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ABSTRACT 

Twenty nine wild bacteriophage of Bacillus subtilis were isolated from each 

of two Sonoran Desert locations based on their ability to attack 29 wild strains 

of B. subtilis isolated from one of the two sites. Phage were isolated by their 

ability to attack one of the 29 strains and then tested for their ability to infect 

the others. Phage ranged from those able to attack only a few of the strains 

to those able to attack all 29 test strains. All 58 phage had different attack 

patterns across the 29 bacteria. Phage from the location from which the 

bacteria were collected attacked significantly fewer strains than those isolated 

from the other site. The bacteria exhibited a range of susceptibilities to phage 

attack, and there was a significant correlation between bacterial susceptibility 

to attack from phage from one location and susceptibility to attack from phage 

from the other site. 

The hypothesis that bacteriophage persistence during hostile conditions can 

be facilitated by encapsulation within bacterial spores was tested in the 

laboratory using soil microcosms. Asporogenic bacteria were used to examine 

the effect of sporulation on the interaction between host and phage. Use of a 

phage mutant incapable of temperate reproduction eliminated the possibility 

that phage persistence was due to lysogenic association with the bacteria. 

Under conditions oflow host density in combination with soil conditions hostile 
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to free phage, periodic entrapment in, and release from, bacterial spores 

facilitated phage persistence. Encapsulation within host spores provides phage 

with a dormancy mechanism that has the advantage of terminating 

automatically when conditions favorable for bacterial germination and growth 

occur. 

Transmission electron microscopy of the bacteriophage isolated from the two 

sites was used to examine the morphological diversity of this ecologically 

diverse collection of viruses, and to determine if correlations between phage 

ecology and phage morphology were present. No pairs of phage with identical 

morphologies/dimensions were found. There was no difference between sites 

in either the proportion of different viral families found or the range of 

bacteriophage sizes. Phage host range breadth was not found to be predicted 

by either bacteriophage family or bacteriophage size. 
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FORWARD 

Bacteriophage, first reported in 1915 by Twort and again, independently, 

in 1917 by D'Herelle, have been the object of continual scientific study since 

their discovery. Early investigations were motivated by the expectation that 

the activity of phage against bacteria observed in the laboratory might lead to 

the use of phage in the treatment of bacterial diseases. While this was not to 

be the case, due primarily to evolutionary responses of the bacteria, many of 

the most important contributions to our understanding of molecular genetics 

over the past several decades have been made possible by experiments 

invol ving bacteriophage. 

More recently, bacteriophage have attracted the interest of ecologists and 

evolutionary biologists. The short generation time of bacteriophage, in 

combination with the ease with which large numbers can be screened for 

evol uti on of new functions, makes them perfect subjects for the laboratory 

study of theoretical questions of evolution and evolutionary ecology. 

Although a vast amount of research has involved bacteriophage in the 

laboratory, the natural biology of the organisms remains almost completely 

unknown. This despite the fact that the richness of interactions possible 

between bacteriophage and bacteria equals or exceeds that found in other 

systems. For example, bacteriophage are often regarded as bacterial parasites 



12 

or predators, however the ability of many phage to integrate into the host 

genome where they are replicated when the host divides complicates this 

description of the interaction. Bacteria harboring such integrated phage, 

termed prophage, are forced to replicate viral DNA along with their own, and 

are subject to lysis should the phage excise from the genome. However, 

integrated prophage can also result in phenotypic changes beneficial to the 

host cell. For example, some prophage can protect the host from attack by 

various other phage, others have been found which produce an increase in host 

growth rate, and still others code for the production of products that may 

enhance host fitness. The production of toxin by Corynebacterium diphtheriae, 

for example, is prophage dependent. Furthermore, some phage can transfer 

host DNA between bacteria, yet another interaction with the host population 

not characteristically associated with predator-prey systems. 

The ease with which phage can be isolated from the environment has led 

to the suggestion that phage may be important in the population dynamics of 

the host bacteria. However, laboratory experiments reveal that bacterial 

resistance to phage attack can evolve rapidly under certain circumstances. 

The natural patterns of bacterial susceptibility and ability of phage to infect 

a range of hosts has not been previously studied. This study seeks to 

determine the natural patterns of bacterial susceptibility and phage host-range 

for wild bacteria and phage isolated from the same environment, characterize 
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the diversity of the phage community, and investigate, in the laboratory, the 

interaction between bacteria and phage. 



