What Makes Bacteriophage Safe?

Phages are viruses that infect bacteria. Phage therapy is the application of phages to
humans or to environments to reduce densities of specific bacteria, including, especially,
the destruction of pathogenic bacteria. In this report we consider phage-therapy safety
issues. We note, first, that species barriers minimize the direct phage interaction with
human tissues, particularly by preventing specific interactions such as the phage infection
of human cells. Phage impact on human health therefore would occur primarily through
indirect effects, such as via the phage infection of bacteria making up human normal
flora. However, in most cases the application of phages to bacteria-containing
environments (including humans) makes a quantitative difference, not a qualitative one,
since phages already exist in many environments, including water, soil, food, and even
among human normal flora. Plausible risks associated with any phage exposure should be
limited to the killing of otherwise helpful bacteria (already a tradeoff associated with
chemical antibiotic usage), modification of specific bacteria to a higher virulence (a real
but addressable concern), or due to bacterial toxins associated with phage preparations.
These hazards may be mitigated by employing phage therapeutics (i) with narrow host
ranges, (ii) that are unable to display lysogeny, (iii) that do not carry toxin genes, (iv) that
display minimal tendency towards DNA transduction between bacteria, and (v) which are
purified away from bacterial toxins. In other words, exclusion of those traits already
observed among many naturally occurring phages with which we make contact on a daily
basis. Indeed, following over 80 years of study of phage-animal and phage-human
interaction, no evidence has surfaced suggesting that the application of specific phages to
the human body will impact negatively on human health.

SPECIES BARRIERS

The human condition is such that biological features of our environment normally are
relatively benign. This relative safety occurs in part because most microorganisms are
limited in their ability to invade the human body, with contact to the skin less invasive
than contact with mucous membranes, contact with mucous membranes less invasive
than penetration into body tissues, and penetration into body tissues less invasive than
penetration into body cells. Furthermore, in order for microorganisms to cause disease
they generally must adhere to host tissues, penetrate those tissues, and then produce some
kind of chemical (e.g., a toxin) that either interferes with a normal body process or
otherwise directly damages the body. Most of the time microbes, even human pathogens,
are not successful in one or more of these steps and, as a consequence, even though
microorganisms are constantly probing our body’s defenses, for the most part these
microbes do not make us sick (89). The primary protections our bodies employ against
non-human pathogens are collectively known as species barriers (a.k.a., genetic or
species immunity). That is, microorganism penetration, replication, or damage will fail to
occur due to (i) an absence of specific molecules required for adherence to host tissues,
(i1) a lack of specific mechanisms by which penetration into host tissues may be effected,
(ii1) an absence of toxin production or a lack of human-tissue specificity of any toxins
produced, (iv) metabolic (i.e., biochemical) incompatibilities that interfere with
microorganism (particularly viral) replication, and (v) metabolic incompatibilities that



interfere with toxin production by potentially pathogenic microbes. As a consequence of
these hurdles, the vast majority of microorganisms that humans encounter are incapable
of bypassing normal, non-specific defenses against pathogen reproduction and then,
should penetration inadvertently occur, nevertheless are incapable of effecting disease.

Viruses are well represented among the microorganisms that commonly surround us, but
the vast majority of viruses, so far as science can tell, are incapable of penetrating
sufficiently into human cells or tissues to render us harm, or are incapable of damaging
human cells or tissues even given penetration. Indeed, of the approximately 90 virus
families that are recognized by the International Committee on Taxonomy of Viruses
(ICTV), only 19 families cause human disease'. In modern biology viruses are typically
differentiated in terms of their modes of replication, their type of genomes (e.g., RNA vs.
DNA), chemical characteristics of their capsids, their morphology as viewed by an
electron microscope, their impact on infected-cell (or tissue) anatomy (or histology), and,
most recently, the actual sequence of the nucleotides making up their genes and even
entire genomes (e.g., 123). Historically, however, viruses were first distinguished in
terms of their host range (the host species they are capable of infecting) and, given
infection of a given species, their tissue tropism (tropism is a description of the tissues a
pathogen is capable of infecting). Thus, from the classic five-kingdom system of
organismal classification we commonly differentiate animal viruses from plant viruses
from protozoan viruses from fungal viruses from bacterial viruses. The ICTV—based
more on research emphases rather than actual viral diversity— today differentiates virus
hosts into eight basic categories: archaebacteria, bacteria, eukaryotic algae, protozoa,
fungi, plants, invertebrate animals, and vertebrate animals.

