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This article defines the term surrogate as an organism, particle, or substance used to study the fate of a pathogen in a specific en-
vironment. Pathogenic organisms, nonpathogenic organisms, and innocuous particles have been used as surrogates for a variety
of purposes, including studies on survival and transport as well as for method development and as “indicators” of certain condi-
tions. This article develops a qualitative surrogate attribute prioritization process and allows investigators to select a surrogate
by systematically detailing the experimental process and prioritizing attributes. The results are described through the use of case
studies of various laboratories that have used this process. This article also discusses the history of surrogate and microbial indi-
cator use and outlines the method by which surrogates can be used when conducting a quantitative microbial risk assessment.
The ultimate goal of selecting a sufficiently representative surrogate is to improve public health through a health-based risk as-
sessment framework. Under- or overestimating the resistance, inactivation, or movement may negatively impact risk assess-
ments that, in turn, will impact health assessments and estimated safety levels. Reducing uncertainty in a risk assessment is one
of the objectives of using surrogates and the ultimate motive for any experiment investigating potential exposure of a pathogen.

The term surrogate is used to indicate a substitute for an item of
interest. In the context of environmental microbiology and

health risk assessment, we have defined surrogates as organisms,
particles, or substances used to study the fate of a pathogen in a
specific environment. Early in the history of microbiology, it was
realized that fecally contaminated water could transmit infectious
disease and that some approach was needed to assess the safety of
water (50). The discovery by Escherich of the common occurrence
of coliform bacteria (Escherichia coli) in stools and of methods for
their isolation from water led to early suggestions for its use as an
indicator for waterborne pathogens and as a surrogate for the
ability of treatment processes to remove them from drinking wa-
ter (2). Both pathogenic and nonpathogenic organisms have been
used as surrogates for a variety of purposes, including studies on
survival (under environmental conditions and during disinfec-
tion) and transport as well as for method development and as
“indicators” of certain conditions (Table 1). Safety is the major
benefit of using nonpathogenic surrogate organisms. Another key
to their use is the ability to easily cultivate the organisms, thus
allowing the generation of large data sets.

The pathogens associated with environmental transmission
routes (water, food, soil, surfaces, and air) encompass hundreds of
bacteria, protozoa, and viruses. Surrogates are essential for the
progression of environmental microbiology as a science and for
investigating bioterrorism, water quality, occupational health/in-
fection control, food safety, aquatic microbiology, and industrial
microbiology. The goals of this article are to (i) summarize the
history of surrogate use, (ii) develop a conceptual decision frame-
work to guide selection of appropriate surrogates, (iii) provide a
process for prioritizing attributes of surrogates for intended uses,
and (iv) provide case studies. Finally, the role that surrogates play
in quantitative microbial risk assessment and public health pro-
tection will be discussed.

Inspired by previous disinfection work using anthrax spores

(43), Harriet Chick used Bacillus anthracis and the nonsporulating
Bacillus paratyphosus (now known as Salmonella enterica serovar
Typhimurium) to quantify first-order disinfection kinetics using
phenol (14). These organisms were used as surrogates to develop
the principles for disinfection kinetics for groups of other patho-
gens. The concept of a fecal indicator was developed in 1885 by
Theodor Escherich, a German pediatrician, to study how enteric
pathogens spread through water and food. Escherich described
motile, rod-shaped bacteria in the feces of newborn and suckling
babies which he called Bacterium coli commune, later named
Escherichia coli. These were again described in 1892 by Franz
Schardinger (50) as characteristic components of the fecal flora
whose presence in water could be taken as “an indicator of the
presence of fecal pollution and therefore of the potential presence
of enteric pathogens.”

The concept of fecal indicator organisms for water was opera-
tionally defined in 1901, when the coliform group was defined as
Gram-negative, non-spore-forming facultative, anaerobic bacilli
that ferment lactose, with production of acid and gas within 48 h
(50). Later it was found that organisms defined as such are not
always related to fecal contamination, and by 1904, C. Eijkman
included a higher incubation temperature of 44°C to improve the
specificity of the indicator (15). These fecal coliforms, or thermo-
tolerant coliforms, are considered to be specific to fecal pollution.
Table 1 describes other terms commonly used by various groups
and agencies.
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There is a heightened need for further definition of microbial
surrogates because of the trend toward quantification of microbe
concentrations for use in risk assessments. In studies of biothreat
agents, data are needed to better document the effectiveness of
decontamination methods and address the fate of biothreat agents
under a wide variety of environmental scenarios. In most labora-
tories, the use of a specific biothreat agent is not possible because
of the need for sophisticated containment and protection to min-
imize risk to the investigators and the public. Therefore, criteria
for the selection and use of surrogates are needed to ensure that
they reflect the behavior of the biothreat agents of concern and
that safety measures are truly protective.