CHAPTER ONE: INTERACTIONS BETWEEN WILD 

PHAGE AND BACTERIA 

ABSTRACT 

14 

Twenty nine wild bacteriophage of Bacillus subtilis were isolated from each 

of two Sonoran Desert locations based on their ability to attack 29 wild strains 

of B. subtilis isolated from one of the two sites. Phage were isolated by their 

ability to attack one of the 29 strains and then tested for their ability to infect 

the others. Phage ranged from those able to attack only a few of the strains 

to those able to attack all 29 test strains. All 58 phage had different attack 

patterns across the 29 bacteria. Phage from the location from which the 

bacteria were collected attacked significantly fewer strains than those isolated 

from the other site. The bacteria exhibited a range of susceptibilities to phage 

attack, and bacteria susceptible to many phage were found in the same sample 

as bacteria resistant to a majority of the phage isolates. There was a 

significant correlation between bacterial susceptibility to attack from phage 

from one location and susceptibility to attack from phage from the other site. 
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INTRODUCTION 

Bacteriophage, viruses that attack bacteria, can be readily isolated from 

almost any environment (Goyal et al. 1987), and it has been suggested that 

they may play an important role in bacterial population processes (Reanney 

and Marsh 1973, Tan and Reanney 1976, Kelly and Reanney 1978, Farrah 

1987, Williams etal. 1987, Hantula etal. 1991, Kokjohn etal. 1991). However, 

other studies, based on the results of chemos tat experiments employing 

bacteria and phage, have suggested that the evolution of resistance by bacteria 

might limit the importance of bacteriophage as a major factor effecting 

bacterial populations (Lenski 1984b). 

Numerous studies have been conducted to characterize phage host range-

that suite of bacterial strains which a given phage can attack. For the most 

part these studies have been motivated by an interest in phage of unknown 

origin connected with commercial endeavors (De Fabrizio et al. 1991, Gaudreau 

et al. 1991, Abebe et al. 1992, Arendt and Hammes 1992, Moineau et al. 1992, 

Sechaud et al. 1992, Cassey et al. 1993, Kurtboke et al. 1993, Sebastiani and 

Jager 1993, Tenreiro et al. 1993, Wilson et al. 1993, and Akhverdyan et al. 

1992). Very few have involved the isolation of phage from natural 

environments (Hidaka et al. 1990, Nemcova et al. 1993). However, even these 

later studies have characterized phage with respect to their interactions with 
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laboratory or commercial stains of bacteria, strains which are many 

generations removed from their original isolation. As laboratory strains of 

bacteria tend to be more susceptible to phage attack than recently isolated 

strains these studies are likely to overestimate the virulence of wild phage. 

The only previous study to examine the interaction between phage and 

bacteria isolated from the same site involves isolates from an aeration basin 

of a sewage treatment plant (Hantula et al. 1991), the community structure of 

which is likely to be influenced substantially by the continual influx of new 

organisms. Actual patterns of bacteriophage host range and bacterial 

susceptibility to phage attack in natural environments are unknown. 

This study provides the first information on the interactions between wild 

bacteriophage and wild bacterial strains. Specifically, between strains of 

Bacillus subtilis isolated from the Sonoran desert, and two collections of 

bacteriophage attacking B. subtilis, one collected from the same location as the 

bacteria and the other from a site 8 kilometers away. The following questions 

are addressed: 

What diversity is present in the phage community with respect to bacterial 

strains attacked? 

What are the general host range patterns of the phage, e.g. do the wild phage 

tend to be specific to one or a few strains, or are they able to attack many 

strains? 
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Are there differences in phage host range patterns between the two sites? 

What are the patterns of susceptibility of the wild bacterial strains to attack 

by the wild phage? 

METHODS 

Microbiological Media Used 

Luria-Bertani Broth (BIO-101 Inc.) modified buy the addition of MgC12, 

10mM, CaCI2, 10mM, and MnCI2, 1mM (abbr. LB2) was used for the isolation 

and storage of wild bacteriophage. Phage-bacteria interactions were measured 

in semi-soft agar (LB2 broth with 7gr agar per liter) layered over LB2 agar 

plates (LB2 broth with 15gr agar per liter). Bacterial spores were produced in 

Difco Sporulation Media, and stored in distilled deionized water. All plates 

were incubated at room temperature. 

Bacterial Strains 

Twenty nine isolates of Bacillus subtilis, isolated by Dr. Conrad Istock and 

coworkers from the University of Arizona's Tumamoc Hill Desert Laboratory 

(Duncan et al. 1989, !stock et al., 1992) and determined to be different based on 

enzyme electrophoresis of 13 polymorphic enzyme systems, were used. 

Isolation of Viruses 

Soil was collected from two sites: site A, from where the wild B. subtilis 
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were isolated, and site B, a mid-successional suburban location 8 kilometers 

away. Soil samples from which bacteriophage were isolated were taken from 

depths of approximately 1 em below the surface. The soil was collected with 

a sterile spatula and transported to the laboratory in sterile centrifuge tubes, 

where it was frozen prior to isolation of phage. 

Soil Samples were thawed at room temperature and approximately one 

gram of soil was mixed with 5 ml of LB2 broth. The mixture was heated at 

80°C for 20 min, a treatment sufficient to kill everything except spores of 

Bacillus in which phage are found. This procedure assured that the phage 

examined in the laboratory for host-range characteristics with respect to the 

wild B. subtilis strains were phage which associated with Bacillus in nature. 

After heating, the suspension was incubated at room temperature for 5 hours, 

to allow germination and escape of phage. The suspension was centrifuged at 

low speed to pellet soil and bacteria. The supernatant, containing phage, was 

filtered through a 0.2 micron filter and stored at 4°C. 