It is rare for pathogens of one kingdom to infect and give rise to disease in another
kingdom. Exceptional are a few plant-pathogenic bacteria, such as Pseudomonas
aeruginosa (175) and Burkholderia cepacia (59), which are also pathogenic to humans.
Another example is the bacterium Legionella which normally exists as a protozoan
pathogen, but when spread through contaminated air-conditioning systems can cause
atypical pneumonia (84, 151). Additional human or animal pathogens that potentially
have protozoan reservoirs include Listeria, certain mycobacteria, coliform bacteria, and
perhaps even Escherichia coli O157 (13). Unlike the above examples of kingdom-
jumping bacteria, however, there is no evidence of a kingdom-jumping virus (85). The
explanation for this rarity is an extension of the idea of species barriers: molecular
differences between host species from different kingdoms (e.g., bacteria hosts vs. human
hosts) are even greater than those found between different species within the same
kingdom (e.g., bovine hosts vs. human hosts). Consequently, though emerging infectious
diseases and known zoonoses often have a viral etiology (e.g., AIDS, ebola, influenza,
sin nombre virus, SARS...), not only is it typically assumed that the reservoir or original

' See www.ncbi.nlm.nih.gov/ICTVdb/Ictv/fr-fst-h.htm for a list of virus families. Human viruses are found
among families Adenoviridae, Arenaviridae, Bunyaviridae, Caliciviridae, Coronaviridae, Filoviridae,
Flaviviridae, Hepadnaviridae, Herpesviridae, Orthomyzoviridae, Papovaviridae, Paramyxoviridae,
Parvoviridae, Picornaviridae, Poxviridae, Reoviridae, Retroviridae, Rhabdoviridae, and Togaviridae. See
http://www.kcom.edu/faculty/chamberlain/Website/Lects/ VIRAL.HTM for basic descriptions of virion
morphologies as well as associated diseases.
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host is an animal (essentially by definition for a zoonosis), it is also typically the case that
the source animal is either a vertebrate—and an endothermic vertebrates at that (e.g.,
mice, bats, chimpanzees, etc.)—or an arthropod, perhaps in combination with vertebrate
host (e.g., yellow fever and West Nile virus). Even the notoriously broad host-ranged
rabies virus is limited to infecting mammals. There are, however, two virus families,
Reoviridae and Rhabdoviridae, that possess some members capable of infecting animals
and other members capable of infecting plants. Individual viruses, though, are limited in
their host range to animal or plant hosts but not some combination of both?. See (68) for
additional discussion of the relationship, such as it exists, between bacteriophages and
viruses of eukaryotic organisms.

BACTERIOPHAGE

The viruses of “Kingdom” Bacteria were first described as invisible entities capable of
destroying bacterial cultures and that, like the plant viruses discovered before them (e.g.,
tobacco mosaic virus), would remain infectious even after suspensions were passed
through filters designed to remove bacteria (43, 48, 148). Since the action of bacterial
viruses resembled the “eating” of bacterial cultures, the word “phage”, which means to
eat or devour in Greek, was chosen to describe this phenomenon. It was only decades
after their discovery that all researchers accepted bacteriophage as viral. As a
consequence, bacterial viruses, even today, are better known as bacteriophages or,
simply, as phages.

Though not visible to the naked eye, or even through powerful bright-field light
microscopes, nevertheless we are surrounded by these phages. A single drop of seawater
can hold literally millions of phages (e.g., 166), and an inadvertent mouthful can contain
as many phages as there are people in the U.S. Indeed, total virus estimates worldwide
are 10° to 10°! (e.g., 68). That is equivalent to 100 million to 1 billion virus particles
currently present on Earth for every star in the universe (155) or over
100,000,000,000,000,000,000 (100 quintillion = 100 billion billion) for every human
(~10 billion) who has ever lived.