In the last 2 decades, quantitative microbial risk assessment has
evolved as a useful tool for the guidance of water treatment goals
for pathogen removal (31) and for assessing the risk from food
and other environmental exposures (25). In the QMRA paradigm
of hazard identification, exposure, dose response, and risk char-
acterization, exposure assessment has the greatest amount of vari-

ability and uncertainty (77). The use of surrogates can help reduce
the uncertainties associated with exposure assessment. For exam-
ple, Tanner et al. (76) used the coliphage MS-2 to assess exposure
via aerosols from human enteric pathogenic viruses to workers
and nearby populations during the land application of wastewater
biosolids under actual field conditions and to describe the distri-
bution of viral inhalation over a specific time interval.

MATERIALS AND METHODS
Conceptual decision framework. New microbial pathogens and threats
and better microbial tools and mathematical approaches require that we
establish criteria to better address the choices of surrogates for various
evidence-based approaches. We propose a framework using a hypothesis-
generating step to assist in selection: definition of the problem or the
hazard identification step and the qualitative surrogate attribute prioriti-
zation (QSAP) process (Fig. 1). The QSAP process includes detailing the
experimental context and prioritizing attributes. To detail the experimen-
tal context, a system is described as natural or engineered. The type of
experiment is then planned as one of four broad groups: transport, sur-

TABLE 1 Terms used to describe microbial indicators, index organisms, or other metrics to measure microbial contamination in the environment

Term Definition and/or purpose Reference(s)

Process indicator Used in food and water industries to demonstrate the efficacy of a process or if the process has been
compromised

4, 11

Fecal indicator An organism, such as Escherichia coli, that indicates the presence of fecal contamination 2
Model organism Organism behaves in the same manner as a pathogen in a given environment or set of conditions; for example,

the use of coliphages to model the behavior of human enteric viruses
11, 53

Tracer Used in transport studies; examples include the use of coliphages or spores to trace groundwater movement or
spore transport in aerosol

3, 23, 42, 45

Surrogate for assessment of
environmental risk

An organism, particle, or substance used to study the fate of a pathogen in a specific environment This article

FIG 1 Conceptual decision framework for selecting a surrogate.
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vival, disinfection, and/or removal. The attributes are considered in three
domains as practical attributes unique to the experimental setting, biolog-
ical attributes unique to the organism, and environmental attributes
unique to the extrinsic environment of the organism. The QSAP is de-
signed to assist in choosing a surrogate, achieving a group consensus, and
having the evidence to justify and support the decision. All attributes and
definitions needed in this framework are obtained from previously pub-
lished data or expert opinion. The case study section is designed to assess
the conceptual framework as it applies to previously published selection
strategies.

Defining the problem. Identification of the microbial pathogen/haz-
ards is the first step in the surrogate selection process, followed by the
question or hypothesis. Before a surrogate is selected, the pathogenic mi-
crobes in question, the types of diseases they are associated with, and their
ability to be transmitted via the environment (air, water, food, fomites,
etc.) must be identified.

Detailing the experimental context. (i) Describing the natural or
engineered system. After the pathogen(s) is identified, the environmental
or engineered system should be described. Natural systems, such as rec-
reational water contaminated with an enteric virus, elicit a much different
QSAP then an engineered system, such as a drinking water distribution
network contaminated with the same virus. Because there are different
environmental attributes affecting both of these types of systems, the cri-
teria for a surrogate may be very different.

(ii) Problem formulation. The hypothesis should be clearly stated, as
the type of surrogate to be selected depends on the type of questions to be
answered and the information that is desired. For example, a particular
surrogate may be useful for assessment of decontamination (disinfection)
of an environment because of its extreme resistance, but it may not be
useful to assess survival in a particular environment (e.g., water) because
it may greatly overestimate the survival of the target pathogen. For this
reason, it is necessary to first define the purpose or application of the study
through the surrogate decision framework. Next, the practical, biological,
and environmental attributes of the surrogate should be determined.

Assessment of environmental survival and transport. (i) Survival.
An understanding of the survival of organism populations in the natural
or engineered system is one of the critical questions in this context. Sur-
vival— or the opposite term, decay—is described as a rate (loss of viability
per unit of time), with the proportion of the number of live organisms
over the total number of organisms at a given time. A number of factors,
including temperature and moisture, influence this rate, and different
microbes have different resistances to environmental stressors.

