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PROSPECTS FOR CONTROL OF .3650 

PHYTOPATHOGENIC BACTERIA BY 

BACTERIOPHAGES AND 

BACTERIOCINS 

Anne K. Vidaverl 
Department of Plant Pathology , Un ivers ity of Nebraska , L incoln , Nebraska 68583 

INTRODUCTION 

The last review on bacteriophages and bacteriocins of phytopathogenic bacteria 
was that of Okabe & Goto (98). All but one (21) of the subsequent reviews (II, 
12, 60, 94, 104) have dealt primarily with viruses and bacteriocins of bacteria 
other than phytopathogens. The most recent microbiological compendia that in
clude bacteriophages and bacteriocins are of limited value for phytobacteriolo
gists because the authors generally overlook or ignore such agents (29, 47, 77, 
119). However, Adam's classic .book (4), the review by Bradley (II), and the 
bibliography of Raettig (102) are still of value to phytobacteriologists as are 
reviews dealing principally with methods (7, 39, 65, 66, 83, 99). 

In this review, the current and future prospects for control of bacterial plant 
pathogens with phages and bacteriocins are evaluated. Some general comments 
on the phages and bacteriocins of phytopathogenic bacteria are presented, but 
biological, chemical, and physical characteristics are not discussed in detail. 
Readers interested in these areas may refer to the supplementary bibliography.2 

TERMINOLOGY AND TAXONOMY 

Nomenclature of phytopathogenic bacteria is unsettled, particularly for Pseudo
monas and Xanthomonas species. In this review, I employ nomenclature useful to 

1 Published w ith the approval of the D irector as paper no. 5049, Journal Ser ies, Nebraska 
Agr icultural Exper iment Station. The work was conducted under Nebraska Agr icultural 
Exper iment Station Project No. 21-21. 

2For supplementary b ibl iograph ic mater ial (113 refs. , 14 pgs.) order NAPS document 
02863 from AS IS, c/o M icrofiche Publ icat ions , 440 Park Ave. S., N Y ,  N Y  10017. Rem it in 

advance for each NAPS access ion number $1.50 fo r microfiche or $5.00 for each photo
copy. Make checks payable to M icrof iche Publ icat ions . 
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plant pathologists. Thus, the nomenspecies of Dye et al (33) are used for all Pseu
domonas species designated as P. syringae by Doudoroff & Palleroni in the eighth 
edition of Bergey's manual (30). Likewise, I cite the nomenspecies listed in 
Addendum I of Dye & Lelliot (34) for all the Xanthomonas grouped into X. 
campestris. Retention of many of these Xanthomonas nomenspecies is supported 
by DNA homology data (89). Other genera and species are presented as in the 
eighth edition of Bergey's manual. 

Most investigators agree on what constitutes a bacteriophage, although it is 
not yet clear where noninfectious particles resembling phages or phage compo
nents fit into current phage classification schemes (3). In any case, since rela
tively few bacteriophages of phytopathogenic bacteria have been characterized 
sufficiently for inclusion into current distinguishing categories (3), it is simplest 
here to discuss them in relation to their hosts. 

What constitutes a bacteriocin is still arguable (11, 104), but in this review I use 
Nomura's (94) definition of bacteriocins as nonreplicating, bactericidal protein
containing substances which are produced by certain strains of bacteria and are 
active against some other strains of the same or closely related species. This 
definition includes heterogeneous substances ranging from low-molecular-weight 
compounds to high-molecular-weight particles resembling bacteriophage protein 
components. It includes complete phage-like particles and small-headed "killer 
particles" containing both protein and nucleic acid (2, 126) as well as low 
molecular weight (2X 105) substances sensitive to proteases and nucleases (112). 
Ackermann & Brochu (2) summarize the grounds for considering the large 
phage-like particles simply as defective phages but refer to them as particulate 
bacteriocins. Bradley (II) classified bacteriocins into two broad types: a group of 
low molecular weight trypsin-sensitive, thermostable bacteriocins and a group of 
high molecular weight, trypsin-resistant, thermolabile bacteriocins. Although 
other groups clearly exist (e.g. 129) and a more satisfactory classification is desir
able (94, 104), it is still premature to expand Bradley's classification (11). 