The vast majority of phages, so far as virologists understand, are incapable of harming
humans. This is because (i) not all phages are temperate, that is, able to establish
“lysogenic” relationships with bacteria, which are symbioses in which the chromosome
of a temperate phage becomes integrated into the chromosome of a bacterium.; (ii)
relatively few temperate phages have been shown to cause bacterial lysogens to display
phage-coded bacterial virulence factors (160); (iii) the species these phages are capable of
infecting (their host range) does not include humans; (iv) many or most of these phages
display limited host ranges even among bacteria and therefore, unless specifically
targeted, may be incapable of infecting the bacteria making up the typical human normal

? Family Reoviridae includes the plant viruses Fiji disease virus, rice dwarf virus, and rice ragged stunt
virus, as well as the vertebrate viruses aquareovirus A, bluetongue virus, Colorado tick fever virus,
mammalian orthoreovirus, and rotavirus A. Family Rhabdoviridae includes the plant viruses lettuce
necrotic yellows virus and potato yellow dwarf virus as well as the vertebrate viruses bovine ephemeral
fever virus, infectious hematopoietic necrosis virus, rabies virus, and vesicular stomatitis Indiana virus.



flora; (v) most of these phages are not even capable of penetrating to the bulk of normal
flora—i.e., that found in the alimentary canal—due to the protective action of gastric
juices and intestinal proteases, the protein-digesting enzymes; (vi) even given penetration
to and infection of normal body bacteria, many phages, such as those incapable of
establishing lysogenic relationships with bacteria, do not facilitate changes in bacteria
phenotypes that result in changes to bacterial virulence; and (vii) given an absence of
bacterial infection there is no evidence that natural bacteriophages otherwise serve as
anything other than benign—and transient—components of normal flora.

Analysis of titers of viable phages in foods and water is routinely done, and over the past
two decades increasing efforts have been made to ascertain total viral counts, particularly
in aquatic systems (e.g., 166), and recently also in soil (9). In the latter study the total
number of virus particles (with most assumed to be bacteriophages) were at least 10'/g
and, as the authors speculate based upon estimates of soils to which a known density of
phages had been added, perhaps range as high 10° viruses/g. In other words, 10 billion
naturally occurring viruses may be present in a 100-gram handful of untreated soil.
Phages that infect the bacterium Escherichia coli and related bacteria (fecal coliforms)—
normal constituents of human flora—are even commonly employed as indicators for
fecal contamination of water (e.g., 30). That is, fecal contamination may be ascertained
by determining counts of phages (coliphages) that are actively capable of infecting these
bacteria. That utility is possible because the intestinal contents or feces of certain
domestic animals (cows and pigs) and humans contain large amounts of coliphages (141).
For cattle, chickens, and other domesticated animals, for example, coliphage counts are
frequently found (mean counts among different animals) in the range of 10" to 107 (10
thousand to 10 million) per gram of feces (1). Fecal contamination, as always, is a
concern during food production and coliphages have also been proposed as indicators for
the fecal contamination of foods, e.g., of carrots (51), ground beef and poultry meat (72),
and animal feed (94). Phages, in short, are a normal part of the human environment, and,
in Table 1, we review recent phage isolations directly from humans as well as the
immediate human environment. See (2) for a review of phage types and their prevalence
in various environments.

PHAGE THERAPY

Phage therapy refers to the process of applying phages to bacteria-containing ecosystems
to reduce deleterious bacterial populations. Recently phage therapy has been subject to
numerous reviews (4, 8, 17, 35, 39, 49, 70, 81, 82, 92, 99, 131, 143, 146, 147, 149).
Historically phage therapy has focused on the application of phages to human bodies to
combat bacterial diseases, as well as application to vehicles of pathogen transmission
such as water (for reviews of the history of phage therapy see 99, 131, 148, 149).
Application to humans (as well as animal models) has ranged from local (e.g., specific
areas of skin) to gastrointestinal (usually following oral delivery) to systemic (e.g.,
intravenous, intraperitoneal, or intramuscular). Systemic application may be employed to
combat bacteremias and septicemias, or to deliver phages systemically to more-localized
infections.



