tive Crohn’s disease or prevention of relapse af-
ter steroid therapy, but the most favorable study
was uncontrolled, and all protocols used agents
active against normal commensal enteric bacte-
ria, making interpretation difficult. Current evi-
dence does not support a mycobacterial cause of
the majority of cases of Crohn’s disease, but it
does suggest either that a small subset of patients
are infected with this organism or that the ulcer-
ated tissues of Crohn’s disease patients selectively
harbor M. paratuberculosis acquired as an environ-
mental contaminant. Definitive proof of an etio-
logic role for M. paratuberculosis in Crohn’s dis-
ease will depend on long-term improvement af-
ter effective antibiotic therapy that clears the or-
ganism from tissues.
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The Etiology of Bovine Paratuberculosis and On-Farm Management
Strategies
SCOTT J. WELLS, College of Veterinary Medicine, University of Minnesota, 435F Animal Science/
Veterinary Medicine Building, 1988 Fitch Avenue, St. Paul, Minnesota 55108, USA

Johne’s disease is increasingly recognized as an
important cause of animal disease in dairy cattle
throughout the world, with increasing recogni-
tion in beef cattle and other ruminant livestock
species. The causative bacterium is Mycobacte-
rium avium subspecies paratuberculosis (M.
paratuberculosis), an intracellular bacterium
closely related to M. avium subsp. avium (M.
avium; Sweeney 1996). After initial infection in
young calves, the disease progresses slowly, with
clinical signs of diarrhea and weight loss most
frequently appearing in cows from 3 to 6 years of
age. There is no effective approved treatment for
Johne’s disease; clinically affected cattle are usu-
ally sold for slaughter purposes.

The National Animal Health Monitoring Sys-
tem (NAHMS) has estimated that the annual cost
to infected U.S. dairy operations is more than
$100 per cow in inventory, with higher costs of
more than $200 per cow in inventory in herds
with high infection levels (Ott et al. 1999). With
at least 22% of U.S. dairy cattle herds and 8% of
U.S. beef cattle herds infected with M. paratuber-
culosis (U.S. Department of Agriculture 1997) and
with the continuing expansion of dairy herds and
movement of cattle, implementation of Johne’s
disease control strategies is critically needed.

Control of Johne’s disease on the farm re-
quires an understanding of the clinical course of
the disease, routes of transmission, and current
use of specific herd management practices. Con-
trol measures often recommended to cattle pro-
ducers include the following: (1) screening of pur-
chased cattle to prevent introduction of infection
to the herd, (2) identification of infected cattle
and removal from the herd to prevent further
transmission, (3) prevention of calf ingestion of
the organism from adult cow manure, milk or co-
lostrum, and water, and (4) decreased environ-
mental contamination to reduce overall exposure
to the organism. Because diagnostic tests are
unable to detect the disease incubating in young
cattle and because the tests lack desired sensitiv-
ity and specificity in adult cows, test-and-cull con-

trol programs are often not currently economi-
cally feasible (Van Groenendaal and Galligan1999)
and individual cattle intended as herd replace-
ments cannot be effectively screened prior to in-
troduction to a herd. Because of these reasons,
pathogen eradication is not a realistic goal in most
dairy cattle operations.

Instead, control strategies at infected farms
should preferentially focus on reducing the po-
tential of transmission of infection. Studies have
shown that the time of highest risk of transmis-
sion is the calving period and early calfhood
(Goodger et al.1996, Johnson-Ifearulundu and
Kaneene 1998, Wells and Wagner 2000). Re-
searchers at the University of Pennsylvania mod-
eled Johne’s disease control using herd manage-
ment strategies focusing on reduction of infection
to the newborn calf and growing heifer (Van
Groenendaal and Galligan 1999) and showed that
the disease can be controlled cost effectively over
a period of several years. The development of herd
control plans has been facilitated recently with
the development of herd risk assessment proto-
cols to identify the areas of highest risk of trans-
mission specific to each farm. The Minnesota
Board of Animal Health in collaboration with fac-
ulty from the University of Minnesota developed
a risk assessment–based Johne’s disease control
program. Several infected dairy and beef cattle
herds are currently participating in a demonstra-
tion Johne’s disease herd control program that
will model the changes in herd infection subse-
quent to management changes (University of
Minnesota 2001). Although it is still too early in
the project to see results, we believe that the
control of Johne’s disease using a herd manage-
ment plan developed from a herd risk assessment
is scientifically valid and economically feasible for
dairy producers.
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Ecological and Physical Characteristics of Mycobacterium
paratuberculosis
MICHAEL T. COLLINS, School of Veterinary Medicine, University of Wisconsin, 2015 Linden Drive,
Madison, Wisconsin 53706, USA

Mycobacterium paratuberculosis has emerged as a
major infectious disease problem in multiple do-
mestic animal species. This slow-growing myco-
bacterial pathogen infects the intestinal tract, even-
tually disseminates to other organs of the body,
and is excreted from animals both in manure and
in milk. The majority of infected animals are in
the preclinical stage of infection (healthy appear-
ing) but are excreting the organism. Clinical mani-
festations of this chronic insidious disease, known
as Johne’s (pronounced YO-nees) disease, are
wasting (cachexia) and diarrhea (common in
cattle, but uncommon in sheep and goats). Meth-
ods to control this infection on the farm involve
changes in farm management systems, in particu-
lar those relating to the rearing of herd replace-
ment animals to minimize the likelihood of infec-
tion transmission, and testing programs to iden-
tify for early removal from the herd those ani-
mals most likely to be infectious. For a review of
on-farm control of paratuberculosis, see the ab-
stract by Scott Wells herein. Comprehensive cov-
erage of M. paratuberculosis and the diseases it
causes in animals can be found on the Internet
(University of Wisconsin 2001).

Crux of the Problem
Foods originating from infected animals can be
contaminated with M. paratuberculosis both before
harvest (antemortem) and at harvest by fecal
contamination.  M. paratuberculosis is unique
among mycobacteria in its inability to produce a
siderophore called mycobactin. This “handicap”
means that in nature the organism can multiply
only in infected animals. To grow M. paratubercu-
losis in vitro, mycobactin must be added to the
culture medium; hence, M. paratuberculosis is con-
sidered mycobactin dependent.  To compensate
for this apparent biological disadvantage, M.
paratuberculosis has evolved mechanisms for per-
sisting in the environment as it waits to be con-
sumed by its next host animal and resume multi-
plication. As a result, the organism is notoriously
resistant to heat, cold, drying, and other physical
or chemical factors.

Understanding the capacity of M. paratu-
berculosis to persist in the environment is impor-
tant for animal disease control programs. If the
agent is a foodborne pathogen of humans, it is
also important to understand, and if possible to
quantify, the ability of M. paratuberculosis to re-
sist killing by thermal, chemical, physical, and
mechanical processes used in the manufacture of
foods of animal origin. Unfortunately, very little
research on M. paratuberculosis has been done in
this field, so that results and observations made
here should be considered preliminary at best.

Frequently, estimations about the capacity
of M. paratuberculosis to resist killing by chemical
or physical factors must be made by extrapola-
tion of information on closely related microorgan-
isms such as Mycobacterium avium. Bulletin 362/
2001 of the International Dairy Federation (or-
dering information can be found at http://fil-
idf.org) provides the most current and compre-
hensive review of M. paratuberculosis with empha-
sis on dairy products (Task Force on Mycobacte-
rium paratuberculosis 2001).

Specific Data
Most research to date has focused on the ability
of M. paratuberculosis to survive pasteurization.
Measurement of thermal D values (time required
to decrease the viable count by 1 log) under stan-
dard laboratory conditions indicates that this
agent is more thermal resistant than most other
microbial pathogens (z value = 7.43°C) (Collins
et al. 2001). Results of studies using laboratory-
scale pasteurizers, however, are conflicting; some
studies report 100% efficacy at killing M. paratu-
berculosis whereas others do not (Grant et al. 1998,
Stabel et al. 1997). A survey of retail pasteurized
milk in the United Kingdom resulted in recovery
of M. paratuberculosis, supporting the suggestion
that M. paratuberculosis is capable of resisting pas-
teurization (Advisory Committee on the Micro-
biological Safety of Food 2000, Stabel et al. 1997).

Low pH seems to adversely affect survival
of M. paratuberculosis in buffered solutions as well
as in cheese (Sung and Collins 2000). This find-
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ing, however, conflicts with epidemiologic data
indicating that low soil pH is associated with
higher M. paratuberculosis infection rates in dairy
cattle, presumably because the organism can per-
sist in low-pH soils better than in alkaline soils
(Johnson-Ifearulundu and Kaneene 1997, 1999).
The ability of almost all other food manufacturing
processes to kill or remove M. paratuberculosis
from foods is unknown.

Because it is resistant to chlorine, M. paratu-
berculosis could potentially contaminate domestic
water supplies. What adaptations M. paratubercu-
losis makes to a harsh extracellular environment
and how long it may persist there are not known.
It is also not known whether there are environ-
mental niches such as free-living amoebae that
may provide places for replication outside warm-
blooded animals.

