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ABSTRACT 

The, purpose of the work reported here is to test the repair hypothesis 

which proposes that natural genetic transformation in the bacterium Bacillus 

subtilis evolved as a system for recombinational repair of damages in the reci-

pient cell's genome. The survivorship and the apparent transformation fre-

quency as a function of ultraviolet (UV) dose were examined in, a rec+ strain 

as well as in two repair-deficient mutant strains. One of the mutant strains 

YBI005 was defective in its ability to carry out excision repair, the second 

mutant strain YBI260 was deficient in its ability to elicit an SOS-Iike response 

to DNA damage or following the onset of competence. Cells were subjected 

to two experimental treatments that differ in the order of administration of 

damage and transforming donor DNA. In one treatment cells were exposed to 

UV radiation or damage first and then allowed to undergo recombination with 

transforming donor DNA (UV-DNA). In the second treatment the cells were 
.. 

transformed first and than subjected to UV radiation (DNA-UV). In order to 

more closely simulate the effects of transformation in natural populations the 

YB886 rec+ strain was transformed using damaged and undamaged donor 

DNA. In nature donor DNA is likely to come from neighboring cells exposed 

to similar levels of damage. 

Experimental results show that there is a qualitative difference in the 

relationship between the survival of transformed and total cells in the two 

treatments. The density of competent (sexual) cells increases, relative to non-

competent (asexual) cells with increasing UV dose, when cells are transformed 

after damage. There was also a consistent difference between the UV-DNA 



and DNA-UV treatments in the relationship between the apparent transforma

tion frequency and UV dose. As predicted by the repair hypothesis. the 

apparent .. transformation frequency increases with increasing UV dose when 

the cells are damaged prior to transformation (UV-DNA). The results persist 

in the two mutant strains examined. therefore the greater increase in the 

apparent transformation fr~quency does not depend upon excision repair or in

ducible 50S-like repair. In addition, the apparent benefit of ,transformation 

remains even when the donor DNA is derived from damage cells. This res

ults suggests that recombination is targeted to damaged sites in the recipient 

cell's genome. All of the results reported here are consistent with the repair 

hypothesis for the evolution of natural transformation in Bacillus subtiUs. 

They provide empirical support for the hypothesis that the evolutionary func

tion of competence is to bring DNA into the cell for use as template in rec

ombinational repair of DNA damage. 

12 
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"We do not even in the least know the final cause of sexuality." Charles Darwin 

1902. 

BRIEF HISTORY OF THE EXAMINATION OF SEX 

THE COSTS OF SEX: 

Charles Darwin recognized the ubiquity of sexual reproduction. His observa-

tions and ideas revolutionized biological theory and laid the foundation for examin-

ing the selective forces behind the evolution and maintenance of sexual reproduc-

tion. Sex is an unusual evolutionary trait because it confers severe fitness costs on 

its bearers (Maynard Smith 1974. Lloyd 1980). In eucaryotes these costs include: (I) 

the energy and resources sequestered to develop and maintain gametes (Daly 1978); 

(2) the pitfalls of meiotic drive inherent in the production of gametes (Hiraizumi et 

al. 1960. Eshel 1985); (3) the large amount of energy required for meiosis relative to 

mitosis (Lewis 1983); (4) the investment of time. energy and resources to locate a 

suitable mate (Bernstein et al 1985d. Hopf and Hopf 1985); (5) outcrossing increases 

an individual's risk of predation and infection; (6) the potential cost of a high rec-

ombinational load or the break up of co adapted gene complexes resulting in offspr-

ing less adapted to their environment (Shields 1982); (7) the so called "cost of 

males" where a parthenogenetic female will have twice the genetic representation in 

the next generation as her sexual counterpart. when they produce the same number 

of offspring (Williams 1980. Uyenoyama 1984). Parthenogens supply an entire 

genome to their offspring. whereas sexual females supply only one half. Evolution 

favors those individuals which effectively transfer their genes to future generations 
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and sex appears to interfere with this process. 

Some direct benefits of sex will be experimentally investigated in this disserta

tion. However this disseration does not address the evolution of anisogamous gam

etes, or differentiated male and female roles. Anisogamy is a derived condition, 

largely restricted to complex diploid multicellular organisms. This dissertation is 

concerned with the more general benefits of recombination fundamental to replica

tion. 

THE VARIATION HYPOTHESIS 

Greek philosophers questioned why organisms in nature reproduced sexually, 

but it was not until the late 1700's that sex was examined from an evolutionary 

standpoint. Erasmus Darwin (1796) noted that sexual reproduction generates diver

sity and suggested that asexual propagation may be coupled with an inability to 

evolve novel or improved forms. 

Following Erasmus Darwin. August Weismann (1889), recognized that without 

variation, evolution by natural selection could not operate. Weisman did not accept 

Lamarck's hypothesis that acquired characteristics could be inherited, partly because 

he recognized that the germ line was sequestered early in development. Lamarckian 

differences were restricted to somatic cells and offered no mechanism of introducing 

variability to the gametes. This left him facing the question of how variability was 

generated in nature. Weismann argued that sexual reproduction provided the ade

quate level of germ-line variation required to fuel evolution. His variation hypo

thesis for the selective advantage of sex further suggested that the increased genetic 

variability provided by sex increases the fitness of a population. 

There are several problems inherent in this variation hypothesis. First, this is a 

group selection argument. Any possible long-term advantages of phenotypic varia-
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bility to a population or species is unlikely to explain the origin and short- term 

persistence of sexual reproduction in individuals (Bell 1982). Second. it proposes 

no benefit to the individual to overcome the unavoidable costs of sex. Third. any 

adaptive combinations of traits generated by recombination will be subject to 

random rearrangement in subsequent generations by the very processes that created 

them. Fourth. randomization of the genome has negative effects on fitness (Williams 

1988). Even though a rare beneficial variant generated by recombination may pro

vide raw material for long-term evolution. most variants produced will be deleteri

ous. Therefore the significance of producing adaptive combinations to the evolution 

of sex would be small. This is due almost exclusively to the rarity with which 

beneficial combinations are generated. Fifth. in the short term. asexual species 

appear to be as adaptable as sexual ones (Lynch 1984). Despite these caveats. the 

production of variation is still commonly believed to be the primary selective 

advantage of sex. 

I will now explore some of these caveats in more detail. First. given that 

genetic variation may be beneficial to a population or a species. it is unlikely that 

genetic variation could provide a short term selective force to favor sexually repro

ducing individuals over asexual ones. Thus the generation of variation is probably 

not the selective force behind the origin and maintenance of sex because diversity 

does not translate into evolutionary advance. Mathematical models of sex as an 

adaptation to ecological variability require abundant ecological variation (Charles

worth 1976). small population size (Muller 1964). and intense selective discrimination 

between genotypes (Maynard Smith 1976) to increase the frequency of sexual repro

duction. None of these simulations are sufficiently robust to explain the prevalence 

of sexual reproduction. Rather. the selective advantage of sex. as envisioned by 
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these authors. would be limited to a small number of special situations. 

Weismann's variation hypothesis (1889) argued that sex speeds up the evolution 

of adaptive traits. as well as the degeneration of unused traits. He also pointed out 

that the taxonomic distribution of asexuals indicates they are short-lived in evolu

tionary time and do not give rise to new species. He proposed that parthenogens 

die out because they are incapable of transforming themselves into new species. or 

of adapting to new conditions. Indeed. the evolutionary duration of many partheno

genetic clones is much shorter than the evolutionary duration of related sexual spe

cies. This results in the patchy taxonomic distribution seen among the eukaryotic 

parthenogens. Sexual ancestors can be identified for all the known asexual forms 

of Cnemidopltorus lizards (Cole 1984) and Poeciliopsis fishes (Schultz 1977). This 

pattern suggests that these asexuals have originated relatively recently in evolution

ary time (Maynard Smith 1978). and that long-term fitness is lower for asexuals 

than it is for related sexual species. These data. however. do not support any par

ticular hypothesis for the origin of sex. 