To isolate a specific phage an aliquot (10 ul) of the phage solution was 

combined in melted, 50°C, semi-soft LB2 agar containing an abundance of one 

of the 29 B. subtilis strains (5x105 colony forming units as spores) and plated 

onto an LB2 plate which was then incubated at room temperature, until 

plaques were visible. Phage from a single plaque on this plate was purified by 

three times re-isolation on lawns of host bacteria. In an attempt at 
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randomization the plaque selected from the original plate was the one closest 

to the label. However, there was still probably a bias against phage producing 

very small plaques, which were hard to see, phage producing very large 

plaques, which tended to overlap with other plaques, and in favor of phage 

producing clear plaques (Le. more lytic) as these were easier to see. This 

procedure was repeated for all 29 B. subtiUs strains yielding 29 phage isolates, 

one isolated on each of the strains, and for both locations, for a total of 58 

phage isolates. 

After isolation from soil and subsequent purification, phage stocks for use 

in host range tests were prepared. Phage were propagated on lawns of host 

bacteria and areas with numerous plaques were collected by scraping with a 

sterile spatula, mixed with LB2 broth, vortexed, centrifuged to pellet agar and 

bacteria, and the supernatant filter sterilized. Phage concentrations of the 

filtrates were determined by serial dilution and subsequent plating. Phage 

stock solutions were adjusted with LB2 broth to a final concentration of 

approximately 105 plaque forming units per ml. The phage suspensions were 

stored at 4°C. 

Viral Host Range Determination 

The ability of the wild bacteriophage to attack B. subtiUs strains other than 

the one on which they were first isolated was determined by applying phage 

to plates containing lawns of potential host bacterial strains and examining 



20 

these plates for bacterial lysis. Spores of the individual bacteria were mixed 

with melted semisoft agar and poured on to plates and allowed to cool. Phage 

were then applied to these plates in 2 ul drops, containing approximately 200 

pfu's, and the plates were incubated at room temperature to determine ifphage 

attack occurred. Phage were applied in drops of several hundred to maximize 

ability to score primarily lysogenic interactions for which the results of a single 

phage particle on a bacterial lawn may go unnoticed. Control drops consisting 

of 2 ul of LB2 broth without phage were applied to the plates to 1) determine 

if this volume of liquid altered the appearance of the bacterial lawn falsely 

suggesting a lysogenic interaction and 2) to check for carryover of viruses on 

the pipetter from one drop to the next. These control drops did not result in 

visible changes in the bacterial lawn, and control drops applied between drops 

containing phage showed no evidence of carry over contamination. All 58 

phage were tested against all 29 bacterial strains. All 1682 interactions were 

replicated three times. 

RESULTS 

Diversity of Phage Tvpes 

All 58 phage isolates were different. The 58 phage attacked 56 different 

subsets of the 29 B. subtilis test strains. In the two cases where pairs of phage 
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attacked the same subset of strains differences in plaque morphology across the 

subset revealed that the two phage were in fact different. These differences in 

plaque morphology on the same strain are shown in Figure 1.1 and 1.2 

Phage Host Range Patterns 

Phage Host range patterns varied from phage able to attack only one or a 

few strains other than the one on which they were isolated to those able to 

attack all of the test strains. Figure 1.3 shows the range of host range sizes 

for the 58 phage isolates. The mean number of strains attacked was 36.4, with 

a standard deviation of 9.5. 

Figures 1.4 and 1.5 shows the host range sizes of the 58 phage separated by 

site. Phage from site A attacked an average of 14.03 strains (s=6.18), while 

those from site B attacked an average of 21.97 strains (s=6.42). The phage 

collected from the site from which the bacteria were obtained attacked 

significantly fewer bacterial strains than those from the more distant site. 

(Figure 1.6, t=4.441, P < 0.001). 

Bacterial Susceptibilitv to Attack by Wild Phage 

There was a considerable range of variation in the number of phage isolates 

able to attack a given bacterial strain. Figure 1.7 shows the variation in the 

susceptibility of the bacteria to the total collection phage (minus the two 

isolates originally isolated on each bacterial strain) from both sites. The strains 

were attacked by an average of 34.4 phage of 56 phage (s=9.5). 
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Figure 1 . 1 Phage Plaque Morphology 
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Figure 1 . 2 Phage Plaque Morphology 
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Figures 1.8 and 1.9 show the range of bacterial susceptibilities for phage from 

site A and site B respectively. For both subsets of phage there are bacteria 

more or less susceptible to attack, though as a result of the broader host ranges 

of phage from site B the distribution in Figure 1.8 is shifted to the right. 

There is a significant correlation between overall susceptibility of the bacteria 

to phage from the two sites. This correlation is shown in Figure 1.10 

(rs=0.723, p,0.001). 
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DISCUSSION 

A diverse assemblage of bacteriophage capable of reproduction on wild 

strains of Bacillus subtiUs was found in association with Bacillus spores at both 

locations, though finding that no two phage had identical host range profiles 

across the 29 B. subtiUs test strains makes impossible any quantitative 

estimate of total B. subtilis phage diversity. That Bacillus is only one of the 

many genera of bacteria present in soil, and that the strains used only 

partially represent the variation present in a single Bacillus species speaks to 

the huge number of different bacteriophage which may be present in soil. 