Phage therapy held great promise during the first half of the 20™ century, particularly
within a world in which alternative antibacterial therapies were rare, unknown, or
otherwise toxic. A lack of understanding of phage biology—combined with the discovery
of safe and effective chemical antimicrobials (i.e., antibiotics)—resulted, however, in a
decline in interest in phage therapy, particularly by Western medicine. By contrast,
extensive use of phages to treat human disease continued to occur within the former
Soviet Union and Poland (136-138), as well as France (e.g., 158). The Eliava Institute of
Bacteriophage, Microbiology, and Virology in Tbiliisi, Georgia, of the former Soviet
Union has been using phage therapy since 1934 (120). Examples of diseases treated with
phages include dysentery, food poisoning, typhoid fever, burns, blood poisoning, and
infections of the skin, throat, and urinary tract. Phages were administered by drinking,
swallowing tablets, aerosols, topical application to lesions, intravenous injections, and in
combination with antibiotics. Phages were also used as antiseptics in operating rooms, on
surgical instruments, and as prophytics in lesions during surgery. As many as eleven
thousand children were given phages as prophytics for many years. No evidence of
adverse reactions of any kind to humans has been reported.

Even in the West, and even though we know that specific temperate phages can
contribute to specific diseases [e.g., cholera and hemolytic uremic syndrome, as caused
by Vibrio cholera and Escherichia coli O157:H7, respectively (160)], there is no
evidence that exposure to phage virion particles, even ones normally associated with
disease-causing bacteria, can actually result in the occurrence of human disease (e.g., 49).
Indeed, one can identify numerous circumstances, and evidence, consistent with a
conclusion that the majority of phage exposure is not inherently risky to human health
nor, necessarily, even aberrant from the normal human experience. Indeed, in the U.S.,
tens of millions of individuals have received live virus vaccines that were contaminated
with phages, including polio, measles, mumps, and rubella vaccines. Recipients of
contaminated vaccines showed no detrimental effects. Because of concern about the
safety of phage contaminated vaccines, Milstien et al. (100) isolated phages from a
vaccine, produced them in high titer and injected 10'? into 6-8 week old monkeys. No
adverse reactions to the monkeys were observed. Petricciani ef al. (115) concluded from
additional animal testing that phage contaminated vaccines for humans posed no real
threat to public health.

Phage therapy may be defined more broadly than just the application of phages to human
bodies to combat bacterial disease. Indeed, at its most inclusive “phage” therapy
represents the application of specific pathogens (e.g., such as phages, which are
pathogens of bacteria) to selectively reduce or eliminate pathogen-susceptible organisms
from specific environments, including natural environments (e.g., forests, lakes, etc., as
well as the bodies of humans and other animals), artificial environments (e.g., farms,
factories, offices, hospitals, etc.), or even laboratory environments (e.g., to reduce
streptomycete numbers on soil dilution plates; 83). In other words, phage therapy is
simply another form of biological control—the use of one organism to suppress another;
and like other biological controls, the application of phage therapy holds a potential to
reduce the usage of anti-pest chemicals, which in the case of phages means a reduction in
the application of chemical antibiotics.



Phage therapies can be classified into five categories in terms of the likelihood and nature
of human contact. They are:

Category I =~ Human exposure to the environment to which phages have been applied is
unlikely and therefore human exposure to the applied phages is rare;

Category I Human exposure to the environment is likely, but human exposure to
applied phages is greatly reduced;

Category Il Human exposure to the environment is likely and human exposure to
phages is somewhat likely;

Category IV Phages are directly applied to humans, but without deliberate introduction
of phages deeply into human tissues;

Category V. Phages are deliberately introduced deeply into human tissues.
See Table 2 for a classification of published phage-therapy studies by category.