The taxonomic pattern may be a result of lower reproductive rates among par

thenogens relative to sexual species. Fecundity among parthenoges may be reduced 

by as much as 50% in comparison to related sexual species (Lynch 1984). This 

reduction has been attributed to frequent developmental abnormalities resulting from 

an impaired capacity to repair genetic damage (Bernstein et al 1 985b). a reduced 

ability to eliminate deleterious mutations (Shields 1982) or to the absence of 

differential selection on males (Kodric-Brown and Brown 1987). All of these fac

tors. may contribute to the patterns observed in nature. The aim of this disserta

tion is to assess empirically the benefit derived from the repair of genetic damage 

and to test whether repair provides a selective advantage to sexual individuals. 
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HYPOTHESIS RELYING ON SPATIAL OR TEMPORAL VARIATION 

Over the years numerous investigators have recognized the shortcomings of 

Weismann's variation hypothesis. Rather than seek alternative explanations they 

chose instead to modify the hypothesis in the hope of making it more compelling. 

One well known example is the "Tangled Bank" hypothesis. which uses an analogy 

of variable habitats similar to the landscape along a tangled riverbank (Darwin 1985. 

Ghiselin 1974). In this model. the relevant environmental variation is spatial rather 

than temporal. The environment varies between patches. but the range and fre

quency of patch types is constant from generation to generation. Under these con

ditions a sexual parent would theoretically have an advantage over an asexual one 

because it produces genetically variable progeny. A given combination of genes 

may be perfect for some location. but not perhaps for a nearby locale. Offspring 

occupying different patches would not compete with each other. According to the 

Tangled Bank hypothesis. sex will be favored only if there is sibling competition in 

a habitat that differs from the parental habitat (Maynard Smith 1988). 

In contrast to the Tangled Bank model. the Red Queen hypothesis for the evolu

tion of sex involves temporal rather than spatial variability. It centers on the coe

volving biological components of the environment such as competitors. predators and 

prey. Because species in a community are constantly evolving. each must change in 

order to keep up and avoid extinction. The rapidly changing biological environment 

provides the selective pressure to maintain recombination (Bell 1982). 

The dynamic environment proposed in the Red Queen hypothesis has recently 

been expanded to include parasites. Resistence to parasitic infections increases the 

fitness of an individual. As a result any mechanism that enhances the ability to 

resist parasites would be selectively favorable. Hamilton views the evolution and 



18 

maintenance of sex as a response to parasitic load. because it affords multicellular 

organisms a method of rearranging genetic combinations among progeny and between 

g~nerations to avoid severe losses from infection by more rapidly evolving parasites 

(Hamilton 1982. 1986). Hamilton's model requires continuous strong selection pres

sures acting on genotypes with highly variable fitness differences. In addition. the 

optimal fitness profile must change over time. If the environment is reasonably 

stable and selection pressures are weak. the diversity of genotypes produced by sex 

will offer little advantage for survival. Hamilton argues that parasites provide an 

environment with strong selection pressures in constant fluctuation. The parasite 

hypothesis predicts that species with many different parasites shouid undergo more 

recombination than those that are relatively parasite-free. 

Despite the difficulties mentioned above. the view that sexually diversified 

progeny may be more successful in environments having temporal and/or spatial 

variability remains the most frequently cited explanation for the origin and mainta

nance of sexual reproduction in natural populations (Maynard Smith 1978). How

ever. there is not a general consensus in the literature on whether recombination 

enhances variation. Darwin (1901) proposed that sex constrains evolution by swal

lowing up the variants it creates. He viewed sex as a mechanism for restricting 

overly strong responses to local and short-term selection. Darwin argued that sexual 

reproduction ensured a gradual. uniform. adaptive response to selection in the face 

of environmental change. Darwin also noted that sexual selection could lead to the 

evolution of elaborate morphological and behavioral traits. which hinder adaptation 

to "the general conditions of life." Asexual reproduction eliminates the need for 

mating and allows evolution to proceed unencumbered by special adaptations for 

inter-sexual attraction or intra-sexual competition. 
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INCORPORATION OF ADVANTAGEOUS MUTANTS 

Either sexual or asexual populations will respond better to selection depending 

on whether sex enhances adaptive variation. Arguments have been made to support 

both sides of the question. The theory of sexual advantage (Fisher 1930. Muller 

1932) argues that sexual populations evolve more rapidly because two advantageous 

mutations occuring in different individuals could be brought together in their des

cendants through sexual reproduction. whereas two advantageous mutations must 

arise simultaneously in the same individual. or sequentially in the same clone. if 

they are to come together in the same genome of an asexual lineage. Therefore. 

sexual populations could incorporate combinations of favorable mutations more rap

idly than their asexual counterparts. This model assumes a population structure in 

which variation in a local population consists of a few favored alleles on their way 

to fixation. Thus evolution depends on the spread of these rare favorable mutations 

with small effect. 

There are several difficulties with the sexual advantage scenario. When the 

fitness interaction between two new mutations is multiplicative. sexual and asexual 

populations will incorporate double mutations at exactly the same rate (Maynard 

Smith 1968). If the fitness interaction between two mutations is "supermultiplica-

live" (Le.. the fitness of an individual carrying a double mutation is greater than 

the product of the two single mutations fitnesses) the frequency of double mutants 

will actually increase more rapidly in an asexual population. because recombination 

will retard the rate of evolution of the double mutant. Eshel and Feldman (1970) 

confirmed these results. showing that two coadapted mutations do not appear faster. 

or in higher frequency. in sexual populations unless the fitness of the double 

mutant is less than would be predicted based on the single mutant fitnesses. 
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Kondrashov (1988) pointed out that recombination would confer an advantage, 

even in an infinite population, if the combined effect of harmful mutations is not 

multiplicative, but synergistic, so that two mutations have a more severe effect than 

would be predicted if they acted independently. There is some evidence (Mukai 

1969) that deleterious mutations can have synergistic effects on fitness. 

Finally, there is the consideration that when the favorable mutation rate is low 

the benefit of being sexual, in terms of incorportation of favorable mutations, disap

pears. There is no advantage to being sexual if a mutation is fixed in a population 

before the next mutation occurs. 

Sewell Wright (1931) also argued that recombination may not always accelerate 

the accumulation of favorable mutations. His model has species existing on an 

adaptive landscape, with adaptive peaks and valleys. The unfavorable genotypes of 

Ab and aB constitute a valley. If evolutionary progress depended on the genotypic 

transition from ab to AB, then a single substitution would place the population in a 

valley. Wright proposed that an asexual population could traverse the valley easier 

than a sexual population. Once the favorable genotype AB arose in an asexual 

population it would not run the risk of being broken up by recombination. 

In my view any discussion about the rate of adaptive evolution must define 

the time frame involved. Maynard Smith was not convinced that a sexual species 

could adapt more rapidly than asexuals. His point was that over the short term 

asexual populations will respond to selection, by fixing single clones that represent 

the fittest phenotype. This rapid adaptation exhausts genetic variability, not only 

for characters under selection, but for all other characters as well. Such a strategy 

greatly restricts the potential for evolutionary change and leads to relatively rapid 

extinction. In the long run sexual species will prevail because the rate of response 
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to selection depends on the amount of genetic variation in a population (Williams 

1975). 

Maynard Smith's arguments may not be relevant in extremely large populations 

due to the large mutation pool. Th'2re are so many individuals that there is no 

waiting for mutations to occur in order to evolve. This may explain why many 

asexual species do show substantial genetic variation among individuals within pop

ulations and among populations (Lokki et al. 1975). 

None of the previous arguments directly address recombinational load. where 

the breakup of favorable gene combinations by recombination may reduce fitness 

(Eshel and Feldman 1980). Theoretical analysis has shown that selection will favor 

reduced crossing over in randomly mating populations (Karlin and McGregor 1974). 

Therefore if most new genetic variation is disadvantgeous sexual reproduction 

should be selected against if there were not some compensating advantage or advan

tages (Bernstein et. al. 1985a). 

The apparent incongruence among the models discussed above can only be 

understood by distinguishing between the effects of group selection and individual 

selection. short term and long term evolution. and macroevolutionary changes versus 

those at the molecular level. From the point of view of short term evolution and 

microevolutionary changes. an asexual population that initially contains a substantial 

amount of genetic variation may adapt more effectively to an environmental change. 

because a favorable genotype can spread exponentially. until most individuals are 

optimally adapted to local conditions. However. this rapid evolution could result in 

reduced genetic variability. thus predisposing the same population to extinction in 

the event of subsequent environmental changes. In the short term. sexual popula

tions do not appear to respond as rapidly as asexuals. but their prevalence in nature 
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testifies to the advantage of the sexual strategy in the long run. 