Despite the fact that the sampling protocol was biased in favor of finding 

phage with broad host range, a diversity of host range breadths was present 

among the phage collected. While no comparable data are available for 

natural phage of more clonal bacterial species, the prevalence of genetic 

recombination in Bacillus results in a continuously changing, and always 

variable, host population (Graham and !stock 1978, 1979, 1981, Duncan et al. 

1989, Istock et al. 1992) and this may be an important factor behind the 

diversity of phage types found in the wild. If these diverse phage with their 

varied and overlapping host ranges are involved in transduction of bacterial 

DNA in the wild, something not yet known, then the diversity of phage may 

be, in part, responsible for the genetic diversity of their bacterial hosts. 
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That there were qualitative differences in the phage community between 

sites only a few kilometers apart suggests that local adaptations between 

bacteria and bacteriophage may be present. The higher overall resistance of 

the bacteria to the phage isolated from the same site is consistent with the 

suggestion that the evolution of bacterial resistance may be important in the 

natural dynamics of the phage--bacteria interaction, although further 

replication from additional sites is required before concluding that this is a 

general result. Regardless however, there are some bacteria which are highly 

susceptible to phage from both of the sites. The presence of these highly 

susceptible strains co-existing with bacteriophage suggests that factors outside 

the bacteria-bacteriophage interaction are important in bacterial population 

regulation. It has been suggested (Williams et al. 1987) that the structured 

nature of the soil environment might provide refugia of some sort offering 

protection from phage attack, or that adsorption of soil materials to bacteria 

may shield them from attack. These mechanisms may explain why, in 

laboratory experiments, bacteria cultured with phage in soil microcosms did 

not develop resistance to bacteriophage attack (Pantastico-Caldas et al. 1992). 

However, it is equally possible that adsorption of bacteria and phage to soil 

particles concentrates both in local soil microsites thus increasing the 

probability of phage attack. Phage coexist with susceptible bacteria in nature, 

but the mechanisms responsible for this coexistence are at this time unclear. 
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CHAPTER TWO: ENCAPSULATION IN HOST SPORES AS A 

MECHANISM FACILITATING PHAGE SURVIVAL OF HOSTILE 

CONDITIONS 

ABSTRACT 

The hypothesis that bacteriophage persistence during hostile conditions can 

be facilitated by encapsulation within bacterial spores was tested in the 

laboratory using soil microcosms containing soil bacteria (Bacillus subtilis) and 

phage to which they are susceptible. The use of mutants of B. subtilis 

incapable offorming spores allowed the examination of the effect of sporulation 

on the interaction between host and phage. Use of a phage mutant incapable 

of temperate reproduction eliminated the possibility that phage persistence was 

due to lysogenic association with the host bacteria. Under conditions of low 

host density in combination with soil conditions hostile to free phage, periodic 

entrapment in, and release from, bacterial spores was required for phage 

persistence. Encapsulation within host spores provides phage with a dormancy 

mechanism that has the advantage of terminating automatically when 

conditions favorable for bacterial germination and growth occur. 
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INTRODUCTION 

It has been suggested that virulent bacteriophage may be at a disadvantage 

relative to temperate phage due to their inability to enter into a long term 

lysogenic or pseudolysogenic relationship with the vegetative host cell. 

Specifically, phage populations are unable to persist when host density drops 

below some critical threshold (Wiggins and Alexander 1985), and it has been 

proposed that at low host densities, virulent phage may be unable to reproduce 

fast enough to avoid local extinction, while temperate phage are able to persist 

in association with host cells (Levin and Lenski 1983, Stewart and Levin 1984). 

Phage which infect spore-forming bacteria have an additional mechanism by 

which to enter into a long term association with the host cell--encapsulation 

within the spore stage. In the present work I examine this mechanism in 

laboratory microcosms containing Bacillus subtilis and a virulent 

bacteriophage. 

Phage encapsulation within host spores occurs in a number of different 

species of Bacillus including B. subtilis, as well as other spore-forming bacteria 

such as Clostridium and studies have shown that some phage can increase the 

frequency of host sporulation (Bramucci et al. 1977a, b, Kinney and Bramucci 

1981, Silver-Mysliwiec and Bramucci 1990, Keggins et al. 1978, Yehle and Doi 

1967, Perlak et al. 1979). It has been proposed that this might be a result of 
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selection on phage to become encapsulated due to some advantage conveyed by 

such encapsulation (Bramucci et al. 1977a, b). One possible advantage of 

entrapment within the spore is that, for a virulent phage, it is the only means 

of long term coexistence with the host cell, and as such may be an important 

component of the phage-bacteria interaction. 

This study investigates the potential effects of phage encapsulation within 

spores on the coexistence of bacteria and virulent bacteriophage in soil 

microcosms in the laboratory. The microcosm environment was constructed 

such that it is inhospitable to free page and thus phage persistence is 

dependent on the presence of susceptible bacteria. Two strains of B. subtilis 

were cultured separately in microcosms with or without a virulent phage. 