Quick and Crude Risk Analysis
M. paratuberculosis infections are common in do-
mestic animals, and the prevalence of infection is
rising globally. To date there are no systematic
efforts of significant magnitude in any country
except Australia to bring this epidemic under con-
trol. The host range is expanding. Recent pub-
lished reports have shown for the first time that
the infection spreads from domestic animals to
rabbits and then to predators of rabbits. In Aus-
tralia, marsupials that share habitat with infected
domestic animals have acquired the infection. In
ecological terms, the bioburden of M. paratuber-
culosis in the environment is steadily rising.

M. paratuberculosis is pathogenic for many
animals. The host range is broad and includes non-
human primates. All other pathogenic mycobac-
teria are considered zoonotic, and the genetically
closest relative of M. paratuberculosis, namely, M.
avium, infects humans. It is thus plausible that
M. paratuberculosis is also capable of infecting
humans.

M. paratuberculosis contaminates foods of
animal origin, both preharvest (it is a dissemi-
nated bacterial infection, it can be cultured from
multiple internal organs, and excretion occurs via
the udder), at harvest via fecal contamination (for
both meat and milk), and potentially postharvest
via contaminated water.

M. paratuberculosis appears to be more re-
sistant to chemical and physical inactivation than
most microbes (based on limited data). It thus

has a higher probability of contaminating pro-
cessed foods of animal origin than do other mi-
crobes. However, once it is outside the animal, it
is unlikely that M. paratuberculosis can replicate.
Amplification of M. paratuberculosis numbers in
products with low-level contamination should not
be the problem it is with microbes like E. coli and
Listeria monocytogenes.

The consequences of human exposure to M.
paratuberculosis are not known. However, in people
with diseases that have clinical signs and pathol-
ogy similar to those of Johne’s disease in ani-
mals—namely, Crohn’s disease—microbiological,
molecular, and serologic evidence indicates that
such people are infected with M. paratuberculo-
sis. However, whether M. paratuberculosis is
present in these human patients as a primary
(causative) or a secondary agent remains to be
determined.

The Future
It is important that more research be done to
understand the microbial ecology of M. paratu-
berculosis and to characterize the ability of M.
paratuberculosis to resist killing or removal by
physical and chemical methods used in food
manufacturing and water treatment. It is not pru-
dent to wait until medical science decides
whether M. paratuberculosis is a human pathogen.
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Methods for Detecting Mycobacterium paratuberculosis in Food
Products
JUDITH R. STABEL, U.S. Department of Agriculture, Agricultural Research Service, National Animal
Disease Center, 2300 Dayton Road, Ames, Iowa 50010, USA

Paratuberculosis
The first significant recognition of paratuberculo-
sis in cattle was by Johne and Frothingham
(1895), who successfully isolated acid-fast bacilli
from sections of diseased intestine from cattle
with severe enteritis. Subsequently, it was dem-
onstrated that the causative agent of paratuber-
culosis, a chronic granulomatous enteritis of ru-
minants, was the acid-fast bacterium Mycobacte-
rium paratuberculosis (Twort and Ingram 1912).
Clinical paratuberculosis is characterized by pro-
fuse, nontreatable diarrhea, emaciation, and even-
tual death. During the course of the disease, the
intestine becomes thickened and corrugated, dis-
allowing proper absorption of nutrients. Although
cattle usually become infected as calves by inges-
tion of feces contaminated with M. paratuberculo-
sis, clinical signs of disease may not appear until
the animals reach 3 to 5 years of age. Indeed, not
all infected cattle will develop clinical disease
(Larsen et al. 1975). Clinical disease may be pre-
cipitated by stressors such as parturition, lacta-
tion, dietary deficiencies, or parasitemia.

Paratuberculosis represents a significant
economic loss to the dairy industry, because the
disease has been reported in 22% of dairy herds
in the United States (Wells and Wagner 2000). In
addition to losses incurred by culling clinical ani-
mals from the herd, producers are faced with fur-
ther economic losses from cows with subclinical
paratuberculosis through an increased incidence
of mastitis, decreased milk production, and in-
creased calving intervals (Chiodini et al. 1984).

Crohn’s Disease
Crohn’s disease in humans manifests as severe
inflammatory enteritis involving the terminal il-
eum. It thus shares some characteristics with
paratuberculosis in ruminants. However, an etio-
logic agent for Crohn’s disease has not yet been
identified. Studies have been conducted in an at-
tempt to identify a single agent that may be re-
sponsible for this. Despite many reports of suc-

cessful isolations of viral and bacterial pathogens
from affected intestinal biopsies of Crohn’s pa-
tients, however, a singular causative agent has not
been recognized. Although some studies have
demonstrated the presence of M. paratuberculo-
sis in biopsy tissue of patients, several other spe-
cies of mycobacteria, including M. fortuitum, M.
avium-intracellulare, M. cheloni, and M. kansasii
have been identified (Chiodini 1989). Because the
clinical symptoms of Crohn’s disease closely
mimic those found in animals with paratubercu-
losis, a number of laboratories have proposed that
M. paratuberculosis may be the causative agent of
Crohn’s disease (Sanderson et al. 1992, Mishina
et al. 1996).

Modes of M. paratuberculosis Transmission
Several potential modes of transmission of the
infective organism, M. paratuberculosis, from the
host animal to humans have been discussed. Early
studies established that M. paratuberculosis is ca-
pable of surviving in water, soil, and manure for
periods of up to 1 year (Lovell et al. 1944). There
has thus been speculation that human beings may
be exposed to the bacteria through contact with
contaminated water sources. Closely related my-
cobacterial species such as M. avium and M.
intracellulare have been found in water and biofilm
samples from water distribution systems in the
United States (Falkinham et al. 2001). M. paratu-
berculosis is also shed in the colostrum and milk
of infected dams, albeit at low numbers. Although
shedding of the bacterium in colostrum has not
been adequately quantitated, it is highly corre-
lated with heavy shedding in the feces of infected
dams (Streeter et al. 1995). Shedding of M.
paratuberculosis in the milk of infected dams is
also associated with the degree of fecal shedding
by the dam, and M. paratuberculosis has been
found in viable numbers at low concentrations (5
to 8 cfu/50 mL milk) (Taylor et al. 1981, Sweeney
et al. 1992).  Exposure of humans to M. paratu-
berculosis has largely been thought to be through
contaminated food products.
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Culture Methods for M. paratuberculosis
The current concerns regarding a possible rela-
tionship between Crohn’s disease and M. paratu-
berculosis were stimulated by a report in 1994 that
M. paratuberculosis DNA could be detected in pas-
teurized retail milk samples purchased from mar-
kets in the United Kingdom (Millar et al. 1996).
This report was followed by several studies that
evaluated the ef fects of heat treatment on the
survivability of M. paratuberculosis in milk (Grant
et al. 1996, Hope et al. 1996, Stabel et al. 1997,
Sung and Collins 1998, Keswani and Frank 1998).

At great issue in the interpretation of the
results of these studies are the different meth-
ods used by the different laboratories to recover
the organisms. All of the published studies per-
formed either liquid- or solid-medium culture on
treated milk samples to recover viable organisms.
The most common form of culture for M. paratu-
berculosis uses Herrold’s Egg Yolk Medium, but
other solid mediums such as Lowenstein-Jensen
or Middlebrook 7H10 agar have been used suc-
cessfully to isolate M. paratuberculosis from milk.
Alternatively, liquid-culture systems such as
BACTEC radiometric medium have also been
employed. Interestingly, a single study that re-
ported recovery of viable M. paratuberculosis from
the breast milk of Crohn’s disease patients used
two liquid-medium systems, BACTEC and the
Mycobacterial Growth Indicator Tube (Naser et
al. 2000).

The sensitivity of detection in solid compared
with liquid mediums has been reported to be be-
tween 1 and 130 cfu/mL milk (Grant and Rowe
2001). Preenrichment of heat-treated bacteria in
Dubo’s broth medium prior to culture on conven-
tional liquid or solid mediums may improve the
recovery of sublethally injured organisms (Phillip
Hammer, personal communication, 2001).

Decontamination Protocols
Decontamination of treated milk samples prior to
culture in either solid or liquid medium is often
necessary to circumvent overgrowth by faster-
growing contaminants. Chemical decontamination
introduces unknown variables into the efficient
recovery of sublethally injured cells. Protocols that
have been employed for decontamination include
preincubation with either 0.75% or 0.9%
hexadecylpyridinium chloride (HPC) for periods
of time ranging from 1 hour to overnight; 4%

NaOH plus N-acetyl L-cysteine and 2.9% sodium
citrate for 30 minutes; and overnight decontami-
nation in 0.9% HPC in 0.5X brain heart infusion
broth followed by second overnight incubation in
antibiotic solution (vancomycin, naladixic acid,
fungizone). Another decontamination protocol
that has been successful for recovery of M. bovis
in milk samples used C18-carboxybetaine (CB-18),
a zwitterionic detergent (Cornejo et al. 1998).