To date there is no clear understanding of the effect that recombination has on 

the ability of a population to adapt to changes in environmental selection pressures. 

In Weismann's view sex and variation accelerate evolution. Charles Darwin (1901) 

proposed that sex retarded evolution by preventing populations from fixing on an 

immediately favorable variant. The debate is one that greatly affects any ideas on 

the variation hypothesis for the origin of sex. With that in mind, I will move on 

to discuss other models for the orgin of sex. 

MULLER'S RATCHET 

Foremost among these models is Muller's ratchet. Muller (1964) imagined an 

asexual, finite, haploid population in which deleterious mutations are occurring and 

being eliminated by selection. Individuals may be classified as having 0, I, 2, or 

more mutations. When the population reaches an equilibrium between mutation and 

selection, the number of individuals in the optimal (no mutations) class may be quite 

small. In the event that this optimal genotype is lost due to drift, there would be 

no way to regenerate a zero-mutation class of individuals. The "ratchet" has 

clicked one notch and there is now a new optimal class, with one harmful mutation. 

In time, this class will also be lost and harmful mutations will gradually accumulate 

in the population. In a sexual popUlation, mutation-free genotypes could be regen

erated by recombination so the ratchet would not operate (Maynard Smith 1978 and 

Haigh 1978). Therefore, the mean fitness of a population capable of recombination 

will be higher than a popUlation lacking this capability. 

Muller's ratchet provides a large advantage of sex only in small populations 

where the deleterious impact of each successive mutation increases (Maynard Smith 

1978). In a large population the random loss of the best genotype is unlikely. 
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Muller's ratchet is not restricted to whole genomes. It will operate in any 

DNA segment that does not undergo recombination. In organisms capable of natural 

transformation the transforming fragment may contain more or less recent mutational 

varriants than the genomic segment it replaces. 

change the mutation burden of the recipient cell. 

Either way transformation would 

One model of this sort of system 

(Redfield 1988) starts with a large mutation- free population of bacteria. Each gen

eration. new equally deleterious mutations are introduced according to a predeter

mined mutation rate. The probability of a cell surviving depends on its fitness 

function and the number of mutations in its genome. Cells that survive selection 

reproduce and restore the population to its original size. The population accumu

lates deleterious mutations until an equilibrium is reached where selection. transfor

mation and mutagenesis are in balance. 

Redfield proposes that the primitive condition in the evolution of transformation 

was unregulated uptake of small amounts of DNA spontaneously released by dying 

cells. Her model predicts that transforming populations would have a higher mean 

fitness than their asexual counterparts even when the transforming DNA comes 

from cells killed by selection against mutations. Although such transformations will 

increase the average number of mutations per genome. Redfield concludes that it 

will nevertheless reduce the mutation load and increase the mean fitness of the pop

ulation at equilibrium. Therefore naturally transforming populations of bacteria 

undergoing deleterious mutation and selection are always fitter at equilibrium than 

asexual populations. 

THE CONTAGION MODEL 

All of the potential explanations for the existence of sex in nature presented so 

far have been adaptive models. There is also a non-adaptive model for the origin 
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of sex: the contagion model. In this scenario sex evolved for the maintenance and 

infectious transfer of selfish DNA. rather than to benefit the host organism. This 

model proposes that the original gene. or genes. regulating sex arose in an autono

mous genetic element such as a phage. plasmid or transposable element (Hickey 

1982). or become integrated into the chromosomal DNA (Dawkins 1982). These par

asitic elements would cause their hosts to participate in sexual reproduction thereby 

fostering their own spread and the spread of sex (Hickey 1982). Sex is basically 

viewed as an evolutionary disease. with selfish pieces of DNA as the infecting 

agents. A mathematical model demonstrated that sex would allow transposable ele

ments to spread through a eukaryotic population even if they have deleterious 

effects on their hosts (Hickey 1982). Molecular mechanisms such as gene conver

sion. transposition and meiotic drive are known to allow single genes to increase in 

copy number despite a negative effect on the fitness of the host. The model 

assumes that selfish DNA will spread through the population at twice the rate of 

the host genes. Under this assumption a parasitic element would increase in fre

quency provided the reduction in host fitness was less than 50%. Any disadvantage 

that a transposable element suffered by harming its host could be compensated by 

the advantages of over-replication and transfer to new healthy hosts. 

Hickey's (1982) model argues that sex evolved as a mechanism for the transfer 

of genes on bacterial conjugative plasmids. rather than the genes of their hosts. E. 

coli cells maintained in a well-agitated liquid culture will undergo conjugation 

between plasmid-bearing and plasmid-free cells (Levin et a1. 1979). The plasmid 

contains an F gene that codes for the production of sex pili that enable contact with 

F- cells. Upon contact a single strand of DNA moves to the recipient cell and 

DNA synthesis takes place in the donor and recipient. Transfer is polar. originat-
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ing with a specific sequence. or origin of transfer. and terminating with the F gene. 

A fundamental difficulty with the parasitic DNA hypothesis is that the genes 

promoting this promiscuous behavior would only benefit if they. themselves. were 

transmitted. However. there is a long stretch of DNA separating the origin of 

transfer and the F gene; therefore. environmental turbulence usually interferes with 

transfer of the entire plasmid. Consequently the transmitted DNA is ususally inca

pable of autonomous replication or mediating its own transfer (Levin 1987. Low and 

Poter 1978). Because the actual sex gene. F. is seldom transferred to a new host. 

it will not increase its copy number in a population. Furthermore. it has been 

demonstrated that neither the orgin of sexual forms nor the elimination of asexual 

forms is a necessary consequence of the existence of a contagious sex-factor (Rose 

1983). 

Aside from the problems relating to the F+ plasmid there is the concern that 

among naturally occurring E. coli. donor ability is rare. Most naturally occurring 

self-transmissible plasm ids are repressed for conjugative pili synthesis (Watanabe 

1963). Those that are capable of serving as donors transfer genes at a very low 

rate (Orskov and Orskov 1983). This results in a low rate of recombination with 

naturally occurring donors (Cooke and Meynell 1969). Electrophoretic analysis of 

enzyme variation in natural populations of E. coli are consistent with the hypothesis 

that recombination is a rare event in this bacterial species. With the possible 

exception of transformation. there is little evidence that bacteria have been selected 

for the ability to exchange genes. Conjugation and transduction appear to transfer 

bacterial genes only incidentally as a result of mechanisms specialized for transfer 

of the plasmid or phage genome into new host cells (Levin and Lenski 1983). 
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Such is not the case for naturally transformable species including Bacillus 

subtilis. because high frequencies of recombinants are recovered from mixed popula

tions (Graham and Istock 1978). However. there is no selfish DNA involved in the 

transfer of DNA between these cells. The mechanism for the uptake of DNA in 

these naturally transforming organisms are properties of the cell. This is not to say 

that such a mechanism could not be exploited by selfish DNA. 

In my view. none of the previously discussed hypotheses directly address the 

question of how sex originated. Rather they seek to explain why in the long run it 

is advantageous to be sexual. These theories address the maintenance rather than 

the origin of sex. The argument that recombination accelerates the rate of adaptive 

evolution is not an explanation for the origin of sex; rather. it is an attempt to 

explain the prevalence of sexual clades in nature. In general the adaptive hyp

otheses do not offer an immediate individual benefit to an orginism for becoming 

sexual. nor do they offer any insight into the selective pressures that lead to the 

origin of recombination. Generation of variation is not a selective pressure that led 

to the origin of sex. rather it is a consequence of outcrossing and recombination. 

I also want to point out that all of the hypotheses discussed so far have been 

based on theoretical models with little or no empirical evidence to confirm or reject 

them. In subsequent chapters of this dissertation I will offer empirical data to sup

port an alternative hypothesis. the repair hypothesis for the origin and evolution of 

sex in nature. 