It is necessary to assess the survival of pathogens in the air, water, soil,
fomites, food, or other environments to estimate exposure after release.
Temperature is often the rate-controlling parameter for many chemical
and physical processes (57) and is useful for modeling microbial decay
rates of organism populations that cannot normally replicate outside a
host. Relative humidity, water activity, and desiccation are additional en-
vironmental parameters that should be prioritized for survival studies in
air, in food, and on fomites (7, 53). UV light and other factors are dis-
cussed as attributes to consider in the environmental attributes section
(see below).

(ii) Transport. The term “transport” assesses distance and spatial dis-
tribution in reference to the organism’s concentration at a certain time
after its release. It focuses on movement of an organism as distinct from
viability. Therefore, when studying transport, inert particles, such as latex
spheres, tracer solutes, or other inanimate substitutes, have been used as
surrogates. In this approach, it is assumed that viability and transport are
independent processes. For assessments involving ground and surface
water transport, coliphages, enteric bacteria, and Bacillus subtilis spores
(6, 42, 56) have often been proposed as live surrogates. Unique ap-
proaches, such as laboratory-constructed norovirus capsids, have been
used to study virus transport through soil (59), while cauliflower mosaic
virus was used as a surrogate to assess virus transport in day care centers
(39, 55). The transport of an aerosol release of Bacillus anthracis has used

aerial insecticide spray of Bacillus thuringiensis as a surrogate (46). Other
studies have used indigenous bacteria, protozoa, and fluorescent latex
spheres to investigate transport in indoor environments and ground water
(33, 34).

These live tracers have several advantages over chemical tracers, in-
cluding low detection limits, no toxic effects, and a finite lifetime (42).
Perhaps the most commonly used surrogates are bacteriophages due to
their ability to be produced in large numbers at low cost, their ease of
detection, and their nonpathogenicity (72).

(iii) Disinfection. The term “disinfection” describes the physical or
chemical killing of microorganisms and does not necessarily imply com-
plete destruction of all microorganisms (48). Common disinfectants, in-
cluding chlorine, chlorine dioxide, ozone, UV, ammonia, and metals such
as silver, copper, and zinc, are used for water and surfaces and for washing
and laundering. Disinfection studies often evaluate the use of disinfec-
tants through studies investigating the effectiveness of decontamination
of surfaces, investigating the necessary applied dose of radiant energy
(e.g., electron beam, gamma, or UV light), evaluating point-of-use micro-
biological water purifiers, and assessing wastewater or drinking water
treatment plants. Disinfection efficacy is influenced by environmental
(e.g., pH) and biological attributes of the organism. The organisms’ resis-
tance to disinfectants is often intrinsic. Compounds such as chlorine or
other halogen oxidizers, quaternary ammonium compounds, UV, anti-
microbials, and many others can stop metabolism, destroy membranes,
damage DNA, lyse, desiccate, or have many other debilitating effects (5,
48, 82). The effectiveness of a disinfectant is often highly dependent on the
nature of the medium and the environment, in which pH, time, temper-
ature, and the presence of interfering substances (organics or particulates)
can have an effect. The resistance of microorganisms to common chemi-
cal disinfectants generally proceeds in the following order, from most
resistant to least resistant (48): bacterial spores ¡ protozoan cysts ¡
viruses ¡ bacterial cells. This does not consider UV disinfection or phys-
ical processes.

Selecting attributes. Using this paper’s framework, it is possible to
prioritize needs and select a surrogate. As detailed in Fig. 1, the first step is
to identify the hazard. The second is to define and select the system in
which the hazard exists. The third step defines the purpose of the study
and hypothesis (i.e., removal, disinfection, transport, or survival). After
the purpose of the study is defined, the attributes necessary for the study
can be prioritized. Prioritizing attributes significantly helps narrow down
the surrogate selection process. The prioritization assists in the decision of
whether a single surrogate organism is sufficient or whether multiple or-
ganisms are necessary.

Once the data needs are defined, the practical, biological, and environ-
mental sensitivities of surrogates can be selected and prioritized. Each
application/purpose (disinfection, transport, and survival) will have cer-
tain dominant attributes. For example, the environmental attribute of
relative humidity is appropriate for an aerosol survival study while not
meaningful for a water disinfection study. Practical attributes include the
safety, ease of use, and ability to benchmark (i.e., demonstrate similar
behavior under the study conditions). The biological attributes include
functional morphology, taxonomic and genetic similarity, the organism’s
resistance, hydrophobicity, life cycle stage, stability, and other consider-
ations intrinsic to the microorganisms. The environmental sensitivities of
a surrogate are the factors extrinsic to the organism, such as temperature,
pH, relative humidity, UV, organic content and nutrients, biofilm and
other native organisms, and the nature of the release.