PCR
Confirmation of the presence of M. paratuberculo-
sis in the culture medium should be performed to
rule out false-positive readings by other contami-
nating microorganisms.  This can be done by poly-
merase chain reaction (PCR) using a known spe-
cific gene for M. paratuberculosis such as IS900.
Although PCR cannot distinguish between live and
dead organisms, it is frequently used as a detec-
tion tool. Methods for extraction of M. paratuber-
culosis DNA from milk samples are quite varied
and range from a simple boil technique in Tris-
EDTA buffer to release the DNA to more sophis-
ticated, protracted methods employing enzymatic
and chemical treatment with and without a bead
beater to mechanically disrupt the cells (Grant
and Rowe 2001).

Implementation of immunomagnetic separa-
tion of M. paratuberculosis organisms from the
milk before extraction of DNA prior to PCR
yielded a sensitivity of detection similar to that of
culture (10 cfu/50 mL milk) (Grant et al. 2000).
Yet this technique is expensive and can be prob-
lematic when used with raw bulk tank milk, since
other microorganisms present in milk may bind
nonspecifically to the antibody-coated beads. Ap-
plication of this capture method to direct culture
of the M. paratuberculosis bound to the beads has
not been successful to date.

Fluorescent Staining
More novel methods for detecting viable M.
paratuberculosis were recently evaluated (Herman
et al. 1999). Direct epifluorescence filter technique
microscopy using acridine orange staining and
solid-phase cytometr y (ChemScan) using a
fluorogenic substrate for esterase were used suc-
cessfully to detect viable M. paratuberculosis in
milk. The BactoScan 8000, an instrument that
separates bacteria from other milk components,
stains them with acridine orange, and counts the
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bacteria using a continuous-flow fluorescent mi-
croscope, was also evaluated for detection of vi-
able M. paratuberculosis, but results were more
variable than for other methodologies tested.
These techniques were compared with PCR and
culture for relative sensitivity of recovery of
spiked organisms in milk, and the detection lev-
els were found to be far superior.

In summary, detection thresholds for cur-
rent techniques to recover viable M. paratubercu-
losis from milk and dairy products may be the lim-
iting factor in studies that evaluate the survival of
this bacterium after heat treatment. Owing to the
low level of M. paratuberculosis shedding into milk
by naturally infected cows, it is essential to im-
prove the detection threshold to as high a de-
gree of sensitivity as possible. The improvement
of existing techniques is confounded by the need
to decontaminate milk samples to reduce the load
of other microorganisms that may overgrow M.
paratuberculosis in culture.
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Detection of Mycobacterium paratuberculosis in Retail Milk in the
United Kingdom:  Analysis and Perspectives
NORMAN A. SIMMONS, Emeritus Consultant in Microbiology, Guy’s and St. Thomas’ Hospital Trust, 7–9
William Road, London NW1 3ER, United Kingdom

In the United Kingdom, the Ministry of Agricul-
ture, Fisheries and Food (MAFF) has funded re-
search on Mycobacterium avium subsp. paratuber-
culosis (MAP) since 1993. The organism is known
to be the cause of Johne’s disease in cattle, sheep,
goats, wild ruminants, and deer. What is in dis-
pute is whether or not it causes Crohn’s disease
in humans. Consideration of the answer to that
question is beyond the scope of this presentation,
but it is relevant that specialist groups and com-
mittees in the United Kingdom, United States,
and European Union have failed to reach a con-
sensus on whether MAP is the cause, and in the
short term at least the debate seems set to con-
tinue.

If MAP does cause Crohn’s disease, one po-
tentially important vehicle of transmission is milk.
Cows with Johne’s disease may excrete MAP in
their milk, which may also be contaminated with
feces in which the organism may be present in
large numbers. Even milk from animals in the as-
ymptomatic phase of Johne’s disease may con-
tain MAP, albeit probably in smaller numbers.

Pasteurization was introduced into the U.K.
dairy industry as a public health measure around
1920. It was designed to kill the most heat-resis-
tant, non-spore-forming pathogenic organisms
likely to be found in milk at that time, namely,
Mycobacterium tuberculosis, the cause of tubercu-
losis, and Coxiella burnetii, the cause of Q fever.
This was achieved by the application of one of
the following time-temperature combinations:
63oC for 30 minutes (holder process) or 72oC for
15 seconds (high-temperature, shor t-time, or
HTST, process). It was hoped and expected that
HTST, the process used in most dairies, would be
effective in killing MAP, but that was disputed;
consequently, the effectiveness of pasteurization
in killing MAP needed investigation.

Studies of all aspects MAP, including its
pathogenicity in man and animals, the prevalence
of Johne’s disease in herds throughout the world,
the detection of MAP excretion in asymptomatic
animals, and the heat resistance of the organism,
have all been severely hampered by technical dif-

ficulties. The organism is slow and difficult to grow,
and cultures of milk in which pasteurization stud-
ies are carried out frequently become contami-
nated with other bacteria. Consequently, investi-
gations that with other, more amenable organ-
isms could be carried out rapidly take months or
years to complete.

Preliminary results of laboratory tests indi-
cated that at holder pasteurization temperature
(63o C), the thermal inactivation temperature was
not linear and exhibited tailing, perhaps owing to
clumping; that with an inoculum of 106 cfu/mL
spiked into raw milk, sporadic survival of MAP
after HTST pasteurization was possible at tem-
peratures up to 90o C; and that with the same in-
oculum, one of three laboratory strains survived
72oC for 15 seconds but not 25 seconds. (This
information was presented to the Advisory Com-
mittee on the Microbiological Safety of Food. See
the Food Standards Agency website at http://
www.foodstandards.gov.uk/pdf_files/papers/
acm486.pdf; accessed on October 31, 2001.)

In the same year, a preliminary survey of 62
milk samples from dairies in Northern Ireland
using immunomagnetic separation and poly-
merase chain reaction (PCR) to identify acid-fast
bacteria in cultures had found MAP in 10 of 31
samples of raw milk and 6 of 31 samples of pas-
teurized milk. Another survey of retail samples
from south and central England demonstrated
MAP in 22 of 312 samples of retail milk by PCR,
but cultures were negative.

As a consequence of these findings, tests for
MAP were included in a survey of samples of milk
taken from 258 of the 755 approved U.K. dairies.
The Food Standards Agency made the results of
MAP tests on 679 of these samples available in
2000. (This information was presented to the
Advisory Committee on the Microbiological Safety
of Food and appears on the Food Standards
Agency website at http://www.foodstandards.
gov.uk/pdf_files/papers/acm485.pdf; accessed on
October 31, 2001.)

Viable MAP was found in 4 (2%) of 201
samples of raw milk and 10 (2.1%) of 476 samples
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of pasteurized milk. The organism was found in 3
(1.6%) of 191 samples of pasteurized whole milk,
5 (3.4%) of 145 samples of pasteurized semi-
skimmed milk, and 2 (1.4%) of 140 samples of
pasteurized skimmed milk. The 10 positive pas-
teurized milk samples came from 8 dairies, 3 of
which had treated the milk at temperatures just
above 72oC (72.2, 74, and 75oC) for at least 25
seconds.

In May 2001, the Food Standards Agency
convened a conference of stakeholders to consider

the ways in which the risks might be minimized.
At the present time it is impossible to detect and
eliminate all infected animals from herds, but the
removal of symptomatic animals with Johne’s dis-
ease and general measures to reduce bacterial
contamination of milk should reduce the amount
of MAP in the milk. This in turn should improve
the effectiveness of pasteurization. Research is
being conducted into the effectiveness of other
measures, such as double pasteurization and high-
pressure homogenization.
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Engineering Vegetative Buffer Strips for the Removal of Amphixenotic
Cryptosporidium parvum from Runoff of Dairies and Grazed Agricultural
Land
EDWARD R. ATWILL, Lingling Hou, Betsy M. Karle, Thomas Harter, Kenneth W. Tate, and Randy A.
Dahlgren, Veterinary Medicine Teaching and Research Center, School of Veterinary Medicine, University
of California–Davis, Tulare, California 93274, USA

Cryptosporidium parvum has emerged as a wide-
spread and persistent waterborne microbial
pathogen with specific genotypes able to be trans-
mitted ambidirectionally between livestock and
humans (i.e., amphixenotic) (Peng et al. 1997,
Spano et al. 1997, DuPont et al. 1995). Although
we still do not know the percentage of annual cases
of human cryptosporidiosis that are attributable
to livestock-derived waterborne C. parvum, it may
be prudent to reduce the likelihood that animal
agricultural operations contaminate surface wa-
ter with infective C. parvum oocysts as a proac-
tive goal to support water quality and public health
(Rosen et al. 2000).

There are several general strategies for mini-
mizing the likelihood that an animal agricultural
operation will contaminate surface water with in-
fective C. parvum oocysts. One such strategy is
to reduce the incidence or the intensity of fecal
shedding of C. parvum oocysts by livestock popu-
lations, thereby reducing the rate of environmen-
tal loading of C. parvum per livestock unit (Hoar
et al. 2000). These herd-health ef forts remain
hampered by our poor understanding of the medi-
cal ecology of C. parvum within livestock popula-
tions (Atwill et al. 1999, Mohammed et al. 1999,
Garber et al. 1994) and how to interrupt trans-
mission between the biological reservoir and sus-
ceptible animals (Atwill et al. 1998) and by the
lack of an affordable vaccine proven to be effica-
cious under commercial agricultural settings
(Harp et al. 1996, Perryman et al. 1999).