THE REPAIR HYPOTHESIS 

The repair hypothesis argues that the benefit derrived from repair of DNA 

damage and the masking of deleterious mutations provided the primary selective 

advantage behind the origin and maintenance of sex (Bernstein et al. 1984). A sim-
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ilar idea was first proposed by Dougherty (1955). The repair hypothesis states that 

sex provided a fitness advantage to simple haploid organisms by providing redun

dant genetic information for the recombinational repair of genomic damage. Repair 

of genomic damage is fundamental to survival and provides the immediate. power

ful. selective advantage that gave rise to recombination (Bernstein et al. 1985 a.b.c). 

Bernstein et al. (1984) developed a model designed to determine the conditions 

under which a sexual strategy would evolve. This model included the costs of dip

loidy and assumed that genetic damage is detrimental to cells. These damaged cells 

could recover by fusion with other cells. which mayor may not be damaged. The 

model demonstrates that recovery from genetic damage can produce a substantial 

selective force favoring the evolution of sex. In addition. the authors did a cost

benefit analysis in which the costs of maintaining additional copies of the genome 

were balanced against the benefits of repairing damage. The analysis showed that 

the optimal strategy included sexual recombination. unless the environment contained 

too low a level of damaging agents. 

The application of molecular techniques has improved our understanding of 

the mechanisms of DNA recombination and repair. Consequently. '.'!e are able to 

formulate evolutionary questions concerning the two components of sex: 1) recombi

nation. or the physical breakage and exchange of DNA between homologous chromo

somes; and 2) outcrossing. where the two molecules involved in recombiantion come 

from different individuals. Recombination appears to be the more basic aspect of 

sex because asexual systems dispense with outcrossing but not recombination. The 

repair hypothesis holds that recombinational repair of damaged DNA provides an 

immediate selective advantage by allowing parents to pass on a genome free of 

damage. while the masking of deleterious mutations maintains outbreeding. This 
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dissertation will assess the benefits of recombination in a damaging environment. 

The behavior and morphology of organisms engaged in sex is diverse. but the 

consequences of sex at the DNA level are the same. Because primitive single-celled 

organisms were presumably haploid. as are many contemporary microbes. repair of 

genetic damage requires exchange of homologous DNA among different individuals. 

Such exchange involves a system of complex biochemical pathways collectively ref

erred to as rec pathways. The rec pathways used for homologous gene recombina

tion are part of an extensive DNA repair system. The repair function of the rec 

pathways support the argument that genetic repair provided the primary selective 

advantage during their evolution. 

The integrity of genetic information across successive generations is critical. 

because unrepaired damages in the DNA cause cell death (Cole 1971). Yet chemical 

and physical agents in the environment. including UV radiation and the ubiquitous 

byproducts of normal cellular respiration. such as hydrogen peroxide and the highly 

reactive super-oxide radical. frequently damage DNA molecules (Fridovich 1978). 

The fundamental role of DNA repair is to restore the fidelity of DNA molecules 

and maintain the genetic integrity of living organisms. During repair. recombination 

may result in new genetic variants. This variation. however is a secondary bypro

duct of repair and not its primary function. 

Genetic damage is any physical alteration in the structure of DNA that disrupts 

the regularity of the molecule and interferes with replication or gene expression. 

Some genetic damages including depurinations. depyrimidinations. thymine dimers. 

and modified bases are known as single strand damages. These damages involve 

only one strand of a DNA double helix. Double strand damages include crosslinks 

and double strand breaks. Both single strand and double strand damages interfere 
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with replication and cannot be inherited. 

Organisms have evolved a variety of tactics for dealing with hostile environ

ments that induce damage. Packaging DNA and enclosing it in a nuclear membrane 

are two methods of protecting DNA from harmful environmental factors and the 

toxic waste products of cellular metabolism. When damages occur they can be rec

ognized by repair enzymes, which have been found in numerous life forms from 

viruses to mammals. The sole function of these enzymes is to repair DNA 

(Hanawalt et ai. 1978). and their widespread distribution testifies to the prevalence 

of damage and the magnitude of its effect on fitness. 

Single strand damages can be repaired by excision repair enzymes. These enz

ymes remove the lesion and leave a gap in the DNA molecule. This gap may be 

repaired by synthesizing DNA from the intact complementary strand. However if 

replication occurs prior to filling in the gap a double strand gap will be created. 

These double strand gaps, as well as any double strand damages, are central to the 

repair hypothesis because they can only be corrected by recombinational repair 

mechanisms (Resnick and Martin 1976). 

In some cases damage may be repaired inaccurately, resulting in a mutation 

(Walker 1984). This error-prone repair also involves replication of a DNA strand 

opposite a damage, but in this case the damage has not been excised so there is no 

single strand gap in the DNA molecule. Nevertheless. correct reading of the defec

tive strand is impossible, so DNA polymerase inserts random bases that lead to 

mutations. Upon subsequent replication the mutation is perpetuated. 

Mutations are changes in the nucleotide sequence that alter the informational 

content but not the structural integrity of the DNA molecule. Consequently they 

are not recognized and removed by repair enzymes. Once a mutation is inherited it 
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can only be removed by drift or selection. Mutations arise as a result of chromo

some replication. or as outlined above. during repair of DNA damage. Mutations 

include substitutions. additions. deletions. or rearrangements of base pairs. These 

changes in the coding sequence of DNA may lead to a loss of gene function and 

often reduced fitness. 

Replication is a complex process that employs several mechanisms to avoid del

eterious mutations. Biochemists consider the complexity of replication to be a ref

lection of the need for extreme accuracy in passing on genetic information (Alberts 

et al. 1980). Watson-Crick base pairing alone does no~. provide sufficient accuracy. 

It operates with an error rate of approximately 10-2 errors/base. The proofreading 

function of DNA polymerase removes mispaired bases from a newly synthesized 

strand and significantly reduces the error rate to about 10-10 errors/base (Drake 

1974). 

Improvements in replication accuracy are costly in terms of increased energy 

expenditure (Hopfield 1974). additional gene products (Alberts et al. 1980) and incre

ased replication time (Gillen and Nossal 1976). These costs constrain the accuracy 

of replication so that mutations are an inherent byproduct of replication. Although 

rare adaptive mutations provide the variation essential for evolution. deleterious 

mutations have a much greater effect on fitness due to their higher rates of occur

rence (Felsenstein 1974). With this in mind it is not surprising that selection has 

favored the evolution of complex replicative machinery to reduce mutation rates. 

The general lines of evidence in the literature for the importance of recombina

itonal repair are: (I) A population of cells is more susceptible to damage if only 

one chromosome is present in each cell. Without genetic redundancy. sensitivity to 

damage is increased. even if recombination functions are present. (2) Mutations in 
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recombinational repair genes increase sensitivity to DNA damage. (3) DNA damage 

stimulates recombination (Orr-Weaver et al. 1981). (4) Mutations in genes involved 

in non-recombinational repair cause increased levels of damage-induced recombina

tion. These facts indicate that repair is intimately associated with recombination. 

and that DNA repair is a function of recombination. 

The repair hypothesis separates sex into two components: recombination and 

outcrossing. I have already outlined the contribution of recombinational repair to 

the origin of sex. The hypothesis suggests that the second component. outcrossing. 

originated in haploids for the function of bringing a second copy of DNA into the 

cell for recombinational repair. This allowed primitive haploid organisms to minim

ize the costs of redundancy and still reap the benefits of repair (Bernstein et al. 

1988). In addition. outcrossing affords the immediate benefit of complementation of 

recessive deleterious mutations. The models of Bernstein et al. (1984) demonstrate 

that haploidy is not viable without sex due to increased sensitivity to damage. The 

addition of sex allows for genetic recovery and provides an optimal strategy for 

highest fitness. 

As organisms become more complex. the direct costs of replicating and main

taining an extra genome in a cell are decreased relative to the costs of maintaining 

the entire cell. Bernstein et al. (1981) proposed that when the genome size reached 

several thousand genes the cost of diploidy would be relatively small compared to 

the costs of maintaining the total cellular metabolism. allowing diploidy to emerge 

due to the advantage of masking deleterious mutations (Hopf et al. 1988). Diploidy 

would subsequently allow for the accumulation of deleterious recessive mutations. 

effectively blocking the transition back to haploidy. In diploids. self fertilization 

would increase the rate of expression of deleterious recessive alleles. Therefore. 
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Life can be defined by two fundamental properties. the ability to encode in

formation about functional activites. and the capacity to reproduce. So it is reason

able to speculate that life arose as a self-replicating molecule with the capacity to 

encode information. Extensive experimental and theoretical work by Eigen et ai. 