Bacteriocin nomenclature is in an unfortunate state because some names are 
derived from the host genus, others from the host species, e.g. agrocins of Agro

bacterium species, but syringacins of Pseudomonas syringae. Furthermore, names 
appropriate for bacteriocins have recently been used for completely unrelated 
compounds, e.g. corynecins for chloramphenicol analogs produced by a Coryne
bacterium species (120). Names derived from the species can be awkward, but 
nevertheless at least identify the producer. In many cases, it may be expedient 
simply to use trivial names to refer to bacteriocins produced by particular strains, 
such as bacteriocin 84 produced by A. radiobacter strain 84 (68). Classification 
and nomenclature will be improved when more bacteriocins are purified and 
characterized, and a genetic basis for their production established. 

NEW AND UNUSUAL PHAGES 

Since the reviews of Stolp (\\6) and Okabe & Goto (98), a number of virulent 
and temperate phages of phytopathogenic bacteria have been studied (see 
supplementary bibliography) with respect to biological, chemical, and physical 
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characteristics; disease forecasting; phage typing; and epidemiology. Primary 
phage hosts not mentioned in the previous reviews include C. insidiosum (27), 
C. michiganense (37, 132), C. nebraskense (128), Erwinia uredovora (55), E. ni
grijiuens (138), P. caryaphylli (93), P. tamato, P. marginalis, P. viridijiava, P. sa
vastanai, P. pastinaceae (8), X. carotae, X. vesicatoria (72), and X. phaseali vaT. 
sojensis (95), Phages have also been reported for E. herbicola (58), a nonpathogen 
associated with the fireblight organism, E. amylovora. 

A number of phages of plant pathogens have been reported which are of in
terest because of unusual morphology or novel biochemical properties. The 
filamentous phage Xf for X. oryzae (74) has a protein coat unusually high in 
hydrophobic amino acids (79) which may account for its lability to organic 
solvents and to low concentrations of sodium lauryl sulfate. In phage XP-12 of X. 
oryzae, 5-methylcytosine completely replaces cytosine (75); this replacement im
parts unusual physical properties to the DNA (38). The double-stranded RNA, 
enveloped virus 1>6 of P. phaseolicola (113, 127), is thus far in a class by itself (3) 
and is the most extensively characterized phage of phytopathogenic bacteria (26, 
42, 70, 71,87a, 107-109, 113, 115, l2Ia-124, 127). A number of both temperate 
and virulent phages of A. tumefaciens have been studied (see supplementary 
bibliography), principally because of the possibility that they carry virulence 
determinants; this possibility is now considered highly unlikely (32, 110). Elec
tron micrographs show typical bacteriophage particles associated with an un
usual host, Spiroplasma citri, a helical organism without a true cell wall (25). The 
virus-like particles found associated with mycoplasma-like organisms of SM 
Stolbur agent (50), aster-yellows (5), and clover phyllody (52) may belong to a 
new virus class because they are morphologically unlike any other phages. 
Viruses of these agents are likely to be even more challenging to work with 
because of the difficulty of culturing their hosts. 

BACTERIOCINS 

Few bacteriocins of phytopathogenic bacteria have been discovered, much less 
characterized. Bacteriocins, or antagonisms between strains that might be due to 
bacteriocins, have been reported for the following: A. radiobacter (68, 126), A. 
tumefaciens (43, 117, 126), C. michiganense (35), c. insidiosum (90), E. carotovara 
vaT. atroseptica, E. carotovora vaT. carotavora, E. chrysanthemi, Erwinia sp. from 
sugar beet (W.-L. Hsiang, M. N. Schroth and S. V. Thomson, personal com
munication), E. carotavora (syn. E. aroideae), E. chrysanthemi (syn. E. carotovora 
var. zeae), E. herbicola (syn. E. lathyn,), E. salicis (56), E. uredovora (55), E. quer
cina (59), P. aptata, P. lachrymans (57), P. glycinea, P. phaseolicola (129), P. 