Category I. Phage (or viral) therapy has been proposed for the control of bacterial
disease in non-food plants (53), of various aquatic algal blooms (45, 127) of
microbiofouling of marine heat exchanges (78, 128), and in various guises to remove
bacteria from non-food organisms growing in tissue culture such as white-clover
protoplasts (61, 132). Also consistent with a category I application of phages is phage
employment as living tracers, e.g., for following the movement of groundwater or as
indicators of fecal contamination from specific sources. For such application it is relevant
to this discussion that a stated advantage of phage employment as water tracers is that
phages “are neither toxic nor pathogenic for other living organisms as they penetrate only
a specific bacterial host” (126). Similarly, sewage treatment plants contain high densities
of phages, most of which are readily capable of infecting bacteria normally associated
with human flora—and a few of those phages can carry bacterial virulence factors (104,
105, 153, 154) and are potentially aerosolized (19, 29, 34)—yet there is little concern of
any association between sewage phages and human disease. This is probably due to little
human contact with raw sewage and because well-treated sewage effluent can display
significant reductions in the viability of phage contaminants (36, 125, 154). However,
total counts of naturally present viruses in even treated sewage effluent can still be
enormous [e.g., greater than 10*/ml total count in a sewage-works lagoon; (22)].
Naturally present viable coliphages found in effluent or sewage-contaminated waters, can
range up to 1,000 or more per ml (1).

Category II. In category II, phage densities upon human contact have been significantly
reduced due to long time frames between phage application and human contact, or
because of various means of processing (e.g., cleaning and disinfection) that have been
applied prior to human contact or, more specifically, prior to phage contact with
consumers. In Table 2 over 25 studies are listed that are described as category II uses of
phages. Note that most of these studies address the application of phages in agricultural
settings, typically to eliminate bacteria associated with diseases affecting production,
though additionally with phages employed to reduce loads of potential human pathogens.



Reduction in the phage load of foods can occur both pre- and post-harvest, with category
IT application of phages occurring only pre-harvest. Pre-harvest reduction in phage load
occurs due to natural tendencies for phages to decay—due to exposure to sunlight, UV
radiation, desiccation, and various chemical and biological antagonists (6, 116, 133, 134,
150, 165, 167)—such that densities decline unless active phage replication occurs. Phage
viable counts typically decline in many ecosystems, given an absence of specific host
bacteria (and therefore a potential for phage replication)—indeed, phage numbers can
decline even given the presence of host bacteria if phage application is done with high
ratios of phages to bacteria. Since replication can only occur within phage-susceptible
bacteria, and the consequence of phage therapy is the destruction of phage-susceptible
bacteria, phage populations tend to decline following both successful and unsuccessful
phage therapy. For example, therapeutic phages applied to chicken-feed pellets incubated
at 37°C display an approximately 100-fold decline in phage number over a two-week
period (135).

Post harvest one can expect that processing, whether post-harvest washing (oftentimes
washing includes addition of sodium hypochlorite to the wash water) or subsequent
cooking, should result in dramatic declines in both phage viability and total phage
numbers. This is particularly so since post-harvest processes are often designed with a
reduction in microbial load in mind. Various studies have explored the ability of
hypochlorite, for example, to impact on phage viability (23, 27, 67, 76, 77, 95, 119, 129,
145). See (93) for phage removal from strawberries and (112) for a comparison of the
impact of hypochlorite on phage suspended in broth vs. milk.

Category III. Category III currently consists mostly of proposed post-harvest
applications of phages to foods as a means of reducing the content of potential human
bacterial pathogens on food or as a means of interfering with the life cycles of microbes
capable of affecting food quality. Since the risk of food spoilage should continue right up
to consumer contact, and since the ability to process foods is reduced the closer those
foods get to the consumer (i.e., reduced likelihood that phages may be effectively washed
or otherwise eliminated via disinfection), the likelihood of human contact with phages
should be much greater than with category II application. In cases where phages target
potential human pathogens one could envisage that greatest pathogen-killing efficacy
could occur where efforts to eliminate phages prior to human contact are not employed
(since phage removal would be equivalent to anti-pathogen removal). In cases where
phages target food-spoilage agents, one similarly might expect a reluctance to remove
such agents prior to consumer contact, either because those agents would be employed
primarily to prevent spoilage prior to consumer purchase (e.g., during transportation from
factory to store, with minimal processing expected in stores) or to prevent spoilage
following purchase by the consumer. Thus there exist numerous circumstances for which
phages, and even phage infectivity, would be advantageously maintained even given a
high likelihood of human contact with high numbers of viable phage.