(1981) resulted in the formation of a theory for the origin of life in the form of 

RNAs capable of primitive replication through complementary base pairing. Errors 

in replication would result in mutational variants: some that would increase the rate 

and accuracy of replication. and others that would protect the replicator against 

damage (Bernstein et al. 1983). These variants would outcompete lines lacking such 

adaptations. Even small increases in the rate of replication would confer a large 

advantage (Michod 1983). 

Sagan (1973) argued that the flux of solar UV light penetrating the primitive 

reducing atmosphere of the earth posed a major problem for the early evolution of 

life. Damage to an RNA replicator would result in death. This led to the idea 

that early RNA replicators evolved mutual dependencies to conserve and protect the 

vital nucleotide information (Eigen and Schuster 1979). These so called hypercycles 

were subsequently enclosed in lipid bilayers (Miller and Orgel 1974). Natural selec

tion could then' act on competing. single-stranded. RNA protocells. 

The switch from free RNA replicators to lipid-bilayer encapsulated hypercy

c1es may have allowed a set of interacting RNAs to localize their encoded products 

for more efficient use. These haploid organisms would have been especially sus

ceptible to damage because a single lesion would have been fatal to the protocell. 

Vulnerability to damage could have been reduced by maintaining more than one 
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copy of each gene in a protocell. Redundancy would greatly reduce the probability 

of fatal damage. or failure of segregation. but polyploidy is expensive in terms of 

resources expended to replicate additional copies of the genome. 

The repair hypothesis holds that protocells evolved a simple form of sex to 

cope with genomic damage. Bernstein et al. (1984) demonstrated that the optimum 

survival strategy. under a wide range of circumstances. would be for each protocell 

to remain haploid and undergo periodic fusion with other haploid cells to form 

transient diploids. Such a strategy allows for repair of lethal damage. while retain

ing the haploid advantage of rapid reproduction. Fusion between two lethally dam

aged haploid cells would allow them to mutually reactivate each other. This primi

tive sexual strategy increases fitness in an environment where damage is a factor. 

Although recovery from genomic damage is the adaptive function of this simple 

sexual cycle. allelic recombination might arise as a byproduct. 

The sexual cycle of influenza virus. which has a genome composed of single

stranded RNA divided into eight physically separate segments closely resembles the 

scenario described above. Influenza viruses undergo multiplicity reactivation. a pro

cess common to many viruses. During this process. two damaged. infecting viruses 

undergo recombination to produce viable progeny if there is at least one undamaged 

copy of each gene between the two viruses (Barry 196 I). Simple. non-enzymatic 

repair. like that exhibited by influenza viruses. probably evolved into enzyme-medi

ated recombinational repair involving exchange between DNA molecules from separ

ate individuals. like that which presently occurs in DNA viruses and higher organ

isms. 

The next stage in this postulated evolutionary sequence can be seen in another 

virus. Phage T4 overcomes a wide variety of different types of DNA damages by 
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undergoing multiplicity reactivation (Bernstein 1983). This recombinational repair 

process provides a simple model for the origin of sex because it requires two chro

mosomes that exchange genes under the direction of recombinational enzymes. This 

form of sex may not have initially been associated with reproduction, but over time 

recombination would have become coupled to reproduction in diploid meiosis. 

The argument that repair of genomic damage was the selective force behind 

the origin of recombination is quite compelling. However, relating the repair hypo

thesis to the events of meiosis is less clear. A parent contributes a single gamete to 

each progeny of the next generation and meiosis ensures that this cell is free of any 

double strand damages (Bernstein et al. 1987, 1988). The capacity to replicate and 

produce a daughter cell certifies that the parent cell was free of double-strand 

damage during the mitotic divisions leading up to meiosis. However, replication of 

the parent cell does not guarantee that the daughter cells are free of double strand 

damages, because an unrepaired single-strand damage in the parent cell would be 

converted into a double strand damage in the daughter cell. The only way to guar

antee production of daughter cells free of double-strand damage is by a process like 

meiotic recombination, which can efficiently repair all damages. 

The repair hypothesis holds that the function of meiosis is to facilitate recom

binational repair of germ line DNA (Bernstein et al. 1988). In diploids homologous 

chromosomes are usually far apart in the cell's nucleus, and only come together 

during meiosis, allowing recombinational repair of double-strand damage to take 

place. Bernstein et al. (1988) explored the adaptive functions of meiosis by examin

ing the mechanisms involved. Two fundamental features of meiosis are premeiotic 

replication and recombination. Premeiotic replication produces four homologous 

chromatids which line up with each other and recombination occurs between pairs 
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of homologous chromosomes. During sister chromatid exchange there is no exchange 

of alleles at outside loci and. therefore. premeiotic replication would be wasteful 

from the point of view of the variation hypothesis. However. sister chromatid 

exchange does function to promote efficient recombinational repair (Bernstein et al. 

1988). 

A second feature of premeiotic replication is the conversion of single strand 

damages into gaps in the newly synthesized strand opposite the damage (Rupp and 

Howard-Flanders 1968. West et al. 1982). These gaps operate as signals for recom

binational enzymes. According to the Szostak et al. (1983) model of repair. double 

strand gaps are repaired using intact information residing on the homologue. leaving 

two single-strand gaps. one in each DNA molecule. These single-strand gaps are 

each filled in using information from the intact template. A consequence of this 

recombinational repair is gene conversion. evident in the aberrant segregation ratios 

observed in the asci of fungi. Gene conversion is not the only way that repair 

constrains variation during meiosis. Considerable molecular complexity is involved 

in Szostak's model for recombinational repair during meiosis. The resolution of an 

intermediate structure. known as the Holliday structure results in a reduction in 

exchange of alleles flanking the region of repair. Bernstein et al. (1988) outlined a 

simpler repair pathway whereby 100% allelic recombination could easily be accom

plished. but this simpler pathway would not generate the asci ratios found in exper

iments with fungi. The additional steps in the Szostak model serve to reduce allelic 

exchange. which would be counterproductive if the primary function of recombina

tion is to produce variation. Based on this evidence Bernstein et al. (1988) con

cluded that the mechanics of meiotic recombination do not support the hypothesis 

that the primary function of meiotic recombination is the generation of variation. 
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Instead. allelic exchange is a byproduct of recombinational repair and meiosis has 

evolved to reduce variation. 

Empirical evidence supports Szostak's prediction of high levels of cryptic 

recombination. Working with Neurospora. Barratt et al. (1954) found that 73% of 

recombination events were cryptic. Additional data from half-tetrad analyses using 

compound autosomes in D. melanogaster showed that only 1/4 of recombination 

events at the rosy cistron result in allelic recombination of flanking loci (Chovnick 

et al. 1970). If the primary function of sex is the production of variation. then it 

appears that most physical recombination events are useless. These high levels of 

cryptic recombination are inconsistent with the variation hypothesis. unless they are 

a necessary result of the mechanics of recombination. As pointed out above. this 

complex pathway is not required for repair. instead it serves to reduce allelic rec

ombination at flanking loci. This suggests that sex exists to insure damage-free 

gametes. From the point of view of the variation hypothesis. the simpler pathway 

would be preferred because it increases the likelihood of allelic recombination. The 

repair hypothesis does not dismiss the evolutionary importance of rare adaptive var

iants generated by recombination. but it would be incorrect to argue that because 

genetic variation is essential to evolution. it is the primary selective force behind 

the origin of recombination. 
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CHAPTER I 

INTRODUCTION 

Genetic transformation has been extensively studied in several different organ

isms since Griffith's discovery of the phenomenon in Pneumococcus (Griffith 1928). 

Natural transformation occurs in a wide range of prokaryotes including H aemopllilus, 

Neisseria, Streptococcus and Bacillus (Stewart and Carlson 1986). If sex is regarded 

as a process whereby genes from separate sources recombine in a single genome, 

then natural transformation is clearly a sexual activity (Levin 1987). Natural trans

formation is not a simple task; rather it has evolved into a complex, energy-requir

ing, developmental process that involves genes for recombination and repair (Dubnau 

1982, Yasbin 1985). This genetic exchange allows microbes to rapidly develop resis

tance to antibiotics or adapt to hostile environments. 