syringae (82, 129), P. morsprunorum (49, 78, 82), and P. solanacearum (1, 28, 96). 
Specific antagonism between P. solanacearum strains was reported by Okabe 
(96), but it is not clear whether bacteriocins were involved since the inhibitory 
effects were considered bacteriostatic. Unpublished results are cited by Hamon et 
al (57) for bacteriocin production by X. albilineans, X. betiicola (sic), X. juglandis, 
X. phaseoli, and X. vesicatoria. 

A number of bacteriocins of Agrobacterium species have been studied, but even 
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here the full activity spectrum has not been det,ermined (43, 68, 125, 126). 

Agrobacteriocin I (17) of A. tumefaciens and bacteriocin 84 of A. radiobacter 

(W. P. Roberts, personal communication) are both of low molecular weight, 
perhaps only oligopeptides. If so, these antibiotics may fall outside the current 
definition of bacteriocins. Bacteriocin 84 may act by interfering with DNA syn
thesis, since incorporation of thymidine, but not uridine, stopped soon after 
bacteriocin addition to a sensitive culture (W. P. Roberts, personal com
munication). Nothing is known of the mode of action of any other bacteriocins of 
phytopathogenic bacteria. 

The majority of the bacteriocins for phytopathogenic bacteria are heat
sensitive or trypsin-resistant or both, suggesting they may be high-molecular 
weight (II). Such bacteriocins are produced by strains of C. michiganense (35), E. 

carotovora. E. chrysanthemi. E. herbicola. E. salicis (56), P. aptata. P. lachrymans 

(57), P. glycinea. P. phaseolicola. P. syringae (129), and P. solanacearum (28). 
This group includes both inducible (28, 129) and noninducible bacteriocins (35). 

Other bacteriocins produced by strains of C. insidiosum (90), c. michiganense 

(35), P. glycinea. P. phaseolicola. and P. syringae (129) apparently belong to the 
second major group of bacteriocins, those of low molecular weight (11). Ad
ditional groups, sensitive to both heat and proteolytic enzymes, resistant to both 
heat and enzymes, or showing differential sensitivity to trypsin and pronase have 
also been reported for P. glycinea. P. phaseolicola. or P. syringae (129). 

Particulate contractile bacteriocins have been observed for P. syringae 4-A (53) 
and P. syringae W-I (J. R. Imler and A. K. Vidaver, unpublished results), while 
killer particles have been described for strains 396 and 0362 of A. tumefaciens and 
strain 8149 of A. radiobacter (126). Other high molecular weight bacteriocins re
main to be characterized. 

Phytopathogenic bacteria thus produce a diverse array of bacteriocins. A 
wealth of material awaits further investigation. 

DESIRABLE ATTRIBUTES OF SELECTIVE CONTROL AGENTS 

There are risks in using broad-spectrum chemicals and antibiotics to control 
plant pathogens. Several commonly used fungicides are mutagenic in both pro
karyotic and eukaryotic cells (see 13); all mutagens also have some carcinogenic 
activity. Streptomycin-resistant mutants of E. amylovora have arisen in nature as 
the result of streptomycin application (see 111). Antibiotic-resistant mutants of 
plant pathogens are undesirable enough, but agricultural use of antibiotics with 
medical applications might result in the selection or induction of antibiotic-resis
tant animal or human pathogens: There are already examples of fertility (F) fac
tor and resistance (R) factor transfers between potential human pathogens and 
plant pathogens. The R factors are the prototypical drug-resistance vectors and 
F' factors can transfer a variety of genes between bacterial hosts. Thus F' lac has 
been transferred from Escherichia coli to Erwinia spp. (18) and different R factors 
can be transferred from E. coli and Shigellafiexneri to Erwinia spp. (19) and from 
P. aeruginosa to a number of plant pathogenic Pseudomonas spp. (76, 100). The 
destruction of beneficial species of bacteria must also be considered. 
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Clearly there is a need for more selective, less persistent, and more environ
mentally acceptable agents for control of plant pathogens than very broad-spec
trum chemicals and antibiotics. Useful bacteriophages and bacteriocins ought to 
have most of the attributes considered desirable for microbial control of insects 
(16), namely reasonable persistence, safety, aesthetic acceptability, ability to con
trol to subeconomic concentrations, predictable control, ease of production, low 
cost, ease of storage, and ease of application. Bacteriophages and bacteriocins 
ought to have a reasonably broad killing spectrum; specificity against only one or 
a few strains of a species is useless for control. In our laboratory we generally 
limit extensive investigation to bacteriocins which kill a minimum of 40% of 
related test strains. Ideally, bacteriocins either should be inducible or be produc
ed by de repressed mutants to obtain reasonable yields. A highly undesirable 
property is the capacity to act as a genetic vector; bacteriophages, which can 
spread rapidly, could have this property. 