Practical attributes. (i) Safety. The foremost practical reason for se-
lecting a surrogate is that it will not cause illness or infection in humans,
animals, and plants. This allows flexibility with minimum laboratory
safety needs and the potential to be used outside the laboratory. An exam-
ple is the use of Bacillus thuringiensis as a surrogate for Bacillus anthracis.
B. thuringiensis is not pathogenic, is a biosafety level 1 (BSL1) agent, and is
easily obtained (62).

Although selecting a surrogate with no harmful effects is simple in
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principle, achieving this is sometimes difficult because many bacteria
thought to be nonpathogenic, such as Lactobacillus spp., can cause oppor-
tunistic infections (37). An example is the 1949 U.S. military release of
Serratia marcescens as a surrogate for a biological warfare agent in the San
Francisco Bay (60) which resulted in an estimated 10 hospitalizations and
an alleged fatality. A similarly cautious approach is considered when using
live vaccines, which also have a possibility of adverse reactions in some
individuals if they become infected. Safety considerations are necessary to
avoid political, security, and public relation issues that may arise if the
surrogate is to be used outside a controlled environment.

(ii) Ease of use. Ease of use is a second practical attribute where “ease”
refers to the organism’s ability to be produced in high numbers, the speed
and simplicity in detection, the availability of simple viability assays, the
availability of an automated method for a large number of samples, and
the lack of adverse effects for industrial process equipment (e.g., food
processing equipment).

The ability to produce large numbers of surrogates at low cost is also
important when it is necessary to determine large reductions in initial
concentrations (e.g., disinfection studies) and because of dilution and
dispersion that occur in transport studies, especially under field condi-
tions (e.g., groundwater transport studies). Bacteriophages, such as MS-2,
can be produced to concentrations as high as 1014 per ml, and a single
phage can be detected in up to 100-ml volumes (26). This allows for
practical detection at dilutions of up to 1016. Bacteria such as Escherichia
coli can be practically produced in most laboratories in concentrations of
1012 CFU per milliliter.

Viability assays must be used for studies on survival, decontamination,
or efficacy of antimicrobial products. This makes it necessary to use cul-
tivation techniques for which the precision and accuracy of the assay
depend on the method and the organism. A variety of methods which have
very defined standard errors are readily available. The use of a flow cytom-
eter, detection by PCR, and spectrophotometric methods does not pro-
vide information on viability, lacks sensitivity (e.g., only small volumes
can be assayed), or is not specific to the surrogate. Despite the limitations,
these assays are automated, offer the advantage of high-throughput pro-
cessing of samples, and may be used in studies where viability may not be
essential (e.g., tracing water or air circulation).

Surrogates are often released into the environment to evaluate decon-
tamination or disinfection achieved within large-scale (water treatment
plant) or industrial (food processing) processes. In these cases, the surro-
gate should not damage or contaminate the equipment or processes or at
least the equipment should be able to be easily decontaminated. Surro-
gates that cause undesirable biofilm formation, taste, odor, physicochem-
ical changes, or an opportunistic infection should be avoided.

In some cases, the surrogate should not have long-term persistence in
the environment. It should be predictable, easily detected, and decontam-
inated without jeopardizing industrial equipment or natural environ-
ments (11). In these cases, nonviable surrogates, such as polyvinyl spheres,
are useful because their persistence poses no concern for infection of
laboratory personnel, environmental pollution, or mutation.

(iii) Benchmarking. The process of benchmarking establishes a sur-
rogate as a substitute for a standard target pathogen in a set of user-
defined conditions. Performance of the surrogate is then measured as a
benchmarked substitute for the standard target pathogen. Benchmarking

does not require access to the target organism, while a true “validation” of
the surrogate requires access to the target pathogen and the surrogate in
the same experimental setting. Benchmarking and validation are de-
scribed in Table 2 as functions of thorough investigations and experimen-
tal access to the target pathogen.

All three types of benchmarking should start with a review of the
literature and then a prioritization of experimental attributes matched to
the specific experiment. For example, if the survival of a target pathogen is
being evaluated, benchmarked surrogates should have similar survival
attributes, such as persistence. Conversely, if the performance of a chem-
ical disinfectant is being evaluated, a more generic and conservative sur-
rogate which survives longer than the target organism may be chosen.