Another strategy is to manage the manure
produced by livestock so that the survivability and
off-site transport of infective C. parvum are sub-
stantially reduced (Sischo et al. 2000, Grazyck et
al. 2000, Atwill et al. 1999, Jenkins et al. 1999).
One method being advocated for minimizing the
transport potential of C. parvum oocysts from
animal manure to surface water is to place veg-
etated buffer strips between animal agricultural
operations and vulnerable surface water supplies
(Entry et al. 2000, Rosen et al. 2000, Younos et

al. 1998, Mawdsley et al. 1996a, 1996b, Coyne et
al. 1995, Larsen et al. 1994, Young et al. 1980).
Optimal design criteria for on-farm vegetated
buffer strips currently do not exist for waterborne
microbial contaminants. Moreover, studies on the
fate and transport of zoonotic protozoal pathogens
such as Cryptosporidium parvum in overland and
subsurface flow through such buffers are severely
lacking (Mawdsley et al. 1996a, 1996b, Harter et
al. 1999, Tate et al. 2000).

Our goal for this project was to assess the
ability of a meter of vegetated buffer to remove
waterborne C. parvum oocysts from overland and
shallow subsurface flow as a function of soil and
vegetative characteristics, slope of the buffer, and
rainfall intensity, and to provide design criteria for
vegetated buf fers that remove = 99.9% of C.
parvum oocysts from agricultural runoff.

Material and Methods
Our primary goal was to estimate the total log
reduction of waterborne C. parvum oocysts attrib-
utable to a meter of vegetated buffer strip during
conditions of rainfall and overland flow. The filtra-
tion efficiency (or log reduction) was estimated
as a function of soil type, soil bulk density, veg-
etative height, percent slope (5%, 10%, or 20%),
and two rainfall intensities, with three replicates
per treatment combination. The three soils were
a Hanford fine sandy loam (Typic Xerorthent),
Argonaut loam (Mollic Haploxeralf), and a Capay
silty clay (Typic Chromoxerert). The rainfall
emitter was a drip-type box simulator (Chow and
Hardaugh 1965) and operated to emit mean rain-
fall intensities of 1.5 and 4.0 mL/cm2 per hour over
4 hours. These rainfall intensities functioned as
idealized storm events occurring every 2 to 3 and
20 to 30 years for various agricultural regions in
the United States (Hershfield 1961). Soil boxes
that measured 15 cm wide × 100 cm long × 20 cm
deep were designed to capture overland and sub-
surface flow. Perennial fescue seed was used to
vegetate the soil boxes to a level of ≥ 80% vegeta-
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tive cover. C. parvum oocysts were collected and
purified from naturally infected calves. Two to four
boxes were rained on simultaneously, and once
steady-state conditions were established, a peri-
staltic pump located at the upper end of the soil
boxes delivered to each box a suspension of 5X104

oocysts/mL at a rate of 10 mL/minute (5X105

oocysts/minute) for 60 minutes. After 60 min-
utes, oocyst application was stopped but the rain-
fall was continued for an additional 180 minutes
to quantify unbound and desorbed oocysts mov-
ing in overland or subsurface flow. Approximately
3X107 oocysts were applied to each box. Adjusted
for percent recovery (Pereira et al. 1999), C.
parvum oocysts were enumerated by fluorescence
microscopy using commercially prepared well-
slides (Meridian Diagnostics, Inc., Cincinnati, OH)
and a fluorescein isothiocyanate–labeled anti-
Cryptosporidium immunoglobulin M antibody
(Waterborne, Inc., New Orleans, LA).

Our covariates (independent variables) for
each treatment combination were soil type, mean
grass height (cm) across the soil box, mean soil
bulk density (g/cm3), percent slope, rainfall in-
tensity, and total volume of overland and subsur-
face flow during the 4-hour rainstorm. Mean 4-
hour total subsurface flow was converted to the
mean infiltration rate (mL/cm2 per hour). The
outcome (dependent) variable was the total num-
ber of nonfiltered and desorbed C. parvum oocysts
discharging off the soil box in either overland or
subsurface flow during the 4-hour rain event. A
linear mixed-ef fects regression model (S-Plus
2000, MathSoft, Inc., Seattle, WA) was used to
determine the association between the covariates
(or fixed effects) and the total number of oocysts
discharging off the vegetated buffer. Values for
the total number of oocysts were transformed via
the natural logarithm, and the experiment (15
randomized sets of two to four soil boxes per ex-
periment) was modeled as a random effect. We
used a forward-stepping algorithm to build the
model, with significance for inclusion in the model
set at a P value ≤ 0.10, using a restricted maxi-
mum-likelihood ratio test.

Results and Brief Discussion
Factors significantly associated with total oocysts
in the effluent of overland flow (the inverse of fil-
tration efficiency) were soil series and percent
slope of the vegetated buffer, but these associa-

tions were strongly influenced by the underlying
bulk density of the soil (i.e., strong interactions).
Increasing the soil’s bulk density from 0.5 to 1.7
g/cm3 reduced the ability of the buffer to remove
waterborne oocysts in overland flow. This reduc-
tion in oocyst filtration associated with higher bulk
densities (i.e., more compacted and less porous
soils) was greatest for Argonaut loam and buffers
at 10% slope. In general, buffers constructed of
Hanford fine sandy loam compared with the other
two soils were least effective at removing oocysts
in overland flow, particularly at high bulk densi-
ties whereby up to 3X106 oocysts remained unfil-
tered or had desorbed. Given that soil series,
percent slope, and interactions with bulk density
were in the regression model, the infiltration rate,
percent vegetative cover, vegetative height, rate
of total overland flow, and precipitation rate (2–3
or 20–30 year return interval storm) were not
associated with filtration efficiency for oocysts in
overland flow.

Factors significantly associated with total
oocysts in the effluent of subsurface flow were
soil series and infiltration rate (mL/cm2 per hour),
but these associations were strongly influenced
by the storm series (precipitation rate of ≈1.5 or
≈4.0 mL/cm2 per hour for 4 hours) (i.e., strong
interactions). At the lower precipitation rate (≈1.5
mL/cm2 per hour), for every increase of 0.1 mL/
cm2 per hour in the infiltration rate, the total num-
ber of oocysts in the effluent of subsurface flow
was increased by 86%. In contrast, at the higher
precipitation rate (≈4.0 mL/cm2 per hour), for
every increase of 0.1 mL/cm2 per hour in the in-
filtration rate, the total number of oocysts in the
effluent of subsurface flow was increased by only
29%. The magnitude of these associations was the
same for each soil series. Buffers constructed of
Hanford fine sandy loam resulted in 81% more
oocysts in subsurface effluent relative to buffers
constructed of Capay silty clay. All other biotic
and abiotic factors were not significant.

There was reasonable agreement between
the observed number of total nonfiltered and de-
sorbed oocysts in overland flow and the values
predicted by the linear mixed-ef fects model.
Therefore, coefficients from the linear mixed-ef-
fects models were used to calculate the mean fil-
tration efficiency (log10 reduction) associated with
the use of a meter of vegetated buffer. These pre-
dictions were calculated as a function of soil se-
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ries, percent slope of buffer, and interactions with
bulk density, given that these factors were sig-
nificant in the regression model. Hence, the mean
log10 reduction of waterborne C. parvum oocysts
(bovine genotype A) associated with a vegetated
buffer 15 cm wide × 100 cm long under these
experimental conditions ranged from 1.0 to 3.1
(Table 1). Oocyst counts in subsurface flow were
excluded from these calculations because in al-
most all cases total oocyst counts in subsurface
flow did not exceed 10,000 oocysts (0.0003 of to-
tal possible oocysts), resulting in a negligible ef-
fect on the calculated log10 reduction of water-
borne C. parvum oocysts. Based on the data pre-
sented above, vegetated buffer strips with a soil
bulk density ≤ 1.7 g/cm3, ≤ 20%slope, and ≥ 3 m
long should function to remove 99.9% of C. parvum
oocysts from overland flow generated during mild
to moderate rainfall events. These minimal de-
sign criteria for a 3-log10 reduction are recom-
mended under the assumption that vegetated
buffers will be actively maintained such that over-
land and subsurface preferential flow paths will
be kept to a minimum. Communities with high
levels of water quality risk intolerance, substan-
tial amounts of recreational contact with surface
water, or watersheds with high rates of C. parvum
loading may want to strengthen these standards
to further minimize overland flow of C. parvum.
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Optimization of Conditions to Kill Escherichia coli O157:H7 in Manure
Xiuping Jiang, Jennie Morgan, and MICHAEL P. DOYLE, Center for Food Safety, University of Georgia,
1109 Experiment Street, Griffin, Georgia 30223-1797, USA

Raw animal manure, which carries human patho-
gens, is routinely used by farmers to fertilize
crops. Contamination of food either directly or in-
directly by animal manure is a contributing factor
in many outbreaks of foodborne illness. The ob-
jectives of our studies were to identify conditions
affecting the survival and inactivation of Escheri-
chia coli O157:H7 in manure when applied to soil
or used in compost. We used a five-strain mixture
of green fluorescent protein-labeled E. coli
O157:H7 to conduct studies in which the patho-
gen in manure was added to autoclaved or
unautoclaved soil in ratios of 1:10, 1:25, 1:50, and
1:100 and held at 5, 15, or 21°C and monitored
for rates of inactivation. In addition, we conducted
studies of the pathogen in cow manure compost
of 38% moisture content to determine rates of in-
activation at constant temperatures of 50, 55, 60,
65, and 70°C. We also conducted studies in a
bioreactor at a controlled external temperature
of 21 or 50°C to develop a model system to use
in identifying conditions that influence the inacti-
vation of E. coli O157:H7 in compost during
composting.