BACTERIOPHAGES AS CONTROL AGENTS 

Numerous attempts have been made to control human and plant diseases with 
bacteriophages (98, 103, 116). At present, medical uses are rare, but phages in 
tablet form are claimed to be effective in the therapy and prophylaxsis of 
bacillary dysentery (84). There has been more current interest in plant disease 
control. However, neither recent (10, 20, 22, 24, 73, 118) nor previous in
vestigators (see 98, 116) used purified phage preparations. While it is likely that 
phages were, indeed, the active agents in the crude lysates, the observed effects 
might have been due to medium components or metabolic products. When 
bacteriophages were applied first, all investigators to date have found marked 
protection from disease symptoms. The phages were inoculated into stems (118), 
applied as a spray (20, 22, 24) or in a dip (10, 73). In all cases the phage:bacterium 
ratios were 10: I or higher. However, application of phage simultaneously with 
the pathogen or after inoculation of the plant with the pathogen reduced or 
eliminated the protective effect, for unknown reasons. Bacteriocins, as shown 
below, can also protect against bacterial infection when added first, but their 
effectiveness decreases when added simultaneously with, or after the bacteria. 

Despite some potential for success as prophylactic control agents, bacterio
phages are not recommended as control agents for the following reasons [other 
considerations have been previously mentioned (98)]. 1. Bacteriophages can 
mutate from virulent to temperate (69); lysogeny of susceptible cells would make 
them immune to further attack by the virulent parent phage or related phage. The 
host can also mutate to resistance. 2. Bacteriophages may transduce various char
acters from one host to another, possibly including virulence for the plant host. 
In this regard Okabe & Goto's report (97) of transduction of virulence in P. 

solanacearum needs to be substantiated. The conjugational transfer of virulence 
to avirulent strains in Erwinia amylovora (101) suggests that phages might 
transduce this character. 3. Bacteriophages can carry genes for toxins resulting in 
lysogenic conversion of nonpathogens or change pathogen virulence (e.g. 40, 41, 
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61). Probable lysogenic conversion accompanying loss of virulence has been 
reported for X. citri (136). These mechanisms, (2 or 3) may account in part for the 
emergence of new pathogens. 4. Bacteriophage action is strongly influenced by 
environmental conditions such as temperature, which may result in an altered 
host range (130) or curtail infection (22, 23). 5. Transducing phages can introduce 
active prokaryotic genes into plant and animal cells (for reviews see 9, 17, 87). 
While this scenario might seem unlikely because of dominance and the multigenic 
control of eukaryotic phenotypic characteristics, Zhdanov & Tikchonenko's 
review (139) and Erskine's results (44) suggest that such a possibility for plant 
pathogens is not farfetched. Erskine (44) found a complete correlation between 
toxicity of a phage to rabbits and the virulence of the bacterial host, E. 
amylauara. in which the phage was propagated. The same phage propagated in 
virulent or weakly virulent strains of E. amyloDora. or a saprophyte was respec
tively toxic, less toxic, or nontoxic. Killed whole cells or four types of artificially 
lysed cells of noninfected bacteria showed little or no toxicity. Confirmation and 
extension of this study will be of great interest 