Before any comparative efforts are initiated, it is necessary to show that
the regression equation obeys assumptions of normality (30). It is useful
to determine the best-fit predictions with confidence regions. As dis-
cussed in the disinfection analysis, the nonlinear least-squares method
and the more robust maximum likelihood method are useful to assess the
performance of the chosen kinetics. After this, a covariance analysis can be
used to compare the two inactivation or survivability rates (62). Because
covariance is a measure of how two variables change together, it is neces-
sary to use the same inactivation model for the two compared organisms.
A recent U.S. Environmental Protection Agency validation of surrogates
used this method and superimposed inactivation curves of the surrogate
onto the published UV inactivation curves of Bacillus subtilis from the
European standard biodosimetry studies (62).

Biological attributes. The biological attributes of interest for a surro-
gate include genetics and taxonomy, which can influence functional mor-
phology and the surrogate’s resistance or stability under a defined set of
experimental conditions. Functional morphology includes virulence fac-
tors, receptors, and special proteins, all of which may be related to the
organism’s behavior in the environment. Functional morphology is de-
fined here as its shape, size, surface properties, hydrophobicity, nucleic
acid structure, and life cycle form (spores, vegetative, cysts, etc).

(i) Genetics and taxonomy. The genetic code controls an organism’s
functional morphology, its persistence in stressful environments, its vir-
ulence, and many other traits. In most cases, there is not enough informa-
tion about the genetic heterogeneity of many organisms, which could
result in drastically different virulence or persistence levels. Only in a
select few organisms is the genetic code known to a level where these
differences can be characterized as phenotypic differences. For example,
many members of the Bacillus group of bacteria, including Bacillus an-
thracis, B. thuringiensis, and Bacillus cereus organisms, have very similar
genomes which have been distinguished only by genes carried on the
plasmids. The characteristic lethality of B. anthracis, the insecticidal
crystal-forming proteins of B. thuringiensis, and the characteristic oppor-
tunistic ability of B. cereus are all genetic traits unique to plasmids (36).

The genetic similarity of these organisms makes B. thuringiensis a use-
ful surrogate for B. anthracis under some environmental situations; how-
ever, a surrogate’s genetic relatedness and genetic distance should not be
the only attributes used for a benchmark or validation justification to a
target organism. Two examples are the two bacteriophages MS-2 and F2,
which are genetically very similar (41) but which exhibit different resis-
tances in various survival and disinfection settings (3). Also, Bacillus ce-
reus has long filaments which make its transport in aerosols and water

TABLE 2 Possible types of surrogate benchmarking and validation experiments

Type Description

Benchmarking 1 Conservative approach choosing the most resistant, persistent, and robust surrogate without exptl access to the organism
Benchmarking 2 Through a literature review, demonstrating that the surrogate possesses the same exptl attributes as the target pathogen without access

to the organism
Benchmarking 3 Demonstrating and documenting the range of surrogate behaviors with confidence limits and then placing the target pathogens in the

appropriate range on a full spectrum; does not require access to the target pathogen
Validation Experimentally comparing the surrogate and the target pathogen under the same conditions in the same laboratory
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much different than that of the genetically similar B. thuringiensis or B.
anthracis (10, 58, 61, 86). Because genetic relatedness does not always
justify a good surrogate/pathogen match, surrogates should be selected
based on a collection of other characteristics. The selected surrogate
should be genetically stable, readily obtainable, and cultivatable. Genetics
should not be completely ignored; propagation protocols should have
limited risk of mutation, allowing for repeatable experimental conditions
and results.

(ii) Functional morphology. Functional morphology is defined as the
study of the relationship between form and function of organisms and/or
their parts (69). Considering this definition, a microbe’s shape and size
govern its ability to be transported independently or transported through
its interaction and attachment to other particles in its environment. Cell
mass is also important, as it affects settling in air and water. Major mor-
phological differences can exist at the genus level. In the Bacillus group, for
example, structures such as filamentous appendages, exosporia, size, and
shape vary between spores of different species (32) and thereby affect
survival, disinfection, and transport in different ways.

(iii) Hydrophobicity and isoelectric point. Attraction to interfaces is
governed, at least initially, by the isoelectric point and hydrophobicity.
These two factors are also important in the transport of organisms
through both air and water. As surrogates interact with interfaces, hydro-
phobicity and net surface charge become important (21). Generally, an
organism with a lower isoelectric point and lower hydrophobicity travels
greater distances because of fewer interactions with common environ-
mental interfaces (16, 46). For example, most soil particles exhibit a neg-
ative charge and are hydrophobic (e.g., sand, organic particulates, most
common clays). Some suggest that coliphages with a more hydrophobic
viral capsid are attracted to air-water interfaces where denaturalization of
the capsid proteins occurs (39). The more hydrophobic a virus is, the less
likely it will be transported through unsaturated soils because of its reten-
tion at air-soil-water interfaces (22). Surface charges and molecular struc-
ture also play a role in hydrophobicity. Attractive forces may cause spores
to clump or adhere to surfaces. As the organisms clump, their physical and
biological behaviors change and may require a reevaluation of surrogate
selection (47, 74, 83).