These strains are identical with the exception of a mutation in one which 

renders one asporogenic, allowing the effect of this bacterial life history 

character on the phage-bacteria interaction to be assessed. Additionally, half 

of the microcosms received supplemental nutrients sufficient to maintain the 

bacterial population at higher levels than in non-augmented microcosms. 

Graham and Istock (1981) demonstrated that bacteria in such microcosms 

cycle in and out of the spore stage, Pantastico et al. (1992) demonstrated long 

term coexistence of bacteria and phage in this system. 
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STUDY ORGANISMS 

Two strains of B. subtilis, a gram positive, aerobic, spore forming rod, were 

used in this study. B. subtilis strains JH642 (pheA1 trpC2) and JH651 (pheA1 

spoOH81 trpC2) were obtained from the Bacillus Genetic Stock Center. Both 

are derivatives of B. subtilis 168 and differ from each other only in the 

spoOH81 mutation present in JH651 which renders it asporogenic. Both 

strains are unable to synthesize tryptophan and phenylalanine which allows 

the experimental organisms to be distinguished from contaminants. The 

spoOH locus codes for the production of a sigma factor {sigma m responsible for 

the transcription of genes involved in the initial stages of sporulation (Zuber 

1985, Zuber and Losick 1985, Dubnau et al. 1987, 1988, Jaacks et al. 1989). The 

spoOH81 mutation is a deletion and revertants are thus unlikely. B. subtilis 

phage SP02clh2, a clear plaque mutant of SP02 capable only of virulent 

reproduction, was obtained from Dr. Kathleen Duncan. 
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METHODS 

Culture Media 

Spizizen salts (SPS) were used as a diluent for bacteria and phage. Luria

Bertani Broth (BIO-101) modified buy the addition of MgC12, 10mM, CaCI2, 

10mM, and MnCI2, 1mM (LB2) was added as a nutrient supplement to the 

nutrient enriched treatments. Bacteria were plated onto Tryptose-Blood-Agar

Base plates (TBAB, Difco) to estimate population density, and onto glucose 

minimal media, with and without amino acid supplementation, to screen 

microcosms for contamination. Spores of JH642 were produced on AZ#2 

sporulation agar (BBL Microbiology System). Phage were cultured in semi-soft 

overlays of LB2 agar (7 grams agar/liter) containing 5x101S spores of JH642 

layered over LB2 plates. All plates were incubated at 37oC. 

The Soil Microcosm 

Bacteria and phage were cultured in the laboratory in soil microcosms of 

the type developed by Graham and Istock (1978, 1979, 1981) for measuring 

growth and sporulation of B. subtilis, and modified by Pantastico-Caldas et al. 

(1992) to include the addition of bacteriophage. 

The microcosm consists of a horticulturalist's peat pot to which soil and 

distilled deionized water are added. Each pot contains 40 grams of rich potting 

soil moistened with 60 ml of distilled deionized water. The microcosm is placed 
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in a covered glass storage container and sterilized by autoclaving for 60min at 

121°C and 15psi. After autoclaving the microcosms are incubated for several 

days at 37°C to allow the escape of volatile toxic organic and inorganic 

compounds that are produced during autoclaving, and to allow any 

microorganisms that may have survived due to incomplete autoclaving to 

multiply to levels sufficient to insure their detection. Soil samples from the 

microcosms are plated onto TBAB to verify sterility, and then the microcosms 

are inoculated with microorganisms. 

Inoculation of the soil microcosm was conducted as follows. Vegetative cells 

frozen with glycerol at -BOoC were thawed at room temperature and 108 cells 

(106 per gram moist soil) were added in 2.5 ml of LB2 broth. Microcosms 

without bacteria received 2.5 ml of LB2 broth. Twelve hours after inoculation 

of the pots with bacteria, 109 phage (107 per gram moist soil) were added to the 

pots in 2.5ml LB2 broth, again, 2.5 ml of LB2 broth alone was added to pots 

not receiving phage. Phage were introduced to the microcosms separately from 

the bacteria to minimize the interaction of phage and bacteria in the liquid 

media in which they are introduced. 

Pots were placed in a 37°C incubator and maintained at a moisture level of 

approximately 60wt% by the addition of 1.5 ml of liquid every 4B-72 hours to 

balance evaporation. High nutrient pots received 1.5ml of LB2 and low 

nutrient pots received 1.5 ml of SPS. Both treatments are in fact quite 
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hospitable to bacteria, a necessary consequence of the inability of the 

asporogenic mutant to tolerate low moisture levels. 

Sampling From The Soil Microcosm 

Soil samples of approximately 1 gram were removed from the microcosms 

with a sterile spatula, weighed, suspended in 5 ml of SPS, vortexed at high 

speed for 1 min, and serially diluted in SPS with vortexing at each dilution 

step and with immediate transfer between dilutions to avoid settling of 

particles. 

Densities of total colony forming units (cfu's), cfu's from spores, total plaque 

forming units (pfu's), and pfu's from spores were all obtained from the same 

dilution series. To estimate the total density of bacteria 100ul of diluted soil 

suspension was plated onto TBAB plates and incubated at 37°C. Phage density 

was estimated by plating 100ul of diluted soil suspension mixed with 107 

JH642 spores in 2 ml of semi-soft LB2 agar onto LB2 plates. The number of 

bacteria present as spores and the number of phage entrapped in spores was 

determined by first heating the dilution series for 20 min at BO°C, to kill 

vegetative sells and free phage and them repeating the above procedure. 