BACTERIOCINS AS CONTROL AGENTS 

Control of Pathogens by Bacteriocin Producer Strains 

Dramatic decreases in disease (up to 99% control) have been obtained by inocu
lating seeds or roots with nonpathogenic bacteriocin-producing Agrobacterium 
radiobacter. This procedure controlled crown gall of peaches in Australia (62, 67, 
92). Comparable results were obtained with inoculation of cherries in the 
northwestern USA (88). Preliminary results indicate that bacteriocin-producing, 
nonpathogenic C. michiganense can control tomato canker (36). Control in these 
cases was achieved by prior inoculation with the nonpathogen. If plants were in
oculated with pathogens and the control agent was used simultaneously, most 
disease symptoms were prevented. Control decreased if the pathogen was in
oculated first; for example, if strain 84 (a producer of bacteriocin 84) was added 
to wounds 2 hr after inoculation with pathogenic A. tumefaciens 27,'gall forma
tion occurred in tomato seedlings. Galls increased in size as application of strain 
84 was delayed. Detectable galls were absent if strain 84 was added first (62). 

In control of crown gall by A. radiobacter strain 84, there is a complete correla
tion between bacteriocin sensitivity of pathogenic strains of A. tumefaciens to 
bacteriocin 84 in vitro and the biological control in plants, except for an A. 
tumefaciens strain which produces a bacteriocin active against A. radiobacter 
strain 84 (68). Sensitivity to bacteriocin 84 is coded by a plasmid gene in the sen
sitive, pathogenic strains (43, 133). These sensitive strains harbor a large plasmid 
(137). However, not all pathogenic plasmid-containing A. tumefaciens strains are 
sensitive to bacteriocin 84 (43). 

Nevertheless, it is not certain that control is explained by bacteriocin produc
tion. Attempts to detect production of bacteriocin 84 in inoculated plants have so 
far been unsuccessful (A. Kerr, personal communication). Even if bacteriocin 
production occurs in the plant, it may not be in amounts that could account for 
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control (but see below). For example, only small amounts of bacteriocin were 
produced by uninduced P. syringae strains in vitro and also in bean leaves in
oculated with two different producers (A. K. Vidaver and M. Thomas, un
published results). Since bacteriocin 84 has not been purified and characterized, it 
is not known whether the bacteriocin alone would be effective in control of A. 

tume/ueiens. A single application of concentrated crude culture fluid sterilized 
with chloroform is partially effective in control but not as effective as an applica
tion of the living strain 84 (W. P. Roberts, personal communication). 

The mechanism of control of A. tume/aciens strains may be more complex than 
by simple killing by bacteriocin; pathogcnic bacteria that become resistant to 
bacteriocin 84 simultaneously may lose pathogenicity (68) and the large plasmid 
or a part of the plasmid that carries the genes for pathogenicity (110). This link
age between pathogenicity and sensitivity to bacteriocin might explain the effec
tiveness and duration of biological control. 

The possibility that production of bacteriocin may not always be sufficient for 
control of crown gall is suggested by the discovery that A. radiobacter strain 
SIOOS, which produces bacteriocin SIOOS, does not control pathogenic A. tume
faciens B6 in the plant, although B6 is sensitive to bacteriocin SIOOS in vitro 
(A. Kerr, personal communication). Unlike the case with strain 84, S 1005 bacte
riocin-resistant colonies are as virulent as the parent strain and also retain the 
large plasmid (43). Unlike the producer strain 84 (1. Schell, personal communi
cation) the producer strain S 1005 does not harbor any detectable plasmid (137). 