Studies with E. coli and Bacillus cereus spores show that the hydropho-
bicity of the organism, the surface, and the suspending medium can all
interact to affect behavior toward inanimate surfaces (18, 19).

(iv) Preparation of organisms. Treatment of organisms prior to use in
survival studies is an important variable (67, 73). The preparation and
handling of any particular surrogate can alter the measured response of
the surrogate to the disinfectant agents, the environment, or its transport
in a particular environment. Any benchmarking or comparison between
organisms must address the potential differences between strains and
consider parallel tests with identical conditions for growth, storage, spo-
rulation and/or propagation, and purification (40, 62). If these differences
are not appropriately addressed, the comparison can be invalid. Common
mistakes occur because of a failure to describe methods, such as if the
organism was centrifuged, the nature of the suspending medium, if the
isolation medium is selective or specific for stressed organisms, and other
similar factors. These can all influence viability, validity of a benchmark-
ing effort, and the ratio of healthy to injured organisms.

Environmental attributes. The final attribute to consider for selection
of a surrogate is the environment which the pathogenic organism inhabits
or the engineered or natural system under study. The physical and chem-
ical composition of the surrounding liquid, air, or solid will always affect
the survival of organisms. Because the list of environmental factors that
affect organisms is large, we attempted to limit this list to the most com-
mon parameters that have the largest impact. These include the pH, tem-
perature, relative humidity (desiccation and evaporation), UV (sunlight
and lamp UV), organic matter, nutrients, water/air currents, biofilm, tur-
bidity (particulates), the nature of the release, and the preparation of the
organism.

(i) pH. The pH of the surrounding environment affects the net charge
of the organism’s interface with the environment. This may lead to dena-
turing proteins and nucleic acids or affect the organisms’ net charge and
transport. Most organisms exhibit the greatest stability at near-neutral
pH. Most enteric viruses are stable between pH 3 to 9, but in contrast,
many respiratory viruses are not stable below pH 6.0 (51). A pH change
can also affect other factors in the surrounding environment which may
additionally damage the microorganism. This is often the case with some
metals, which may have a more germicidal effect, once the pH drops
below a certain point due to changes in the chemical speciation of the
metal. One important consideration is that some pathogens, such as the
Salmonella genus, can have stress response mechanisms when exposed to
lethal acidic conditions. This is known as the cross-protection phenome-
non, in which these acid-adapted cells become tolerant to multiple “heat,
cold, osmotic and oxidative stresses” (84). Although there may be other
pathogens and potential microbial surrogates that can exhibit this re-
sponse, the consideration is not relevant to experimental contexts involv-
ing transport or removal.

(ii) Temperature. Temperature stability is a dominating factor in all
media. It controls most chemical and biological processes and can be
described using the inactivation models previously mentioned. These in-
activation models can predict the survival of pathogens in the environ-
ment for given temperatures (48). High temperatures denature proteins
and nucleic acids, while only a few possibilities exist for resistant organ-
isms, such as bacterial spores, parvovirus, and Bacillus stearothermophilus
spores (11, 51). Additionally, the pH and cation/anion balance associated
with the external environment can stabilize or destabilize proteins, a pro-
cess which can therefore increase or decrease resistance to thermal inac-
tivation (17).

(iii) Relative humidity. Desiccation and relative humidity are critical
controlling factors affecting survival in aerosols and on fomites. The des-
iccation rate on surfaces or in aerosols is determined principally by rela-
tive humidity and to some degree by the fluid in which the organisms were
initially suspended. The loss of water causes a denaturation of proteins in
which rapid aerosolization exposes the organism to damaging air-water
interface effects (52). Generally, as the rate of evaporation increases, the
loss of viability tends to increase. In the case of enteric and respiratory
viruses, it appears that the greatest degree of inactivation on fomites oc-
curs during this period (7). Some organisms survive in aerosols and on
fomites within certain ranges of relative humidity. Thus, influenza virus
survives best at relative humidity levels of 50% (68), while poliovirus
survives best at a higher relative humidity of above 85%. Some viruses,
such as smallpox, survive best at midrange relative humidity, and others
survive only at high and low relative humidity (52, 70).