Transformation results in the displacement of a segment of the bacterial chro

mosome by a homologous segment of free DNA present in the environment of the 

cell. The process can be divided into several steps starting with the development of 

competence. Competence is defined as a physiological state that allows a bacterial 

cell to bind and take up exogenous, high molecular weight DNA in a DNase resis

tant form. Competence may be measured by the binding or uptake of radioisotopi

cally labeled DNA or by the yield of transformant colonies. 

Maximal competence occurs approximately 3 hours after the cessation of log 

growth, during early stationary phase (Bott and Wilson 1967), and is influenced by 

stationary phase activities (Wilson and Bou 1968). These activities include a decre

ase in the rate of DNA and RNA synthesis (Dooley et al. 1971), phage induction 
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and cell lysis resulting in DNA excretion (Smith et al. 1981. Streips and Young 

1974). Competent cell which are predominately uninuclear have non-replicating 

chromosomes (Singh and Pitale 1968. Harris and Barr 1971 a and b) and accumulate 

single-stranded DNA regions in their chromosome involving up to 5% of the total 

DNA (Fani et al. 1984). Competent cells are also metabolically less active. non

dividing and smaller than non-competent cells (Dooley et al. 1971. Nester 1964). 

They have a lower bouyant density. which can be used to separate them from non

competent cells in a Renographin gradient (Notani and Setlow 1974. Tomaz 1969). 

The light bouyant density. slow-settling fraction of competent cells comprises 10 -

20% of the culture. The heterogeneity of cultures implies that competence does not 

develop simply as a direct response to a diffusible factor (Sadaie and Kada 1983). 

Once cells become competent the first step in transformation is binding of exo

genous DNA to specific DNA binding sites on the cell surface (Javor and Tomaz 

1968. Dubnau and Cirigliano 1972c). Gram positive B. subtilis cells have a cyto

plasmic membrane surrounded by a cell wall of thick. rigid peptidoglycan. As 

these cells become competent significant changes occur in the cell envelope. Spec

ific transformation proteins. including receptor proteins. DNA binding proteins and 

nucleases. are synthesized during competence and have been detected on the cell 

surface (Smith et al. 1983. 1984. 1985). Each cell contains approximately 50 DNA 

binding sites (Dubnau and Cirigliano 1972a). A fragment of DNA that attaches to 

the cell surface at two or more binding sites simultaneously can be taken up Ver

meulen andVenema 1974. Weppner and Leach 1978). Immediately after the binding 

of a DNA molecule to a competent cell. it is subjected to double-stranded nucleo

lytic cleavage that gives rise to 9.5 x 106 dalton double stranded fragments capable 

of entering the cell (Dubnau and Cirigliano I 972b). Membrane bound endonucleases 
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digest one strand. producing oligonucleotides which are liberated into the mp.dium 

(Lacks 1977). Either strand can be degraded (Claverys et al. 1980). The process of 

binding. cleaving and strand degradation takes about 1-2 minutes to complete (Davi

doff-Abelson and Dubnau 1973b). 

The resulting ssDNA is taken into the cell at a rate of 55 nucleotides per second 

(Strauss 1965). In B. subtiUs heterologous DNAs are readily taken up so there is no 

obvious requirement for binding of specific sequences on the donor DNA (Feitelson 

and Ganesan 1982). The single strand DNA fragments taken up are between 2 - 5 

X 106 daltons in weight (Davidoff Abelson and Dubnau 1973a. Joenje and Venema 

1975) and are coated with a competence-specific DNA binding protein. This pro

tein eclipses the DNA and protects it from cellular nucleases. It also allows for in

tegration by holding the bases in an open position for pairing (Morrison et ai. 

1979). Activity of this competence specific protein was not detected in physiologi

cally non-competent cells or in mutant strains of B. subtiUs which are never compe

tent (Eisenstadt et ai. 1975). This protein was identified in extracts by its ability to 

protect denatured DNA from degradation by DNase. Eisenstadt et ai. (1975) demon

strated that this binding protein could facilitate the entry of DNA. protect it from 

nucleases within the cell. and enable it to recombine with recipient DNA. 

Once inside the cell. eclipse-complexes are noncovalently incorporated into the 

recipient chromosome. forming triplexes (Radding 1982. Van Randen et ai 1982). 

The chromosomal DNA of competent B. subtilis cells contains single strand regions 

that may provide opportunities for pairing with donor DNA to initiate integration 

(Piechowska et ai. 1977). Integration is rapid and efficient; approximately 72% of 

the DNA taken up by the cell is integrated within 12 minutes (Bodmer 1966. Davi

doff-Abelson. Dubnau 1973b and Lacks et ai. 1967). The initial synapse of donor 
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and recipient DNA is extremely rapid. The lag between uptake and formation of 

the first detectable stable complex of donor and recipient DNA is about 1.0 minute 

at 37°C (Davidoff-Abelson and Dubnau 1973b). This means that several pieces are 

likely to be integrated into the recipient chromosome. Integrated single-strand donor 

moieties have an average molecular weight of approximately 2.8 - 3.5 X 10 6 Dal

tons or about 8.5 kbp; however. 10% exceed 30kbp (Dubanu and Cirigliano 1972a. 

and Fornili and Fox 1977). The donor DNA is subsequently covalently bound to 

the recipient chromosome (5000 kb). leading to the formation of heteroduplex DNA. 

where donor DNA physically displaces a homologous strand of the recipient chromo

some (Dubnau and Davidoff-Abelson 197 I). Heteroduplexes have been visualized 

with the electron microscope to confirm that donor DNA is inserted as a single 

strand segment (Fornili and Fox 1977). 

The final step in transformation is resolution of the heteroduplex region. 

either by semi-conservative replication. to yield mixed clones. or by mismatch repair 

followed by replication. to yield pure clones (Fani et al. 1984). 

Transformation by chromosomal DNA. like all homology-dependent recombina

tion processes. relies on base pair recognition and the presence of a functioning rec

ombination (rec) system (Radding 1982). This recombination system in B. subtilis is 

control1ed by a 42 kdal RecBS protein (Marrero and Yasbin 1988) capable of bind

ing to ssDNA and catalyzing strand exchange (Dubnau et al. 1973a. Lovett and 

Roberts 1985). In addition to recombination. recBS regulates an inducible 50S-like 

response to DNA damaging agents (Yasbin I 977a). Inducible responses to DNA 

damage have been identified in several eubacterial genera. Gram negative bacteria 

exhibiting such a response include E. coli, S. typhimurium, Proteus mirabilis, Haemo

philus in/luenzae, Bacteroides /ragilis and Rhizobium meliloti (Walker 1984). The 
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SOS-like response consists of a set of coordinately induced functions including: 

I) enhanced DNA repair 

2) enhanced mutagenesis 

3) Weigle reactivation of UV damaged bacteriophage (Weigle 1953) 

4) filamentation 

5) prophage induction 

6) amplification of RecBS 

7) din induction. 

This suite of physiological responses is elicited following DNA damage or inhibition 

of DNA replication. Mutations in the recE+ gene (that codes for the recBS protein) 

increase a cell's sensitivity to chemical and physical damaging agents (Friedman and 

Yasbin 1983). 

Until recently the evolutionary function of natural transformation has been 

poorly understood. The repair hypothesis suggests that the selective advantage of 

providing the cell with homologous DNA is for recombinational repair. Transfor

mation avoids the costs of maintaining an extra genetic component. because exoge

nous DNA is transported into the cell. This DNA is taken in at a point of the 

life cycle where most cells are uninucleate and have no opportunity for recombina

tional repair using only endogenous DNA (Dubnau 1973a). Another interesting point 

relating to the evolution of transformation is that all known naturally transforming 

species lack a photoreactivation repair mechanism (Setlow et al. 1972). Their only 

available defense is either excision repair or post replication repair (Setlow and 

LeClerc 1975). If. however. the damage is double stranded and the cell is haploid. 

exogenous DNA provides the only viable template for repair. 
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There is additional compelling evidence that supports the repair hypothesis for 

the origin of natural transformation. Overlap exists between the regulation of com

petence and the SOB system discussed earlier (Mita et al 1983). RecBS protein is 

substantially induced during competence even in the absence of damage (Lovette et 

al. 1989). The level of recBS in competent cells is 14 times higher than in non

competent cells; this level is more than twice the maximal induction by DNA 

damage (Love and Yasbin 1986). The competence- induced production of RecBS 

results in the transcriptional activation of DNA damage-inducible (din) operons (Love 

et al. 1985) and other SOB responses including enhanced mutagenesis (Rudner 1981). 

prophage induction (Yasbin 1977b). and amplification of the rec protein (de Vos and 

Venema 1982). 