Though cooking should eliminate phages from some foods (e.g., from meats), in fact not
all food to which phages may be applied necessarily are cooked prior to consumption.



Furthermore, handling of foods prior to cooking should result in a spread of phages to
hands as well as to common utensils. However, the same could be said for any
microorganism found on meats, including pathogenic bacteria that, of course, often are
found in association with store-bought meats [and hence the proposal to employ phages
to combat potential bacterial pathogens found on meat (50)]. On the other hand,
proposals to treat fresh-cut fruit with phages to reduce loads of Salmonella enteritidis
(88), assuming no subsequent cooking, could result in significant consumer exposure to
applied phages. Also potentially included in this category (III) could be the application of
phages to workplaces, e.g., as a means of reducing the danger of exposure to agents of
bioterrorism (e.g., anthrax; 161), which would also result in significant exposure of
humans to phages.

Of significant relevance to considerations on the environmental impact of phage
application at the category III level is this pronouncement (75) from the Director, Office
of Food Additive Safety, Center for Food Safety and Applied Nutrition, of the Food and
Drug Administration (FDA):

The Food and Drug Administration (FDA) is announcing that Intralytix,
Inc., has filed a petition proposing that the food additive regulations be
amended to provide for the safe use of a mixture of bacteriophages as an
antimicrobial agent on foods, including fresh meat, meat products, fresh
poultry, and poultry products... The agency has determined under 21 CFR
25.32(r) that this action is of a type that does not individually or
cumulatively have a significant effect on the human environment.
Therefore, neither an environmental assessment nor an environmental
impact statement is required. [emphasis mine]

This pronouncement serves as an indication of the level of concern of the FDA to the
casual interaction between humans and phages, which, apparently, is thought neither
“individually or cumulative [to] have a significant effect.”

Categories IV and V. Though we distinguish these categories into two, it is relevant to
point out that phages appear to have some propensity to systemically circulate within
animal bodies despite only local application [(122, 139, 162) and possibly (163)], plus
may be able to exit systemic circulation at low levels into the gastrointestinal lumen,
perhaps via liver uptake followed by elimination in bile (171). Phage DNA (M13) and
other DNAs also may be taken up into systemic circulation from the gastrointestinal tract,
albeit at relatively low levels, plus, originating in the gastrointestinal tract, ultimately can
even cross placental barriers (46, 130). Access of normal flora to systemic circulation—
resulting particularly in bacteremias—may not be unusual, especially given acute or
chronic injury to normal barriers (91). Thus, categories IV and V basically define
opposite ends of a spectrum of deliberate phage exposure to humans in which systemic
circulation of phages occurs either with a lower probability or to a lesser extent
numerically (category IV) or in which invasive administration of phages occurs
presumably with higher phage exposure within body tissues (category V). Included in
category IV thus are topical (including to wounds), oral, and intranasal phage application.



Included in category V are intravenous, intraperitoneal, and intramuscular applications of
phages.

Consideration of the many potential interactions between phages and human tissue has
long been a subject of research, as recently reviewed (58, 99). We can divide up phage-
human interactions into a number of areas: (i) Propensity for phages to bypass barriers to
microbe invasion of body tissues (e.g., gastric juices, as considered above); (ii)
propensity and mechanisms by which phages are actively removed from the body,
particularly from systemic circulation; (iii) fate of phages that have been removed from
circulation; (iv) potential for phages to infect body cells including exchanging DNA and
expressing genes; and (v) interaction of phages with specific immunity, particularly in
terms of antibody-mediated immunity as well as the phage potential to serve as allergens.
Nevertheless, there is no evidence that even purposeful phage application to human
bodies negatively impacts human health (49). Furthermore, there is no evidence that
application of phages, even with systemic application, can harm treated animals (140,
141).