(iv) Mechanism of release. The mechanism of organism release is also
important, as a sneeze or other host organism efflux will have various
moisture and other organic particles to propel the organism, while envi-
ronmental characteristics, such as wind, settling, dilution, and currents,
disperse the organism. A surrogate of pathogen risk in lakes was shown to
be relevant only if it shares similar aggregation and settling characteristics
with the pathogen of concern (9).

(v) UV light. If exposure to sunlight is a factor, then the organism’s
resistance to UV light should be considered in engineered and natural
systems (65). Exposure to UV-C and UV-B wavelengths causes cross-links
among nucleotides (24, 64), while other UV-A light forms oxidized spe-
cies in solution which can be lethal to microorganisms (38). UV was an
important consideration in modeling virus transport in a natural river
system using a bacteriophage as a surrogate (71). In engineered systems,
MS-2 coliphage, E. coli, and Bacillus subtilis have been used as surrogates
to measure the UV light dose for water disinfection (81).

(vi) Organic content. The organic content of liquid and soil matrices
can affect microorganisms in various ways. If an organism is subject to
disinfection in sewage, the high organic content will buffer the processes
by combining with ammonia and organic substances, increasing the need
for more chlorine (12). The high organic content can also supply nutrients
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for the organism or for active microbial communities, which may support
the growth of microbial predators and grazers. The organic matter can
also neutralize antagonistic substances (51).

(vii) Biofilms. Natural microenvironments may develop in various
media. The possibility of predator-prey relationships and biofilm forma-
tion should always be considered. Surface properties, such as porosity and
roughness, can also affect these parameters when surrogates are selected
for engineered water systems. Biofilm studies of water distribution sys-
tems often find microbial communities growing on the rough inner sur-
faces of municipal cast iron and galvanized pipes. These communities
were shown to thrive in many types of water, including those with rela-
tively low levels of organic content (44).

(viii) Turbidity and particulates. In water systems, turbidity can pro-
tect organisms from UV light while necessitating a higher chlorine dose
for chemical disinfection. Organisms can also become associated with
suspended particulates and be transported with them in liquid or aerosol
environments. Turbidity and particle size have also been used as part of a
surrogate group to predict the presence of Cryptosporidium and other
pathogens in lakes and reservoirs (9).

(ix) Interfaces. Depending on the organism, there is usually greater
stability at the solid-water interface and less stability at the air-water in-
terface. This stability depends on the nature of the organism’s outer sur-
face and its resistance to damage or denaturation (78, 79).

There are three major factors affecting a surrogate’s viability after in-
troduction into an environment with existing indigenous organisms:
competition for nutrients, predation, and production of antagonistic sub-
stances (48). Examples include regrowth of Salmonella in compost (85),
bacterial ingestion by protozoa (29, 54), and antagonistic substances pro-
duced by marine bacteria against enteric viruses (20).

Inoculating surrogates into a complex natural system can result in
many possible antagonistic, synergistic, or other consequences, and it is
recommended to quantify the titer immediately after inoculation. An-
other consideration is the possibility of interactions and synergism, which
occur in the natural environment.

RESULTS
Case studies. Case studies of previously selected surrogates illus-
trate the decision process that was used to select surrogates. Case
studies are presented below in terms of the problem statement,
their experimental context, the attributes, and the selected surro-
gate. These case studies are summarized in Table 3.

Environmental persistence of Bacillus anthracis—surrogate
selection for bioterrorism vulnerability. With recent attention to
our society’s vulnerability to bioterrorism, much effort has been
focused on characterizing the survival, transport, and decontam-
ination options of biological agents of concern (BAC) in the en-
vironment (75). Currently, the BAC of the highest priority are
categorized by the United States Centers for Disease Control and
Prevention as category A select agents (66). Unfortunately, it is not
possible to meet the personal safety precautions and expenses re-
quired to work with live pathogens because most BAC are biolog-
ical safety level 3 (BSL3) (63). While this information is essential
for risk management, studies are difficult because of potential ex-
posures to the agent, the difficulty and cost in culturing the organ-
ism, and the efficacy, difficulty, and cost of performing experi-
ments under BSL3 conditions.

As an example, a study was conducted with the objective to
validate a surrogate for B. anthracis survival on common environ-
mental surfaces, conducting parallel B. anthracis and B. thurin-
giensis (surrogate) studies in a BSL3 facility. An experiment was
designed to investigate survival on multiple types of surfaces in-
side and outside a BSL3 laboratory. The experimental context in-
volved investigating the survival of organisms on a natural fomite T
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system with multiple environmental attributes. Decontamination
and removal were also issues to be investigated.