The aim of my dissertation is to empirically test the hypothesis that natural 

transformation in B. subtilis has evolved as a system for DNA repair. The experi

ments are designed to measure the relative densities of sexual and asexual cells in 

competent cultures of B. subt ilis strains following exposure to ultraviolet radiation 

(UV). Competent cells were transformed with homologous DNA before (DNA-UV) 

or after (UV-DNA) UV irradiation. Competent cultures of B. subtilis cells contain 

predominately non-competent cells and approximately 10 - 20% competent or sexual 

cells. Comparisons of transformed cells with total cells were carried out instead of 

direct comparisons of sexual and asexual cells. Therefore because any culture is a 

mixture. the observed differences between transformed and total cells probably und

erestimates the actual differences between sexual and asexual cells. 

This chapter deals with the effect of various doses of UV radiation on the 

transformation rate in YB886 B. subtilis that contain a fully functional ree system. 

The following chapter will involve experiments on strains with various mutations in 
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this system. 

MATERIALS AND METHODS 

Bacterial strain: I examined transformation and DNA repair in B. subtiUs 

strain YB886 (metB5, trpC), xin-l, SP{3-). a derivative of the naturally competent 

recombination and repair-proficient (rec+) B. subtiUs strain 168 (Yasbin and Miehl 

1980). Strain YBlOl1 (xin-l, SP{3-). a prototrophic (Trp+. Met+) derivative of strain 

YB886. was used as a source of homologous chromosomal DNA (donor) for the 

transformation experiments. Chromosomal DNA was isolated from strain YBIOII 

using a modification of the method of Silhavy. et al. 1984. 

Media: Spizizen (1958) minimal medium plus 0.5% glucose (MG) and compe

tence media (GMI and GM2) were prepared as described by Yasbin et al. 1975. 

and supplemented with the appropriate amino acids at a final concentration of 50 

ug/mI. Dilutions and suspension of cells were done in Spizizen (1958) minimal salts 

(I xSS). 

Genetic procedures: Liquid cultures of B. subtilis Y B886 were grown to 

maximal competence as described by Boylan et al. (1972). An overnight (12-15 hr) 

plate culture of the recipient strain. grown on TBAB medium at 37°. was used as 

innoculum for GMI medium. Cultures of recipient cells were grown in GMI at 

37° with vigorous shaking until 90 minutes following exponential growth (designated 

To + 90). At To + 90 minutes the cells were diluted 1/10 into warm GM2 and in

cubated for 60 minutes with aeration before UV irradiation or the addition of 

transforming DNA. 



44 

Competent cells were transformed to tryptophan prototrophy (Trp+) using high 

molecular weight homologous chromosomal DNA isolated from the prototrophic B. 

subtilis YBIOII strain. This DNA was added to competent cultures at concentra

tions ranging from 10 ng/ml to 2 ug/ml. After a 30 minute incubation at 37° with 

aeration. DNase I (Sigma. St. Louis. MO) was added to 100 ug/ml and incubation 

continued for an additional 10 minutes. 

For standard experiments competent cultures were either UV irradiated at Tgo 

+ 60 before the addition of transforming DNA (UV-DNA). or incubated with trans

forming DNA at Tgo + 60 and UV-irradiated following transformation. Thus in 

these standard experiments cells were given transforming DNA at approximately the 

same time in both UV -DNA and DNA-UV treatments. Cells were then diluted and 

plated. Total numbers of viable cells were determined on MG minimal medium 

supplemented with methionine and tryptophan (denoted as MG+). Trp+ transfor

mants were determined on MG medium supplemented only with methionine. 

For the experiments in which cells were UV-irradiated prior to the addition of 

transforming DNA (UV-DNA) 10 ml of culture (2-7 x 107 CFU/ml) were exposed to 

UV light (254 nm) in a 100 mm glass petri dish with constant stirring. Following 

irradiation of the cells. aliquots were removed for immediate plating. The remain

ing cells were centrifuged (5000 x g. 10 min. 25°) and suspended in the same 

volume of warm GM2. Cells were then transformed with YBIOII DNA. In the 

reverse experiments (DNA-UV) cells were transformed with DNA prior to UV irra

diation. Competent cultures were transformed with YBIOII DNA at the concentra

tions described above. Following incubation with DNase I. cells were collected by 

centrifugation (500 x g. 10 minutes). resuspended. irradiated and plated on the 

appropriate media. 
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In the standard experiments cells were plated immediately after transformation 

(UV-DNA) or UV irradiation (DNA-UV). This meant that the durations of UV-

DNA and DNA-UV experiments were equal. Consequently. cells in a UV-DNA 
I 

treatment had approximately 45 minutes in rich media (GM2) following exposure to 

UV and prior to plating whereas cells in a DNA-UV treatment were plated immedi-

ately following exposure to UV damage. "Delay" experiments were carried out in 

which cells from a UV-DNA treatment were incubated an additional 40 minutes 

prior to UV exposure so that the culture would be exposed to damage at a density 

equivalent to cells in a DNA-UV treatment. In delayed DNA-UV treatments. cul-

tures were incubated with donor DNA and then exposed to UV. but instead of 

being immediately plated. as in the standard protocol. the cells were collected by 

centrifugation. resuspended in warm GM2 and incubated with aeration for 40 min-

utes prior to plating. These delays controlled for differences in both timing of UV 

and growth period between UV irradiation and plating. 

The UV light source for these experiments was a 15 W germicidal lamp (Syl-

vania G8T5). UV light intensities were determined using a Black-Ray UV meter 

(Ultra Violet Products. J225). 

RESULTS 

Before discussing the primary results of this chapter. which involve transfor-

mation rates in the UV -DNA and DNA-UV experiments. I would like to review the 

preliminary groundwork that contributed to the development of the experimental 

design. Figure I depicts a UV survivorship curve for B. subtilis YB886 with incre-

asing levels of UV radiation. Following exposure to various UV doses cells were 
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plated on minimal glucose media containing the amino acids tryptophan and methi

onine. The survivorship curve reflects the fate of total cells in a UV-DNA experi

ment. The cells exhibited slightly more than a ten fold decline in survival in the 

UV range of 0 - 100 joules/m2. 

To determine the optimal level of donor DNA. transformations were conducted· 

using varying doses of donor DNA. Figure 2 shows that the absolute transforma

tion rate increased with increasing concentrations of homologous donor DNA over 

the range of 0.01. 0.1, 1.0 and 2.0 ug/ml. 

The size and complexity of several of the UV-DNA and DNA-UV experiments 

resulted in a holding period for cells following treatment, but prior to plating (see 

above). Following treatment (UV-DNA or DNA-UV) cells were diluted into I x SS 

and plated. This step meant that cells were held in salts, sometimes for more than 

an hour prior to plating. To determine the effect of this holding period on trans

formation rates B. subtilis YB886 cells were exposed to No UV, 56 J/m2 or 84 J/m2 

and then held for various time periods in I x SS ranging from zero minutes to 2 

hours (Figure 3). Figure 3 shows that at No UV or even 56 J/m2 there is little 

effect on the transformation rate even after 2 hours. However, those cells that had 

been exposed to 84 J/m2 show a marked decline in the transformation rate after 30 

minutes. This holding effect at high UV doses led me to plate cells exposed to 

higher UV doses first, to minimize any artifact in the transformation rate due to 

experimental design. 