SP02clh2 phage are unable to survive this heating, and the lethality of the 

heat treatment is maintained even in the presence of bacterial spores, i.e. the 

presence of spores is insufficient to allow phage to survive heating, and phage 

that survive such heating can be reasonably assumed to be within the spores. 
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Periodically colonies obtained from the dilution series were tested for the 

evolution of resistance to phage by picking colonies onto LB2 plates containing 

108 phage in a semi-soft overlay. 

Sampling was always done at least 24 hours after the addition of the liquid 

to the microcosm and therefore the fine scale fluctuations which result from 

such additions are not resolved. 

Experimental Design 

There were 10 experimental treatments. Wild type and asporogenic 

bacteria were cultured in microcosms both with and without phage at both 

nutrient levels. Phage were cultured alone at both nutrient levels. All ten 

experimental treatments were conducted in duplicate. 
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RESULTS 

All 20 pots remained free of contamination from trp+ or phe+ strains for the 

duration of the experiment. Phage were found only in microcosms in which 

they had been placed. Additionally, no spo+ cells were isolated from the pots 

containing JH651, indicating that there had been no contamination with 

JH642 bacteria during the experiment and also confirming that SP02clh2 is 

not spore-converting for this asporogenic mutant. Spore-converting 

bacteriophage are those that can induce spore formation in asporogenic 

bacteria. 

Interestingly, few of the bacteria grown with phage developed resistance, 

a result reported by Pantastico-Caldas et al. (1992). At all times less than 5%, 

and often much less, of the population of the microcosm was resistant, and 

resistant bacteria did not take over the population. This result differs from 

that found in chemostat experiments (Levin and Lenski 1983, Lenski 1984a, 

b, 1988, Lenski and Levin 1985) and may be due to the more structured nature 

of the soil habitat offering refugia from phage attack (Williams et al. 1987, 

Pantastico-Caldas et al. 1992), or some protective effect of close association with 

soil, either making the bacteria more resistant or the phage less able to infect. 

All figures showing the results of these experiments use the same symbols. 

Triangles represent total phage, circles total bacteria, squares the bacteria 
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present as spores, and diamonds the phage encapsulated in spores. Open and 

closed symbols code for the two replicates of each treatment. 

Phage in both enriched and unenriched soils declined and went extinct in 

the absence of host bacteria. This result, shown in Figure 2.1 for the 

unenriched soil, was reported previously by Pantastico-Caldas et al. (1992) and 

may be related to the low pH of the autoclaved soils, extracts of which have a 

pH below 5. In addition, Pantastico-Caldas et al. (1992) demonstrated that 

phage did not persist in microcosms with bacteria unless the bacteria were 

susceptible to attack by phage. 

The population dynamics of the two bacterial strains grown alone in the 

unenriched soil are shown in Figures 2.2 and 2.3. After an initial period of 

increase and fluctuations the populations settle down and maintain a relatively 

constant level for the duration of the experiment, with the level of JH642 being 

slightly higher than that of JH651. Even in this very moist soil there are a 

significant number of bacteria present as spores. 

The population dynamics of the two strains when grown in nutrient 

enriched soil are shown in Figures 2.4 and 2.5. As in the unenriched pots an 

ini tial period of increase is followed by more steady dynamics. The population 

densities of both strains were increased by the nutrient enrichment, although 

this increase is more pronounced for JH651. Once again spores comprise a 

significant part of the JH642 population. 
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The dynamics in unenriched soil when phage are present are seen in 

Figures 2.6 and 2.7. The addition of phage is accompanied by a sharp drop in 

the bacterial population and a corresponding increase in the population of the 

phage. Figure 2.6 shows the population of the spore positive strain in the 

presence of phage. Both organisms persist for the duration of the experiment 

and the population density of the bacteria is reduced compared with the 

population grown in the absence of phage. A substantial fraction of the 

bacterial population is present as spores and these contain a small fraction of 

the phage. The results for the system containing the asporogenic strain in the 

presence of phage (Figure 2.7) are quite different. In this case, after an initial 

pulse of increase the phage population declines and goes extinct in both 

replicates at which point the bacteria return to approximately the same levels 

as in the pot without phage. 

The population dynamics of the two bacterial strains when grown with 

phage in the nutrient enriched soil are shown in Figures 2.8 and 2.9. As in fig 

2.6 and 2.7 addition of phage results in a decrease in bacteria and reproduction 

of phage, however in this case phage persist for the duration of the experiment 

in both sets of microcosms. 
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DISCUSSION 

These experiments show that at low host density (-107 cfu's per gram moist 

soil) the persistence of virulent bacteriophage SP02clh2 with B. subtilis is 

facilitated by the spore forming habit of the bacteria, but that this effect is 

absent at high host density (-108 cfu's per gram moist soil). 