Our results revealed that E. coli O157:H7
survived for up to 91 days at 5°C in manure-
amended autoclaved soil. The pathogen survived
well in autoclaved soil when manure was added
to soil at a ratio of 1:25, 1:50, and 1:100, with a
reduction of only 1 to 2 log10 cfu/g over 60 days.
In autoclaved soil amended with manure at a ra-
tio of 1 part manure to 10 par ts soil, E. coli
O157:H7 was inactivated more rapidly, with re-
ductions of 3 and 5 log10 cfu/g over 60 days at 15
and 21°C, respectively. However, pathogen popu-
lations declined most rapidly in unautoclaved
manure-amended soil, owing probably to antago-
nistic interactions with indigenous soil microor-
ganisms. The moisture content of soil appeared
to be a contributory factor to the pathogen’s sur-
vival in manure-amended soil.

Studies on the inactivation of E. coli O157:H7
in commercial cow manure compost at constant

temperatures of 50, 55, 60, 65, and 70°C revealed
that a reduction of at least 4 log10 cfu/g in auto-
claved compost occurred within 10 hours, 3 hours,
20 minutes, 15 minutes, and 5 minutes, respec-
tively. Less time was required to kill the patho-
gen in unautoclaved compost.

Inactivation profiles of E. coli O157:H7 in in-
oculated cow manure–based compost were de-
termined in a 15-L bioreactor held at an external
temperature of 21 or 50°C. At 21°C, self-heating
of compost resulting in stratified temperatures
within the bioreactor occurred for 0 to 3 days. E.
coli O157:H7 populations increased by 1 to 2 log10
cfu/g during the initial 24 hours of composting,
and decreased by 3.5 log10 cfu/g in the bottom
portion and by 2 log10 cfu/g in the middle and top
por tions of the bioreactor during 36 days of
composting. At 50°C, E. coli O157:H7 was inacti-
vated rapidly, 4.9 log10 cfu/g in the top portion,
4.0 log10 cfu/g in the middle portion, and 5.9 log10
cfu/g in the bottom portion of the bioreactor
within 24 hours of composting. When inoculated
at an initial population of ≈107 cfu/g, E. coli
O157:H7 survived for 7 days but not for 14 days
in all locations of the bioreactor. Compost at the
top portion retained a relatively constant mois-
ture content of 60%, whereas the moisture con-
tent of the bottom portion decreased steadily to
37–45% during 14 days of composting. The pH of
the compost decreased to pH ≈6 within 1 to 3
days, and subsequently increased to pH 8–9. Re-
sults indicate that large populations (104 to 107

cfu/g) of E. coli O157:H7 survived at 36 days dur-
ing composting in a bioreactor at an external tem-
perature of 21°C, but was inactivated to undetect-
able populations between 7 and 14 days when the
external temperature of the bioreactor was 50°C.
This bioreactor model will be useful to determine
the effects of different compost parameters such
as pH, moisture content, ingredient formulations,
aeration, and microbial competitors on the inacti-
vation of pathogens during composting.



48 Food Microbiology

Effect of Organic Acid Content of Silages on the Growth of Escherichia
coli O157:H7 and Salmonella Typhimurium DT104 on Total Mixed Rations
DALE D. HANCOCK, College of Veterinary Medicine, Washington State University, Pullman, Washington
99164, USA

The prevalence of Escherichia coli O157:H7 in-
creases several-fold during warm months in cattle
operations. One hypothesis for this increase is
that environmental replication of E. coli O157:H7
occurs in wet feeds and that the rate of growth
increases in warm weather.  Wet feed is com-
monly fed to dairy cattle in the form of silage-
based total mixed rations (TMRs).

Preliminary studies have indicated that some
silage-based TMRs support the growth of generic
E. coli (Lynn et al. 1998).  To further examine
this phenomenon, 57 silages (corn, alfalfa, or
grass) were collected from dairy farms in the
northwestern United States, mixed with standard-
ized ingredients to make experimental TMRs, di-
vided into three aliquots, and inoculated with E.
coli  O157:H7, Salmonella enterica serotype
Typhimurium mr-dt104, and fecal E. coli. Levels
of organic acids (lactic, propionic, butyric, acetic,
isovaleric, and valeric) were measured in each of
the silages. Inoculated TMRs were allowed to
stand in open containers at room temperature.
Although a wide variety of organic acid levels were
observed among silages, none of the silage-based
TMRs supported substantial growth of the test
organisms. In most cases, declines of 0.5 to 2 log
from the initial concentration occurred. This was
so even though the nonsilage ingredients sup-
ported a 3- to 4-log growth of test organisms when
moisture equivalent to that in the silage-based
TMR was added.

A further experiment using 23 additional si-
lages examined TMRs made with wet-weight con-
centrations of silage of 0%, 10%, 20%, 30%, 40%,

and 50%. Moisture was raised to a minimum of
40% for each of the silage dilutions, and test si-
lages were inoculated with E. coli O157:H7. Even
10% silage was inhibitory compared with the 0%
silage mix, although greater declines from initial
concentrations occurred at the higher concentra-
tions of silage.

Based on these results with experimental
TMRs, we concluded that silage-based TMRs in
the northwestern United States should be uni-
formly inhibitory to the growth of E. coli O157:H7
and Salmonella Typhimurium. This was corrobo-
rated in a parallel field study in which we sampled
TMRs from 30 farms soon after mixing (fresh)
and again after they were in the feed bunks for 8
to 24 hours (stale). The total E. coli counts of
fresh and stale TMRs were found to be highly
correlated, with the counts in stale TMRs being
somewhat lower on average. Inoculation of fresh
TMRs collected from the 30 farms with E. coli
O157:H7, Salmonella Typhimurium DT104, and
fecal E. coli corroborated results from experimen-
tal TMRs in that growth was inhibited.

Although these results do not rule out envi-
ronmental replication as playing an important role
in the epidemiology of E. coli O157:H7 and Sal-
monella Typhimurium mr-dt104, they do seem
to rule out a major role of replication in silage-
based TMRs.
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Molecular Tools for the Identification of Listeria monocytogenes Sero-
type 4b Strains
SOPHIA KATHARIOU, Department of Food Science, North Carolina State University, 339 Schaub Hall,
Raleigh, North Carolina 27695, USA

Three serotypes of Listeria monocytogenes, 1/2a,
1/2b, and 4b, account for the majority (95% or
more) of human cases of listeriosis. Of these,
serotype 4b is of special relevance because it has
frequently been involved in major foodborne out-
breaks of the disease. The bacteriologic and pos-
sibly virulence-associated attributes of this sero-
type that may be responsible for its relatively high
incidence in foodborne listeriosis remain largely
uncharacterized.

We have pursued the characterization of
genomic regions of L. monocytogenes that are
present in serotype 4b but that are either lack-
ing, or extensively diverged, from the genome of
strains of other major serotypes. Such regions
have been designated as serogroup specific. We
now know accurately the boundaries of the
serogroup 4–specific region, which includes the
gene gtcA, determined in our laboratory to be
essential for the addition of galactose and glucose
substituents onto the antigenic cell wall polymer,
teichoic acid. In serotype 4b, teichoic acid is
unique in bearing both galactose and glucose sub-
stituents. Mutants deficient in gtcA were con-
structed in both a sporadic and an epidemic strain.
In both cases, gtcA mutants were found to lack
galactose and to have only traces of glucose in
the teichoic acid (Promadej et al. 1999).

Our current data have revealed two other
serogroup-specific genes upstream of the gtcA
gene on the genome of L. monocytogenes serotype
4b. One of these genes (termed rho) is involved
in termination of transcription, whereas the other
(termed murZ) mediates the first step in the bio-
synthesis of cell wall (peptidoglycan). Southern
blot data suggested that the sequences of both of
these genes (rho and murZ) were specific to
serogroup 4, because under high-stringency con-
ditions hybridizing bands were seen with DNA
from all screened serogroup 4 strains but with no
other serotypes. Southern blots under low strin-
gency, however, suggested that rho and murZ had
counterparts in other serotypes in the same ge-
nomic locus.