Obvious questions are whether strain S lO05 or other bacteriocin-producing 
strains that are ineffective in biological control produce bacteriocins in the plant 
and if so, are these bacteriocins inhibited by plant materials? In vitro studies 
show that the medium is critical for bacteriocin activity or production (A. Kerr, 
personal communication). Another possible explanation for ineffective biological 
control strains is that a close genetic linkage between sensitivity and virulence 
may not exist for these bacteriocin sensitive strains (125), A. Kerr (personal com
munication). For other strains, the pathogen may escape control by mutating to 
resistance. 

The suppression of pathogenic Erwinia amylovora by nonpathogenic E. her
bicola (45, 51, 85, 105, 135) and of pathogenic Pseudomonas syringae by an 
otherwise indistinguishable saprophyte (31), and interference between plant 
mycoplasma-like organisms (e.g. 48, 81) suggest analogies with the crown-gall 
phenomenon. Further studies should prove of great interest. 

Control of Pathogens by Bacteriocin Preparations 

Presently only syringacins 4-A (53) and W- l (1. R. Imler and A. K. Vidaver, un
published results) have been purified and tested in preliminary fashion against P. 
phaseolicola and P. glycinea. Both are inducible, particulate bacteriocins. 

When purified syringacin 4-A was sprayed on bean leaves prior to spray in
oculation with P. phaseolicola strain BE under pressure (water-soaking), as little 
as 3 ng per leaf reduced the lesion count from 250 (average) to zero. The lesion 
count was at least 50 if bacteriocin was applied 5 min after pathogen inoculation 
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CA. K. Vidaver and M. Thomas, unpublished results). Similar prophylactic effec
tiveness has been reported with crude bacteriocin preparations from C. michi
ganense (36). 

Seed treatment is a promising use for bacteriocins because of pathogen dis
semination via seed (see 6). Bacteriocin 4-A can protect soybean seed against 
challenge with P. glycinea (107 CFU Iml); without bacteriocin protection, ger
mination was reduced about 20%. Cost of materials for such treatment with 
syringacin 4-A, based on 200,000 seeds per acre is about 0.49 US dollars per hec
tare ($0.20 per acre). This figure would be reduced about tenfold if the mitomy
cin C induction step of bacteriocin preparation could be eliminated. We also 
observed an unexplained increase in germination of poor quality seed (from 68 to 
77%, P = 0.01) after a ten-minute dip into purified syringacin 4-A. Germination 
also increased in seed drenched with fungicide (Captan®); the bacteriocin effects 
were then masked (A. K. Vidaver and R. Carlson, unpublished results). 

Little research has been done on the use of bacteriocins in mammalian systems. 
However, bacteriocin treatment for antibiotic-resistant P. aeruginosa [an oc
casional plant pathogen, (30)] has been effective in mice (54, 86, 114). 

CAVEATS 

Since I advocate more research on bacteriocins, it is perhaps appropriate to offer 
some cautionary advice. 

Artifacts 

Detection of bacteriocins is still an art and an imperfect one. Specific inhibition is 
not always due to a bacteriocin; for example, the specific inhibition of Neisseria 
gonorrhoeae by strains of the same species was due to production of inhibitory 
free fatty acids and lysophosphatidylethanolamine (134). Ammonia production 
by some strains of P. pseudomallei (106) and peroxide production by strains of 
group A streptococci (80) also caused specific inhibition which at first was inter
preted as bacteriocin production. 

Bacteriocin Inhibitors 

A number of substances have been reported to inhibit bacteriocin production or 
destroy active bacteriocin (14, 46, 63, 90,129,131). The inhibitors may be active 
against bacteriocin produced by the same strain, as in C. insidiosum (90), or a 
different strain, as in P. syringae (129). Such inhibitors may be suppressed by 
altering the medium (14, 131) or destroyed, for example, by heat treatment which 
can differentially inactivate the inhibitor but not the bacteriocin (90). Purification 
of the bacteriocin can also remove inhibitors (15). 

Avoid Use of Crude Bacteriocin Preparations 

Conventional purification procedures generally will assure that the observed 
effects arise from bacteriocins and not from contaminants. Purification can also 
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remove inhibitors and prevent introduction (into seeds or plants) of products 
potentially toxic to beneficial microorganisms or plants. In addition, purified 
bacteriocins will not provide an unwanted growth medium for the target or other 
microorganism. Purification should also allow detection of nucleic acid, if any. 
The objections to use of phage also apply to bacteriocins or killer particles con
taining nucleic acid. 