SUMMARY

Phage therapies generally are a safe means of combating the proliferation of dangerous
and destructive bacteria. This report classifies phage therapies into five categories,
distinguished by the likelihood and nature of phage-human contact. Category I is defined
in terms of very low likelihoods of human contact with phage-containing environments.
Categories III through V are defined in terms of increasing likelihood of invasive phage-
human contact. Category II, by contrast, represents phage application for which phage-
human contact could occur but, by design, such contact has been rendered unlikely.
Though there exist numerous means by which phages can interact with human tissue or
human normal flora, in fact there is no evidence that damage to human health can occur
via any of these means. The feasibility of the application of procedures to protect the
public from pathogens should be a risk/benefit assessment and if the benefit far
outweighs the potential hazards then a procedure should be considered for adoption. As
an alternative to chemical antibiotics for the removal of pathogenic bacteria, the high
degree of safety associated with phage therapy suggests a low risk-to-benefit ratio.



Table 1: Recent Phage Isolations from the Human Environment’

Source Bacteria host* Ref.
bivalves Bacteroides fragilis, Escherichia (7, 21, 38, 40, 47, 87, 101, 103,
coli 111, 117)
carrots Escherichia coli (51)
cheese Propionibacterium freudenreichii (56, 57)
kimchee Lactobacillus plantarum (174)
meat Campylobacter, Escherichia coli (10, 72)
sauerkraut Leuconostoc fallax (14, 173)
wine Oenococcus oeni lysogens (118)
yogurt Lactobacillus spp. lysogens (80)
dental plaque | Actinomyces viscosus (a.k.a., (44, 156, 170)
Actinomyces naeslundii)
feces Bacteroides fragilis, Escherichia (42, 55, 60)
coli
saliva Enterococcus faecalis (11)
vagina Lactobacillus spp. lysogens (79)

? See also Ackermann (2), as adapted from (3), who lists among those environments in which phages have
been isolated: “raw and skim milk, butter, butter milk, cheeses (Cheddar, cottage, Swiss), cheese starters
(Bel Paese, Emmanthal, Gorgonzola, Mozzarella), cheese wheys, yogurt and yogurt starters... chicken,
ground beef, meat starters, salami, steaks; fish fillets, fish sauce... lactic acid beverage, oysters, sake
starter, spoiled cabbage, soy sauce mash, [and] wine” .

* “lysogens” indicated following host species indicates that these phages were isolated by inducing
lysogens obtained from the described environment rather than via the isolation of free phages directly from
the environment.
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Table 2: Phage Therapy in the Literature as Sorted by Human-Contact Category5

Cat. Year Bacteria Description Ref.
I 1983 Cyanobacteria Phage control of cyanobacteria (45)
1984 Rhizobium trifolii Removal of bacteria from protoplast cultures (61)
of white clover
2001 Xanthomonas campestris | Bacterial blight protection of geraniums (53)
1964, Various Biocontrol agents of marine phytoplankton (127)
1996 blooms (note, virus control agents, not
necessarily phages)
1984, Various Use of phages to prevent microbiofouling of | (78, 128)
1989 marine heat exchangers
11 1991, Pseudomonas tolaasii Control of bacterial blotch of cultivated (106-
1993, mushrooms 108)
1995
2000 Control of pustule disease in abalone (152)
1981, Aeromonas hydrophila, Bacterial control in eels (71, 169)
2000 Edwardsiella tarda
2001 Campylobacter jejuni Reduction bacteria load in chickens (159)
(broilers)
1983, Escherichia coli Control of diarrhea in calves, piglets, and (90, 140,
1987 lambs 141)
2003 Escherichia coli Protection of poultry from respiratory (73,74)
infection
2001 Escherichia coli Review: Phage therapy of cattle (16)
1998 Escherichia coli Control of experimental infection of (15)
chickens and calves