The lack of development of bacterial resistance, consistent with other work 

(Pantastico-Caldas et al. 1992) is, while difficult to explain, consistent with 

natural patterns of B. subtilis--phage interactions where susceptible bacteria 

are found in the presence of phage, as described in Chapter 1. 

Persistence of some part of the phage population is made possible via 

encapsulation in bacterial spores, but it is unclear whether the number of 

phage in spores in these experiments is sufficient to explain the persistence of 

the phage population as a whole. No doubt there are other possible 

explanations that don't require a role for encapsulated phage. It is possible 

that sporulation somehow increases the success, or likelihood, of attack by 

phage, although there is no evidence for such a mechanism, and spores of 

Bacillus are thought to be resistant to attack by page. Possibly bacteria 

experience increased susceptibility to phage attack during the processes of 

sporulation and/or germination, but again there is no evidence for or against 

this hypothesis. Furthermore, these effects were not noticeable in the 
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comparison of the wild type and asporogenic host strains in nutrient enriched 

soils where levels of phage and bacteria were similar in both treatments even 

thought one strain was producing spores and the other was not. 

That a portion of the wild type population was always present as spores 

suggests that the soil system in not as uniform as the chemostats in which 

much previous work on phage--bacterial dynamics has been conducted, an idea 

supported by the failure of the bacterial populations in the microcosms with 

phage to develop resistance to phage attack. Transport of phage and bacteria 

through the system may be slow relative to the local growth rates of the 

organisms resulting in a patchy system where local extinction of one or both 

participants can occur (Pantastico-Caldas et al. 1992). That bacteria, via 

sporulation can escape such events is well established. It seems reasonable 

that by 'tagging along for the ride' bacteriophage may be able to do the same. 

The ease with which wild phage can be isolated from spores suggests that 

encapsulation within host spores may be an important aspect of the phage

bacteria interaction in nature. 



CHAPTER THREE: MORPHOLOGICAL VARIATION OF WILD 

PHAGE 

ABSTRACT 
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Transmission electron microscopy of wild bacteriophage of Bacillus subtilis 

isolated from two sites in the Sonoran Desert was used to examine the 

morphological diversity of an ecologically diverse collection of viruses, and to 

determine if correlations between phage ecology and phage morphology were 

present. No pairs of phage with identical morphologies/dimensions were found. 

There was no difference between sites in either the proportion of different viral 

families found or the range of bacteriophage sizes. Phage host range breadth 

was not found to be predicted by either bacteriophage family or bacteriophage 

size. 

INTRODUCTION 

Bacteriophage exhibit considerable morphological diversity, but unlike the 

situation in many other organisms it is unclear how differences in phage 

morphology correspond to differences in phage ecology. Chapter one described 

an ecologically diverse collection of wild bacteriophage of Bacillus subtilis 
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isolated from two sites in the Sonoran Desert, with differences in phage 

ecology, specifically in phage host range breadth, between the two locations. 

Here I ask if the morphological diversity of these phage parallels the ecological 

diversity, if there are differences in phage morphology between the two 

locations, and if, irrespective of location, there are morphological correlates to 

phage host range breadth. 

There is certainly reason to expect that phage with similar morphologies 

will be more closely related, and may therefore be more similar ecologically, 

than more dissimilar phage. However, morphologically different phage do 

recombine (Botstein 1980, Forstova et ai. 1982, Hershey, 1971) and these 

recombination events can result in changes in host recognition. Several 

previous studies have examined the relationship between bacteriophage host 

range and morphology. While some of these studies find morphology to be a 

good predictor of phage ecology (Akcelik 1992, Arendt and Hammes 1992, 

Kurtboke et ai. 1993, Nemcova et al. 1993, Zink and Loessner 1992) others find 

that morphology and host range are decoupled (Pelkonen et ai. 1989, Hidaka 

et ai. 1990, Abebe et ai. 1992, Akhverdyan et ai. 1992, Loeffelholz and Maier 

1992). No previous study has addressed the question of morphological 

correlates with phage host-range breadth. 

Bacteriophage morphology, and correlations between phage morphology and 

phage-host range breadth were examined at two levels--differences between 
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different bacteriophage families, and differences between bacteriophage with 

different head sizes. Phage taxonomy is, and has traditionally been, based 

primarily on morphology, and complicating factors such as difficulties in 

applying biological species concepts to viruses have hampered attempts to 

produce fine divisions in phage groups. At present bacteriophage are divided 

into 12 families which have, with a single exception, only one genus. All 

bacteriophage of Bacillus described to date are tailed phage belonging to the 

viral families Myoviridae, Siphoviridae, and Podoviridae. 

Bacteriophage families differ in tail morphology, with the Myoviridae 

having contractile tails that penetrate the bacterial cell and the Siphoviridae 

and Podoviridae having non-contractile tails. The different methods of 

interaction with the host cell may have consequences for degree of host 

specificity. 

Bacteriophage head size places an upper bound on phage genome size. 