An extensive literature search and previous experiments moti-
vated the investigators to prioritize attributes focusing on genetic/
taxonomic similarity and functional morphology (10, 13, 58, 61,
86). They concluded that Bacillus thuringiensis would make the
best surrogate for B. anthracis because it is genetically very close
and also expresses a very similar physical structure. It was thought
that the two organisms would behave similarly in survival and
transport experiments. B. thuringiensis also has the attributes of
being safe to use, being available in high numbers, having the
possibility of simple viability assays, and being common in the
environment. A negative attribute to consider is that if experi-
ments are not tightly controlled, the spores are easily aerosolized
and can contaminate a large portion of the laboratory.

In a review of surrogate selection for Bacillus anthracis, one
group (27) describes how Bacillus atrophaeus was initially chosen.
This species is somewhat close phylogenetically, completely in-
nocuous, and ubiquitous. However, B. atrophaeus is not the ideal
candidate for all types of experiments. For example, B. atrophaeus
has greater survivability with chlorine exposure and is therefore a
more conservative surrogate for disinfection studies (8, 49). In
contrast, B. atrophaeus cells are considerably smaller than those of
B. anthracis and would not make an ideal surrogate during trans-
port experiments.

Standard guide and protocol—surrogates for the registra-
tion of products or processes. Portable and home water treat-
ment devices (point-of-use treatment) have been developed to
protect consumers from waterborne pathogens (1). Because there
are more than 150 enteric pathogens that can be transmitted by
drinking water, surrogates are a must to evaluate treatment ap-
proaches (80). To assess the registration of point-of-use microbi-
ological purifiers, testing criteria were established based upon
surrogates used to represent the different microbial classes of wa-
terborne pathogens (i.e., viruses, bacteria, and protozoa). Before
registration of such products, it must be demonstrated that such
devices or treatments are capable of removing these surrogates to
a level defined by the U.S. EPA (80). The experimental context
involves conducting disinfection or removal tests of these engi-
neered systems. The U.S. EPA developed guidelines so that these
drinking water purifier technologies can comply with the Safe
Drinking Water Act requirements (80) and be officially registered.

To qualify as a microbiological water purifier, the units must
achieve a 6-log reduction in bacteria, 3-log reduction in viruses,
and 2.5-log reduction in cysts (80). The tests require that the se-
lected surrogates represent practical, biological, and environmen-
tal attributes that are very similar to those of the pathogens. The
resistance of the organism and its functional morphology are dis-
cussed as the biological attributes, while the majority of the doc-
ument focuses on environmental attributes, such as pH, temper-
ature, organic matter, and turbidity of the test water.

When selecting surrogates for the U.S. EPA standard guideline,
the following surrogates were chosen for the challenge test setup:
Klebsiella terrigena was chosen for the coliform group, Cryptospo-
ridium parvum was chosen for the cyst group, and poliovirus or
rotavirus was chosen for the virus group. A coliform bacterium
was selected to represent waterborne bacteria, and Cryptospo-
ridium (a protozoan) was selected to represent a waterborne par-
asite. Originally, Giardia was used, but the surrogate was later
changed to Cryptosporidium as its cells are smaller and more re-

sistant to chemical disinfectants. It was stated that enteric viruses
are more resistant to common treatment methods (i.e., filtration,
disinfection, heat, and UV light) than enteric bacteria and proto-
zoa, so two surrogate enteric viruses were used, i.e., a poliovirus
type 1 vaccine strain and a simian rotavirus (nonhuman patho-
gen). They were selected because of differences in size, nucleic acid
composition, and capsid composition.

DISCUSSION

The ultimate goal of selecting a sufficiently representative surro-
gate is to improve public health through a health-based risk as-
sessment framework. Under- or overestimating the resistance, in-
activation, or movement may negatively impact risk assessments
that, in turn, will impact health assessments and estimated safety
levels. Reducing uncertainty in a risk assessment is one of the
objectives of using surrogates and the ultimate motive for any
experiment investigating potential exposure of a pathogen.

Quantitative data are needed to develop and validate models
for agents by routes or environments. This becomes an issue, in
particular, for potential bioterrorist agents for which data are non-
existent (28). This is problematic because exposure to these organ-
isms may occur by nonnatural routes of transmission, such as
aerosol exposure by yellow fever virus (35). The use of surrogates
in these scenarios can allow quantification of the degree of expo-
sure and assist in the development of appropriate control strate-
gies (i.e., water treatment, fomite decontamination, or food pro-
cessing methods).
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