> Note that we were more selective in the studies presented that were published prior to 1991, limiting

ourselves particularly to contact categories I-III. That is, there are a number of pre-1991 phage-therapy
studies (as well as a few non-English-language 1991 and newer studies that we could not decipher) that
would be included in categories IV or V but which are not included in this table.
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1999 Lactococcus garvieae Protection of disease in yellowtail fish (110)
2000 Pseudomonas Prevention of infection in cultures ayu fish (113)
plecoglossicida
1988 Pseudomonas tolaasii Control of bacterial blotch of cultivated (65)
mushrooms
1992 rhizobia Protection of Bradyrhizobium japonicum (18)
soybean inocula
2001 Salmonella enterica Attempts to reduce bacterial load in (135)
chickens
2001 Salmonella typhimurium | Reduction in pre-slaughter Salmonella load (86)
in pigs
1991 Salmonella typhimurium | Reduction of chicken bacterial load and (20)
protection from disease
2001 Streptomyces scabies Prevention of scab formation via phage- (98)
treatment of potato seed tubers
1987 Vibrio anguillarum Control in milkfish overwintering ponds (168)
2000 Xanthomonas Bacterial leaf spot management of (28)
axonopodis mungbean
2000, Xanthomonas campestris | Bacterial spot protection of tomato (12, 54)
2002
1994 Xanthomonas campestris | Protection of peach trees from fire blight (176)
1981 Xanthomonas campestris | Treatment of cabbage and pepper disease (52)
1969 Xanthomonas pruni Protection of peach trees from bacterial spot 41
2002, General Review: Phage therapy in aquaculture (109,
2003 124)
1976 General Review: Phage therapy against (157)
phytopathogens
1958 Various Treatment of disease of tomato and cabbage (66)
I 2002 Brochothrix Treatment to prevent pork adipose tissue (64)
thermosphacta spoilage
2002 Listeria monocytogenes | Treatment of raw beef with both phages and (50)
nisin
1986, Pseudomonas spp. Prevention (not always successful) of meat (62, 63)
1990 spoilage via application of phage
2001 Salmonella enteritidis Reduction of bacterial load of fresh-cut fruit (88)
2001 Salmonella enteritidis Reduction of bacterial load of cheese and (102)
raw milk
111? 1999 Listeria monocytogenes Sanitization of surfaces (etc.) in food (69)

production
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v 1999 Clostridium difficile Prevention of ileocecits in hamster model (121)

1992 Escherichia coli Internal-organ dissemination following oral (122)
administration plus prevention of disease

2000 Helicobacter pylori Stomach colonization protection in mouse (33)
model

1999 Klebsiella pneumoniae Case study of oral phage administration to (144)
treat purulent meningitis of newborn

1994 Pseudomonas Protection of skin graphs in guinea pig (142)

aeruginosa model

2002 Pseudomonas spp., etc. Review: Phage therapy of burns 5)

1999 Vibiro parahaemolyticus | Reduction in bacterial load of phage-treated (172)
mice

2002 Various “PhagoBioDerm” would treatment (96)

2002 Various Oral application of phages to humans to (163)
study neutrophil function and turnover

2001 Various Oral and local phage treatment of cancer- (162)
patient bacterial infections

1999 Various Oral and local application to treat (114)
imflammatory urologic diseases

\% 2002 Enterococcus faecium Treatment of experimental bacteremia in (24)

mouse model

2002 Escherichia coli Treatment of experimental infection of (32)
mouse model

2002 Escherichia coli Phage M13 delivery of DNA encoding (164)
bactericidal proteins to bacteria to treat
mouse bacteremia

1992 Klebsiella spp. Intraperitoneal, internasal, and intravenous (25, 26)
administration of phages to various animals
as models for disease treatment

2002 Mycobacterium Trojan horse delivery of virulent phages into (31

tuberculosis and avium macrophages of virulent phage infecting

Mycobacterium smegmatis

2003 Staphylococcus aureus Treatment of Intraperitoneal injections of 97)
mouse model

2002 Vibrio vulnificus Intravenous phage delivery to mouse model (37

13
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