While large phage may have small genomes the reverse is not the case and 

there is a positive relationship between phage head size and phage genome 

size. Larger phage tend to produce more of the biochemical machinery needed 

for replication and are less dependent on host products. Phage with larger 

genomes may therefore be less tightly bound to specific hosts and may attack 

a broader range of strains. Larger phage also have more 'non-essential' genes, 

genes which can be deleted in the laboratory without ill effect, than do small 
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phage. As there appears to be considerable selective pressure on phage 

genomes to reduce the amount of unnecessary genetic material, it is tempting 

to postulate that these extra genes, which are not needed for reproduction on 

laboratory strains of host bacteria, may be of importance in interactions with 

other hosts. 

Bacteriophage were examined using transmission electron microscopy to 

determine dimensions, viral family, and to determine the extent to which 

individual phage isolates differ morphologically. 

METHODS 

Preparation of Bacteriophage 

Wild bacteriophage, a subset of those described in chapter two, were grown 

on lawns of susceptible host strains as previously described. Regions with 

numerous plaques were harvested and mixed with 1 ml ofLB2 broth, vortexed, 

and centrifuged (14000 rpm, Beckman microfuge). The top 500 ul of the 

supernatant was transferred to a second tube, centrifuged again and the upper 

250 ul of this supernatant was retained for analysis. Phage solutions were not 

filter sterilized, as this procedure can reduce phage numbers, as well as 

damage the phage. Phage solutions were stored at 4°C and stained within 24 

hours. 
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Microscopy 

Phage were adsorbed onto 200 mesh copper grids (Ted Pella Inc. Reading 

CA) covered with fomvar films (Ted Pella Inc.) cast on water, and carbon coated 

using a Denton evaporator. The phage were negatively stained with uranyl 

acetate, uranyl oxylate, potasi urn phosphotungstate, or methylamine tungstate. 

The grids were examined by transmission electron microscopy (JEM-100CX, 

Japanese Electron Optical Laboratories, Tokyo) at 80 keY. Phage were 

photographed at a magnification of 33,000x, and the images photo-enlarged for 

analysis. All size measurements were made on phage negatively stained with 

0.5% Uranyl acetate. 

RESULTS 

Only phage which displayed consistently reproducible head size are incl uded 

in the analysis. 33 phage fulfilled this criteria. Where phage showed variable 

head size a range of sizes was present suggesting that artifacts of preparation 

were responsible for the variation. Bi-modal or multi-modal distributions 

which would indicate contamination or polymorphisms were not observed. 

No morphotypes not previously described for phage of Bacillus were 

identified in the wild sample, and several morphotypes which are known for 

Bacillus phage were not observed. All of the phage examined had icosohedral 
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heads and were in the families Myoviridae and Siphoviridae. Figure 3.1 shows 

the proportion of each type in the sample of 33 phage. 

There was considerable morphological diversity within the two larger 

groups. As indicated by the unidentifiable fraction shown in Figure 3.1, phage 

morphology could not always be completely resolved. Where satisfactory 

images could be obtained, no two phage were found which were 

morphologically identical, although the possibility that some morphologically 

identical phage were identically fragile can not be ruled out. Figures 3.2 and 

3.3 give examples of the morphological diversity observed within the family 

Myoviridae. Figure 3.4 shows bacteriophage attacking a B. subtilis bacterium. 

There were no significant differences in morphology between the two 

locations at the family level. Figures 3.5 and 3.6 show the proportions of 

Myoviridae and Siphoviridae at sites A and B respectively. Head sizes of 

phage from the two locations were not significantly different (t=8.286, n= 14,19 

ns). 

Phage from the two families did not differ in host-range breadth, nor was 

head size correlated with number of bacterial strains attacked. Figure 3.7 

shows the lack of correlation (rB=O.181, ns) between head size and host-range 

size for the 33 phage. Phage from the two different sites are plotted with 

different symbols, and head size is not correlated with host-range size within 

either group. 
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Figure 3 . 2 Electron Micrograph of a Phage 
Family Myoviridae 
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Figure 3.3 Micrograph of a Phage 
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Figure 3.4 
Electron Micrograph of Phage Attacking a Bacterium 
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DISCUSSION 

The lack of overall morphological differences between the two sites 

strengthens the suggestion that the ecological differences observed may be in 

part the result of interaction between the phage and the bacteria. At the very 

least there is no morphological evidence to suggest that the phage from one 

location are in some way derived from a different 'pool' of phage than those 

from the other location. 

While only a subset of the possible B. subtiUs phage types were found 

within these groups the individual variation in morphology mirrors that found 

in host-range types. Just as no two phage were found to have the same host

range, all of the 33 phage which could be examined in sufficient detail were 

morphologically distinct. 

It is interesting that phage with larger genomes show no expansion of 

function, at least with respect to host-range. However, the proposition that 

phage with small genomes might be more specialized makes assumptions about 

the direction of phage genome evolution which are untested. There may well 

be instances where ecological specialization results in increased genome size. 

Alternately, the proportion of the genome involved in host specificity may be 

only a small fraction of the total. It may, for example, be as easy to code for 

a very general affinity to bacterial surface features as it is to code for a more 
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specific receptor recognition mechanism. Regardless of which, if any, of these 

mechanisms is at work, it is clear that morphological similarity is not, for 

bacteriophage, as good an indicator of ecological similarity as it is for many 

other organisms. 
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