To accurately compare the nucleotide se-
quence in this region between serotype 4b and

the other major serotypes of L. monocytogenes, we
examined the corresponding locus in serotypes
1/2a and 1/2b. The strains chosen were G2228
(serotype 1/2a, implicated in a human case of list-
eriosis caused by contaminated turkey franks) and
F4242 (human clinical isolate). Surprisingly, our
analysis revealed that the genome of G2228 (se-
rotype 1/2a) harbored homologues not only of
rho and murZ but also of gtcA. The gtcA gene in
serotype 1/2a had only 80% identity with its coun-
terpart in serotype 4b.  This is in agreement with
the finding that probes derived from gtcA of sero-
type 4b produced hybridizing bands only with
serogroup 4 strains but not with any of the other
serotypes (Promadej et al. 1999). The reverse
was observed with probes derived from gtcA of
serotype 1/2a, which yielded hybridizing bands
with DNA from bacteria of serogroups 1 /2, 3,
and 7 but not with DNA from bacteria of serogroup
4. The gtcA gene sequences were found to have
99% identity between serotypes 1/2a and 1/2b.
These data suggest that in L. monocytogenes, gtcA
exists in one allelic form in serogroup 1/2 (and
likely serogroups 3 and 7 as well) and in another,
significantly divergent allelic form in serogroup
4.

Another unexpected finding from the genetic
characterization of the gtcA locus in serotypes 1/
2a and 1/2b was the discovery of a novel gene,
located between rho and gtcA. The new gene has
been tentatively termed mtrA (mannosyl trans-
ferase). Probes derived from mtrA were used in
Southern blots under both high- and low-strin-
gency conditions, and the results indicated that
mtrA is absent from the genome of serotype 4b
(and other serogroup 4) strains, but is present in
all other screened serotypes (1/2a, 1/2b, 1/2c,
3a, 3b, 3c, and 7). Thus, mtrA appears to repre-
sent a gene that is present exclusively in one
serogroup cluster in L. monocytogenes (this clus-
ter includes serogroups 1 /2, 3 and 7). This ge-
netic situation is similar to two previously de-
scribed genes (gltA and gltB) that we found were
present in serotypes 4b, 4d, and 4e but that lacked
detectable homologues in any other screened
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serotypes (Lei et al. 2001).
We have constructed both insertion and de-

letion mutants in the mtrA of serotype 1/2a. The
mutants were viable, but certain important as-
pects of their cell surface composition were al-
tered. Specifically, the teichoic acid of the mu-
tants lacked N-acetylglucosamine, one of the sug-
ars present on the teichoic acid of serogroup 1/2
strains. The mutants also were resistant to the
Listeria genus-specific bacteriophage A511, which
was surprising because the receptor for A511 is
considered to be peptidoglycan and the mutants
were normal in peptidoglycan composition.
Teichoic acid is covalently linked to peptidogly-
can, and we can speculate that the addition of N-
acetylglucosamine substituents on the teichoic
acid is essential for presentation of the receptor
on the peptidoglycan. A similar finding was ob-
tained with gtcA mutants of serotype 4b, which
also were found to be resistant to A511.

In conclusion, each of the serogroup-specific
genes identified in this work (gtcA, rho, murZ, and
mtrA) can readily serve for detection of the cor-
responding strains of L. monocytogenes using ei-
ther hybridizations (Southern or colony hybrid-
ization) with probes derived from the genes or
polymerase chain reaction–derived approaches.
The rho, murZ, and gtcA genes have diverged sig-

nificantly between serogroup 4 and the other
serogroups. Thus, probes and PCR primers de-
rived from these genes can be used to detect dif-
ferent serogroups, depending on whether the
probes and primers were derived from serotype
4b or from serotype 1/2a sequences. In the case
of mtrA, the gene lacks homologues in serogroup
4 and therefore can be readily used to determine
the preliminar y serogroup status (serogroup
1 /2, 3, or 7 versus serogroup 4) of a strain. The
mechanisms that drive the observed genetic di-
versity in this genomic region of L. monocytogenes
remain to be identified, and much will be learned
about the genetics and evolution of serotype-spe-
cific surface antigens from the continued charac-
terization of these genes. Current data suggest
that DNA-based tools derived from these genes
will be valuable in the implementation of “molecu-
lar serotyping” for L. monocytogenes.
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Effects of Environmental Conditions and Management on Antibiotic
Resistance in Bacteria Associated with Swine
ALAN G. MATHEW and Patricia Cullen, Department of Animal Science, P.O. Box 1071, 2505 River Drive,

University of Tennessee, Knoxville, Tennessee
37996, USA

Over the past five decades antibiotic use in the
livestock industry has become widespread. These
products can increase production and lower costs
(Stahly et al. 1980), reduce the environmental im-
pact of livestock operations (Roth and
Kirchgessner 1993), and reduce the prevalence
of pathogens (Kyriakis et al. 1996). However,
these benefits have recently been overshadowed
by the threat of emerging antibiotic-resistant mi-
croorganisms. Previous studies have linked the
development of resistant enteric bacteria to ex-
posure of subtherapeutic levels of antibiotics
(Langlois et al. 1984, Ebner and Mathew 2000).
The transfer of resistance factors from one bacte-
rial species to another has compounded the prob-
lem because of the risk that foodborne pathogens
may acquire resistance, thus lowering the ef fi-
cacy of human antimicrobial therapies should
they be needed. Some studies have suggested
that stress, such as that resulting from transpor-
tation, can influence the prevalence of resistant
bacteria in livestock (Langlois and Dawson 1999,
Corrier et al. 1990). These reports suggest that
factors other than exposure to antibiotics may
play a significant role in the development and/or
prevalence of resistant organisms.

Methods
To determine whether various animal stressors
affect the prevalence of antibiotic-resistant bacte-
ria in pigs, 58 18-day-old weaned pigs with no his-
tory of antibiotic exposure were challenged in-
tranasally with 1011 cfu Salmonella enterica serovar
Typhimurium (Salmonella Typhimurium) contain-
ing a nalidixic acid resistance marker.  Pigs were
randomly assigned to one of eight treatments and
separated accordingly in identical isolation rooms
equipped with swine pens and associated hus-
bandry equipment similar to that of modern com-
mercial swine operations. All treatment groups,
with the exception of control group 1 (see be-
low), were exposed to the antibiotic apramycin

at a concentration of 150 g/ton feed for a 14-day
period. Treatments included (1) optimal produc-
tion conditions without exposure to apramycin
(control group 1), (2) optimal production condi-
tions with exposure to apramycin (control group
2), (3) crowding via a 30% increase in animal den-
sity, (4) cold stress via maintenance of room tem-
perature 6oC below recommended housing tem-
perature, (5) heat stress via maintenance of room
temperature 6oC above recommended housing
temperature, (6) intermingling via placement of
nonmedicated pigs (but previously challenged
with S. Typhimurium) in contact with treatment
pigs, (7) intervention with an unrelated antibiotic,
oxytetracycline (100 g/ton feed), and (8) low sani-
tation via decreased cleaning regimen, allowing
manure accumulation beneath and surrounding
the pen. Optimal conditions were based on those
described in the Pork Industry Handbook (National
Pork Producers Council 1996). Strict biosecurity
was maintained between rooms to avoid transfer
of bacteria between treatment groups.

Fecal samples were obtained from pigs prior
to inoculation (day 0), on days 2, 7, 14, 28, 64,
and 148 (prior to shipping), and on day 149
(postshipping) for the recovery of the test iso-
lates. For the isolation of Enterococcus faecalis,
samples were cultured in Stomacher bags con-
taining enterococcosel broth (Becton Dickenson,
Sparks, MD), followed by inoculation and culture
on Steptosel agar plates (Beckton Dickinson,
Cockeysville, MD) containing 0.04% potassium
tellurite. APIStrep strips (Vitek bioMerieux,
Syosett, NY) were used to confirm to species. For
E. coli isolation, samples were cultured on lac-
tose MacConkey agar, and suspected E. coli colo-
nies were further cultured on trypticase soy agar
plates containing 5% defibrinated sheep blood for
selection of nonhemolytic species before confir-
mation using API20E test strips (Vitek
bioMerieux, Syosett, NY). The salmonella chal-
lenge organism was recovered by initially cultur-
ing samples in Mueller-Hinton II cation-adjusted
broth, followed by enrichment in tetrathionate.
Aliquots of the enrichment culture were then
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transferred to XLT4 agar containing 50 µg/mL
nalidixic acid. Presumptive salmonella colonies
were confirmed using triple sugar iron and lysine
iron agar. Isolates were tested for sensitivity to
apramycin sulfate, ceftiofur sodium, oxytetracy-
cline, and sodium sulfamethazine via a minimum
inhibitory concentration (MIC) broth dilution
method according to the National Committee for
Clinical Laboratory Standards (1997).

Data were analyzed using analysis-of-variance
mixed-model procedures to determine the effects
of treatments and interactions of treatment by
time (SAS Institute Inc. 1990). The percentages
of resistant organisms and multiple resistance
were compared using the SAS PROC FREQ pro-
cedure (SAS Institute Inc. 1990).