PERSPECTIVES AND RECOMMENDATIONS 

Much more needs to be learned about bacteriophages and bacteriocins of phyto
pathogenic bacteria. These agents are not only of intrinsic interest, but also 
potentially useful for genetic studies of pathogenicity. While phages are not rec
ommended for use as control agents, both phages and bacteriocins are of value in 
disease forecasting, identification of strains (typing), and taxonomic studies (see 
supplementary bibliography). 

Research should be expanded on bacteriocins because they possess most of the 
desirable attributes of control agents, particularly specificity of action against the 
target organism. 

Thc greatest potential use of bacteriocins at present seems to be prophylactic 
treatment for seed- or tuber-borne diseases, prevention of secondary spread from 
infected plants, and protection of high value crops, for example, apple and pear 
blossoms against E. amylouora. In the hItter case, a thorough understanding of 
epidemiology (see Il l )  should enable careful and timely application. The bacte
riocins which have been tested so far show little promise for therapeutic use or 

'prevention of secondary spread of systemic diseases or use against organisms 
which survive well in soil, for example, P. solanacearum. 

If bacteriocin producers are used for biological control of pathogens and such 
control is attributed to bacteriocin production, it should be shown that bacterio
cins are the active agent. Both the producer and target organisms should be tested 
for genetic transfer: in vitro between producer and target organisms; and in 
plants, from producer to the plant and from target bacterium to producer. This 
recommendation is made to avoid the introduction of deleterious genes into 
either the bacteriocin producer strain or plants. Nonvirulent forms of pathogens 
should be g:sted for reversion rates to virulence. 

The emergence of bacteriocin-resistant mutants should not mitigate against use 
of bacteriocins. Such mutants should be tested for pathogenicity and altered 
bacteriocin sensitivity because resistance to bacteriocin may be linked to the loss 
of pathogenicity (68), or the resistant mutants may gain susceptibility to different 
bacteriocins, or both. For example, 57 out of 59 syringacin 4-A-resistant mutants 
arising from three different susceptible species of fluorescent pseudomonads 
developed sensitivity to the complementary bacteriocin W-I (A. K. Vidaver and 
S. Buckner, unpublished results). The potential usefulness of a bacteriocin is 
retained or increased if either or both of these mechanisms operate. In addition, it 
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would be interesting to know whether bacteriocin production or sensitivity was 
due to a plasmid or a chromosomal determinant. 

Of prime importance is the recommendation that at least two and preferably 
three serologically unrelated bacteriocins be used simultaneously. No matter how 
effective a single bacteriocin may be, it should not be used alone because the 
target organism is likely to develop resistance to it. The use of even two bacteri
ocins with overlapping activity spectra would decrease the probability of muta
tion to resistance to a frequency of 10-18 per generation, assuming spontaneous 
mutation frequencies of 10-8 per cell generation. 

The use of protect ants against ultraviolet light or other inactivating agents and 
microencapsulation (91, 121) should increase the effective lifetime of bacteri
ocins. Such treatment would help overcome the major disadvantage of bacteri
ocins, their susceptibility to destruction by many physical and chemical agents in 
the environment. By analogy with a number of antibiotics, the protein nature of 
bacteriocins also places some restriction on their manufacture, storage, and 
application. 

Prospective bacteriocins must not only be effective; they must be economically 
competitive with less selective bactericides. Bacteriocins are likely to be econom
ical to produce and use because current production techniques for traditional an
tibiotics can be employed, including genetic manipulation for product improve
ment. Tn the one instance mentioned above, the estimated material cost was 
about 0.49 US dollars per hectare ($0.20 per acre). 

Finally, the role of patents must be considered as it affects the development 
and use of bacteriocins. In this connection, a current review is instructive (64). 
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