Results
Among test isolates, E. coli demonstrated the
most pronounced effects of stressors on antibi-
otic resistance as measured by MIC (Table 1).
Isolates from control group 1 exhibited the low-
est resistance throughout the study. Peak resis-
tance was observed in isolates from pigs exposed
to apramycin by day 14. Upon withdrawal of
apramycin, MICs for isolates from control group
2 returned to pretreatment levels, although some
stressed groups maintained greater MICs through
day 28 (P < 0.05). Cold stress, overcrowding, and
oxytetracycline treatments demonstrated greater
MICs up to day 64 before returning to pretreat-
ment levels. Although there was a slight increase
in MIC values in all groups following transport,

with the exception of control group1 and the poor
sanitation groups, posttransportation MICs were
not significantly different from pretransportation
levels. Treatment X time interactions, as well as
treatment effects, were noted for ceftiofur, oxytet-
racycline, and sulfamethazine; however, no iso-
lates demonstrated clinical resistance to ceftiofur
(breakpoint = 8 µg/mL) at any time during the
course of the study. High levels of resistance to
oxytetracycline were exhibited by the majority
of isolates throughout the study. There was a gen-
eral increase in MICs for sulfamethazine as the
study progressed.

Salmonella Typhimurium was recovered
from most pigs between days 0 and 64, with con-
centrations generally declining after day 28.
Throughout the study, salmonella isolates re-
mained susceptible to apramycin (Table 2) and
ceftiofur, with no significant treatment ef fects
being noted, whereas effects were detected for
oxytetracycline and sulfamethazine. Treatment X
time (P < 0.05) interactions were noted for
apramycin, ceftiofur, oxytetracycline, and sul-
famethazine. MICs for oxytetracycline in salmo-
nella isolated from pigs administered that antibi-
otic demonstrated increased resistance following
tetracycline application and continuing through
day 28 of the trial. Inability to detect salmonella
at later sampling dates hindered further evalua-
tion of this trend.

Despite numerous attempts, few E. faecalis
could be detected immediately following antibi-
otic administration (days 7 and 14), when salmo-

Table 1. Effects of various treatments on sensitivity to apramycin by E. coli isolated from pigs over time

Day C-1 C-2* Cold* Heat* Crowd* Sanit* Oxy* Int*

0 2.3 3.0 4.8 2.4 2.0 3.6 3.2 2.2

2 2.8 1.5 1.7 2.1 2.5 4.0 4.4 1.8

7 1.3 1.3 17.3 1.5 1.2 5.7 1.9 1.8

14 1.2 245.1 224.8 101.6 25.4 194.0 90.5 138.2

28 1.0 1.3 76.8 4.1 10.0 4.9 5.0 11.3

64 1.2 1.2 15.5 3.5 11.6 2.2 8.5 2.6

148 1.0 1.8 1.1 1.1 1.2 1.5 1.1 1.3

149 1.3 1.6 1.4 1.9 1.6 1.4 1.4 1.4

Data are presented as least-squares means of minimum inhibitory concentrations (MIC) in micrograms per milliliter. Day = days
postchallenge, C-1 = control group 1 (optimal conditions, no apramycin), C-2 = control group 2 (optimal conditions and
apramycin exposure), cold = room maintained at 6 oC below optimal temperature, heat = room maintained at 6 oC above
optimal temperature, crowd = overcrowding, sanit = poor sanitation, oxy = treatment with oxytetracycline, and int = inter-
mingled pigs.

*Treatments differ from control group 1 (P < 0.05), overall effect.
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nella demonstrated their greatest numbers. How-
ever, E. faecalis numbers returned to pretreat-
ment levels by the end of the study. In general,
recovered E. faecalis exhibited resistance to all
test antibiotics throughout the study regardless
of treatment.

Discussion and Implications
These data clearly demonstrate the effect of anti-
biotic exposure on resistance patterns in swine-
derived bacteria, particularly E. coli. Additionally,
we were able to show that a number of animal
stressors, including cold, heat, and crowding, can
lengthen the duration that animals shed resistant
E. coli. The salmonella challenge organism was
less af fected by treatment of animals with
apramycin and/or stressors. This may reflect the
invasive nature of this organism, which may al-
low the bacterium to escape exposure to the an-
tibiotic by internalization into host cells. Addition-
ally, our recovery of salmonella was strictly se-
lective for the challenge strain, which was known
to be initially sensitive to the test antibiotics. This
is in contrast to E. coli, for which a variety of
isotypes were likely present, including some
strains that may have been resistant initially and
then proliferated or disseminated resistance fac-
tors within the species upon exposure to the an-
tibiotic. The low recovery of E. faecalis during the
primary stages of the treatment period may have
been the result of competition with the challenge
organism, because recovery of these two species
appeared to demonstrate an inverse relationship
over the course of the study. Analysis of recov-
ered E. faecalis demonstrated little effect of stres-
sors on resistance patterns, with resistance to

most tested antibiotics considerably greater than
that demonstrated by E. coli or salmonella.

In summary, these data indicate that poor
husbandry practices can exacerbate problems as-
sociated with antibiotic resistance in bacteria from
livestock. In particular, E. coli appears to be most
affected by stress imposed on its animal hosts.
Because this bacterium is thought to be a key
enteric species involved in the transfer of genetic
resistance elements to other bacteria, including
foodborne pathogens, husbandry practices that
reduce the prevalence of antibiotic-resistant
strains should be employed. Such practices
should also be consistent with optimal produc-
tion, and thus will provide a monetary incentive
while limiting the presence of antibiotic-resistant
organisms.
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Factors Affecting the Transfer of Genes Encoding Multiple Antimicrobial
Resistance to Salmonella Typhimurium DT104
CORNELIUS POPPE, Laura Martin, John Prescott, Scott McEwen, Anne Muckle, David Alves, and Kim
Ziebell, Health Canada, Laboratory for Foodborne Zoonoses, Office International des Épizooties
Reference Laboratory for Salmonellosis, 110 Stone Road West, Guelph, Ontario, Canada N1G 3W4

In recent years, Salmonella Typhimurium phage
type or definitive type 104 (DT104) has been iso-
lated increasingly from animals and humans in
many countries (Poppe et al. 1998). A high per-
centage of the isolates are resistant to ampicillin
(Amp), chloramphenicol (Chl), streptomycin
(Str), sulfonamides (Sul), and tetracycline (Tet).
Salmonella spp. are foodborne pathogens that can
infect humans through consumption of contami-
nated food products; thus, the increased occur-
rence of DT104 isolates in animals and in food of
animal origin poses a threat to public health
(Davies et al. 1996). Until recently, S. Typhimur-
ium DT104 was primarily a pathogen of cattle and
humans, but more recently increasing numbers
have been isolated from other animal species in-
cluding pigs and chickens.

In DT104 strains, genes encoding antimicro-
bial resistance to Amp, Chl, Str, Sul, and Tet are
commonly found on a chromosomal sequence of
about 13 kilobases (kb) containing two class I
integrons (Briggs and Fratamico 1999). Gene cas-
settes encoding resistance to spectinomycin (Spc)
and Str (the ant(3”)-Ia gene) and Amp (the blaPSE1
gene) inserted into the integrons have been
mapped to the sequence. The floR and the tetR
and tetA genes, encoding resistance to florfenicol
(Flo) and Chl, and to Tet, respectively, have been
mapped between the two integrons. The intesti-
nal tract may constitute an ideal milieu for the
exchange of antimicrobial resistance genes among
bacteria and bacteriophages.

The objectives of the study were to exam-
ine whether antimicrobials administered to ani-
mals previously infected with an antimicrobial-
sensitive S. Typhimurium DT104 strain would
cause the strain to become resistant, to deter-
mine whether bacteriophages in the intestinal
tract transfer antimicrobial resistance genes to
DT104 strains, and to examine whether E. coli in
the intestinal tract possess bacteriophages or self-
transmissible plasmids able to transfer antimicro-
bial resistance genes to DT104 strains. Other
objectives were to examine whether S. Typhi-

murium DT104 bacteria isolated from the feces
of animals contain bacteriophages that transfer
antimicrobial resistance to E. coli and to deter-
mine whether Enterococcus spp. bacteria present
in the intestinal tract of animals possess conjuga-
tive plasmids that are able to transfer antimicro-
bial resistance genes to E. coli and S. Typhimur-
ium.

Methods
A pilot study was conducted to determine the
dose of a bovine antimicrobial-sensitive S.
Typhimurium DT104 isolate in calves that would
cause bacterial shedding but not serious illness.
We then carried out a trial to examine the puta-
tive acquisition of antimicrobial resistance genes
by the antimicrobial-sensitive DT104 strain and
the transfer of drug resistance genes among E.
coli, Enterococcus spp., and DT104 bacteria in the
intestinal tract. Two calves were placed in each
of four isolation rooms. After 2 weeks, all eight
calves were challenged with 106 to 107 bacteria of
the drug-sensitive DT104 strain. Two calves in
one pen were given 55 mg/kg oxytetracycline
hydrochloride (Tet) in the feed for 6 weeks and
then placed on a diet without Tet for another 6
weeks. The two calves in the second pen were
given 350 mg sulfamethazine (Sul) per day for a
6-week period and were thereafter on a diet with-
out sulfamethazine for another 6 weeks. The
calves in the third pen were dosed every 2 weeks
with a bovine E. coli isolate resistant to Amp, Chl,
Spc, Sul and Tet (resistances commonly observed
in S. Typhimurium DT104 isolates) for 6 weeks
and then kept for a 6-week period without receiv-
ing the resistant E. coli strain. The calves in the
fourth pen were challenged with the antimicro-
bial-sensitive S. Typhimurium DT104 strain but
were neither given antimicrobials nor challenged
with the antimicrobial-resistant E. coli.

Fecal samples were collected every 2 weeks
from all of the calves and cultured to obtain 10
Salmonella spp., 10 E. coli, and 2 Enterococcus spp.
isolates per sample.  The S. Typhimurium iso-
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lates were phage-typed, randomly selected E. coli
isolates were serotyped, and the Enterococcus spp.
isolates were speciated. The Salmonella and E.
coli isolates were examined for resistance to
amikacin (Amk), Amp, apramycin (Apr), carbadox
(Car), ceftiofur (Ctf), ceftriaxone (Cef), cephal-
othin (Cep), Chl, ciprofloxacin (Cip), Flo, gentami-
cin (Gen), kanamycin (Kan), nalidixic acid (Nal),
neomycin (Neo), nitrofurantoin (Nit), Spc, Str, Sul,
Tet, cotrimoxazole (trimethoprim-sulfamethox-
azole) (Cot), and tobramycin (Tob). The Entero-
coccus spp. isolates were examined for resistance
to Amp, bacitracin (Bac), Car, Chl, clindamycin
(Cli), Cip, Cot, erythromycin (Ery), Gen, linco-
mycin (Lin), Nit, rifampicin (Rif), Str, Tet, tylosin
(Tyl), vancomycin (Van), and virginiamycin (Vir).
Filtrates to isolate bacteriophages were made
from all fecal samples. Transfer of resistance
genes by conjugation and transduction was exam-
ined by methods described previously (Provence
and Curtiss 1994, Cutting and Youngman 1994,
Schmieger and Schicklmaier 1999). The presence
or absence of type I integrons in the DT104 and
the E. coli challenge strains was determined by
polymerase chain reaction (PCR) using the prim-
ers described by Sandvang et al. (1997).

Results
The antimicrobial-sensitive DT104 challenge
strain did not produce an integron-associated PCR
product, whereas the E. coli challenge strain pos-
sessed the class I integron containing the ant(3”)-
1a gene. During the pilot study we obtained 4 fe-
cal samples before and 14 after challenge, 15 tis-
sue samples at necropsy on day 14 post-infection
and 3 samples of shavings used as bedding for
the calves. We obtained 8 S. Typhimurium iso-
lates from 4 fecal and 4 tissue samples, 34 E. coli
isolates (18 from fecal samples, 14 from tissues
and 2 from shavings) and 16 Enterococcus spp. iso-
lates (14 from 7 of 18 fecal samples and 2 from 1
of the samples of shavings). The Enterococcus spp.
isolates consisted of 10 E. faecalis and six other
Enterococcus spp. The DT104 challenge strain was
reisolated from fecal and tissue samples from the
two calves infected at 2 weeks of age but not from
the two calves challenged at 3 to 4 weeks of age.
None of the 18 fecal samples contained bacterioph-
ages that formed plaques on the antimicrobial-
sensitive DT104 challenge strain.

During the main trial we obtained 32 fecal
samples from the eight calves during the 2-week
period before challenge of the calves and isolated
128 E. coli (4 per fecal sample), 12 S. Typhimur-
ium DT208 (from 3 fecal samples of one calf), and
60 Enterococcus spp. (from 30 of the 32 fecal
samples; 2 per sample) that consisted of 39 E.
faecalis, 10 E. faecium, 9 E. gallinarum and 2 E.
casseliflavus. We then infected the calves with 106

to 107 of the DT104 challenge strain. During the
6-week treatment period and the 6 weeks of no
treatment, we obtained 96 fecal samples from the
calves and isolated 550 S. Typhimurium DT104
strains from 55 of 96 fecal samples), 960 E. coli
strains (10 from each of the 96 samples), and 86
Enterococcus spp. (2 isolates from 43 of the 96 fe-
cal samples). The Enterococcus spp. consisted of
41 E. casseliflavus, 14 E. faecalis, 13 E. faecium,
and 18 other Enterococcus spp.

Resistance of the reisolated challenge S.
Typhimurium DT104 strain was minimal and in-
frequent. Fifty of the 56 S. Typhimurium strains
that became resistant showed reduced sensitiv-
ity to Cip at 0.125 µg/mL only. Although these
DT104 isolates showed low-level resistance to Cip
at 0.125 µg/mL at the initial isolation and drug
resistance testing, subsequent examination of the
same isolates and of strains isolated from the
same fecal samples at a later date showed that
they were sensitive to the antimicrobials in the
test panel. The remaining strains were resistant
to Nit (1 strain), Str (2), Kan, Neo, Str, Sul, Tet
and Cot (1), Amp, Spc, Str, and Sul (1) and to Amp
Spc and Sul (1). Nine of the fecal samples con-
tained lysogenic bacteriophages that formed
plaques on the antimicrobial-sensitive DT104 chal-
lenge strain. Six of the nine phages were obtained
from fecal samples that contained multiresistant
E. coli. Two phages did not transfer antimicrobial
resistance, although they plaqued on the recipi-
ent strain. Transduction of the antimicrobial-sen-
sitive DT104 strain with each of the seven other
phages resulted in the isolation of 10 transduced
strains with varying antimicrobial resistance pat-
terns. The strains became resistant to Str and Tob
(2 strains), to Car (2), to Tob (2), to Spc (2) and
to Str (2). The administration of Tet significantly
increased the number of resistant E. coli strains
isolated during and after the administration of Tet
in comparison to the number of resistant E. coli
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strains isolated during the same periods from the
control calves that did not receive Tet (P<0.01).
The E. coli isolates were often multiresistant to
antimicrobials including Chl, Kan, Neo, Spc, Str,
Sul, Tet, and/or trimethoprim (Tmp). Similarly,
the administration of Sul significantly increased
the number of antimicrobial-resistant E. coli
strains isolated during and after administration of
Sul in comparison to the number of resistant E.
coli strains isolated from the control calves dur-
ing the same periods (P-value <0.01). The admin-
istration of the multiresistant E. coli also signifi-
cantly increased the number of strains that were
resistant among the E. coli strains isolated from
the calves during and after the administration of
the multiresistant E. coli in comparison to the
number of resistant E. coli strains isolated from
the calves in the control groups during the same
periods (P<0.01). It appeared that calves receiv-
ing Tet or Sul shed Salmonella more frequently
than calves receiving multiresistant E. coli or no
treatment. However, we could not perform an
animal level analysis since there were too few
animals (only 2 calves) per treatment group.

Thirty-six E. coli fecal isolates representing
14 of 31 observed different antimicrobial resis-
tance patterns contained large (>30 kb) plasmids
and were conjugated with recipient strains. Three
of the strains transferred resistance to Spc, Sul,
Tet, and Cot (2 strains) and to Sul, Tet and Cot (1
strain) by conjugation to S. Typhimurium LB5000
but not to the antimicrobial-sensitive DT104 chal-
lenge strain. We induced 24 E. coli isolates that
had dif ferent antimicrobial resistance patterns
with mitomycin C to obtain bacteriophages. Ten
E. coli strains contained bacteriophages that
plaqued on the antimicrobial-sensitive challenge
DT104 strain resulting in the isolation of 16 trans-
duced strains with various antimicrobial resistance
patterns. The transduced strains became resis-
tant to Str (7 strains), Spc (8 strains), or Cep (1
strain). However, development of resistance may
not have been caused solely by transduction of
the antimicrobial-sensitive DT104 strain since the
strain also became resistant to Str or Spc on five
occasions when plated on agar containing either
of these antimicrobials without prior exposure to
the E. coli phages; some may therefore have de-
veloped resistance through spontaneous mutation.
Conjugation of Enterococcus spp. with E. coli and
S. Typhimurium did not result in transfer of anti-
microbial resistance.

Discussion
The main findings of this study were that during
and after treatment of the calves with Tet, Sul, or
antimicrobial resistant E. coli, a significantly higher
number of E. coli were resistant to antimicrobials
in comparison to the number of resistant E. coli
strains isolated from the calves in the control
group during the same period. Also, under labo-
ratory conditions, bacteriophages occasionally
transferred antimicrobial resistance to the chal-
lenge antimicrobial-sensitive S. Typhimurium
DT104 strain. The same class of integrons found
in DT104 strains has been identified in other S.
Typhimurium phage types, other Salmonella
serovars (Cloeckaert et al. 2000), and other gen-
era of the family of the Enterobacteriaceae includ-
ing E. coli. They have been located on conjuga-
tive plasmids and transposons. Clonal spread of
DT104 strains has been suggested as the com-
mon manner of dissemination of the DT104 strains
(Frana et al. 2001). As observed in the present
study, transfer of resistance genes integrated into
or associated with type I integrons by conjuga-
tion or transduction to antimicrobial-sensitive
DT104 strains may be an uncommon event. More
work is needed to understand the complex dy-
namics of transfer of antimicrobial resistance
genes in the intestine in the presence and absence
of antimicrobial drugs.
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