The nature of UV -DNA and DNA-UV experiments was such that cells from a 

DNA-UV treatment had approximately 45 minutes longer in rich media than cells 

from a UV-DNA treatment prior to exposure to UV radiation. I examined the 

effect of this extra period in rich media to see if it affected the survivorship of 
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cells following exposure to UV radiation. Cells were grown according to the stan

dard protocol ( i.e., To + 90 + 60). An aliquot was subsequently removed and 

exposed to various UV doses ranging from 0 - 100 J/m2, diluted and plated on min

imal glucose media containing methionine and tryptophan. Forty-five minutes later 

the remaining cells were exposed to the same doses of UV radiation, diluted and 

plated as above. Figure 4 shows the results of survivorship following exposure to 

UV radiation at To + 90 + 60 or at To + 90 + 60 + 45. The two curves are quali

tatively similar, but the extra 45 minutes in rich media allows for higher initial cell 

density at zero joules. This higher initial density remains throughout the entire UV 

range. so that at 100 J/m2 there are more cells surviving from the delayed treat

ment. This means that in a DNA-UV treatment I would expect less apparent kil

ling than in a UV-DNA treatment, due to a higher initial cell density. 

For the purpose of statistical analysis. log transformations were taken of all 

survivorship data in Figures 5. 6. and 7; this made the variances homoscedastic. 

Survival data for both classes of cells (sexual and asexual) and for the two treat

ments (DNA-UV, UV-DNA) are given in Figures 5 and 6. The survival points are 

given as the average of (Nuv INo) and then plotted on a log scale. Nuv is the 

number of cells surviving a given UV dose and No is the number of cells at No 

UV. Survival data for the UV-DNA treatment are shown in Figure 5 and for the 

DNA-UV treatment in Figure 6. Data from experiments using different DNA 

concentrations (0.0 I. 0.10. 1.0 and 2.0 ug/ml) are pooled in these figures. All linear 

regression lines have estimated slopes significantly different from zero, whereas the 

estimated intercepts are not different from zero. A linear model for the MG+ data 

(total cells) in the UV -DNA treatment (Figure 5) did not fit the data. so a quadratic 

function with no intercept term was fit to the data. This gave estimated coeffi-
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cients that were both statistically different from zero (Table I). 

The results in Figures 5 and 6 show that there is a qualitative difference in 

the relationship between the survival of the transformed cells and total cells in the 

UV -DNA and DNA-UV treatments. As predicted by the repair hypothesis. trans

formed cells had a greater average survivorship than total cells in a UV-DNA treat

ment (Figure 5). Contrast this with the results from the DNA-UV treatment where 

the relationship was reversed (Figure 6). 

The survivorship curves for total cells (MG+) in the DNA-UV treatment 

(Figure 6) are higher than the corresponding curves in the UV-DNA treatment 

(Figure 5). This is consistent with the results reported above (Figure 4). The UV 

treatment is administered after an additional 45 minutes of growth in rich media in 

the DNA-UV treatment as compared to the UV-DNA treatment. The additional 

time resulted in higher cell densities and lower effective killing in the DNA-UV 

treatments (Figure 4). Despite the fact that there is less killing in the DNA-UV 

treatment for a specified UV dose. the Trp+ cells did worse at each UV dose in the 

DNA-UV treatments than in the UV-DNA treatments (Figures 5. 6 and 7). The 

two regression lines for Trp+ cells in the UV-DNA and DNA-UV treatments are 

statistically different in slope (P< 0.001). 

In Figure 7. the survival of Trp+ ceIls only are plotted for the UV-DNA and 

DNA-UV treatments. DNA concentrations are pooled for both treatments. AIl reg

ressions have an estimated slope that is significantly different from zero whereas 

the estimated intercepts did not differ significantly from zero (1.0 on a log scale). 

Transformed cells in a UV-DNA experiment survive better than transformed cells in 

a DNA-UV treatment. whereas total cells in a DNA-UV treatment survive better 

than total cells in a UV-DNA experiment. 
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Examination of survivorship curves alone does not reveal the relationship 

between the number of transformed cells and the number of total cells at each UV 

dose. This relationship is best demonstrated by plotting the transformation rate at a 

given UV dose. The transformation rate is defined as the number of transformed 

cells divided by the number of total cells at a given UV dose: 

N trp+.uv / N tot.uv 

where Ntrp+uv and Ntot.uv are the numbers of transformants and total cells which 

survive a given UV dose. Because of the difference in the absolute magnitude of 

the transformation rate at different concentrations of donor DNA (Figure 2) the ratio 

of the transformation at each UV dose to the transformation rate at 0 J/m2 was cal

culated (Figure 8). A verages of the log of this ratio over multiple experiments were 

termed the "average factor increase". Values greater than 1.0 indicate an increase 

and values less than 1.0 indicate a decrease in the transformation rate following UV 

relative to what it was at No UV (0 J/m2). 

Figure 8 shows that there is a consistent difference between the UV-DNA and 

DNA-UV treatments in the relationship between the transformation rate and UV 

dose for the rec+ strain (YB886). For YB886 8. subtilis cells the transformation rate 

increases with UV dose in the UV-DNA experiments but decreases with UV dose 

in the DNA-UV experiments. In the UV-DNA treatments. the concentration of 

DNA affects the magnitude of this increase with lower DNA concentrations giving a 

steeper rise in the average factor increase with increasing UV dose. even though the 

absolute transformation rate increases with DNA concentration (Figure 2). 

The slope of the DNA-UV curve (Figure 8) is statistically different from zero 

(P < 0.0001) and the intercept does not differ from one. For the UV-DNA treat

ment no reduced statistical model could be found to fit the data in the sense that 
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the estimated coefficients were all significantly different from zero; therefore the 

means were simply connected by straight lines (Figure 8). The maximum transfor

mation rate occurs in the range of 25-50 J/m2 depending on the DNA concentration. 

This happens to be the same level of UV radiation that most effectively induces 

production of RecBS protein (P. Love and C. Lovett, personal communication). 

Examination of transformation rates between UV-DNA and DNA-UV experi

ments (Figure 8) consistently show an increase in the transformation rate in a UV

DNA treatment with an increasing UV dose and a decrease in the transformation 

rate in DNA-UV treatments. This result may be attributed to the difference 

between the order of UV exposure and addition of donor DNA in the two treat

ments. However, there is another difference between the two treatments. In the 

UV-DNA treatment cells were given 45 minutes of incubation in rich media follow

ing exposure to UV radiation to allow for transformation, whereas the cells from a 

DNA-UV treatment were transformed prior to exposure to UV and plated immedi

ately. It is possible that the 45 minute post-irradiation incubation in a UV-DNA 

treatment might have allowed time for repair to occur preferentially in the sexual 

cells. This could have resulted in the differential survival of competent cells rela

tive to the total cells. To ensure that this was not the case DNA-UV experiments 

were run using I mg/ml of donor DNA. Aliquots from the various UV doses were 

plated according to the standard protocol. A second sample was resuspended in 

rich media and incubated with aeration for 30 minutes before plating. 

I found no discernable difference in the survival of transformed cells if they 

were plated immediately following exposure to UV or when incubated for 30 min

utes in rich media (Figure 9a). However total cells from a delay experiment do 

worse than total cells from a no delay DNA-UV treatment (Figure 9b). This results 
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in an increase in the slope of the transformation rate relative to a no delay DNA

UV treatment (Figure 10). However this increase in the transformation rate for a 

DNA-UV (delay) treatment is not significant and the regression curve for a UV

DNA treatment remains significantly higher that the delay DNA-UV regression 

(Figure 11). (P - 0.001 that one curve would explain both data sets. See Table I 

for regression data.) 



TABLE 1 

Regression analyses for data in figures 7. 8. and 11. 

Survivorship 

UV-DNA 

MO+ 

TRP+ 

DNA-UV 

TRP+ 

MO+ 

Transformation Rate 

UV-DNA 

DNA-UV 

DNA-UV delay 

Intercepts 

0.4418 

-0.00181 

Coefficients 

AJ A2 

-0.0180 0.000081 **** 

-0.0099 **** 

-0.0170 **** 

-0.0070 **** 

0.0172 *** -.00008 ** 

-0.0083 •••• 

0.00463 -0.00010 * 

0.91 

0.54 

0.62 

0.39 

0.16 

0.52 

0.38 

52 

Where intercept is given it is given as log. If no intercept is listed this indicates 

that the intercept term of the regression was not different from zero. AJ and A2 are 

the first and second order coefficients in a second order polynomial regression. P < 0.1 

., P < 0.05 **, P < 0.01 ***. P < 0.0001 .*** 
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DISCUSSION 

These results. using a strain that is wild-type for repair and recombination (rec+ 

YB886). show a clear. qualitative difference in the relationship between the survival 

of transformed and total cells in the UV-DNA and DNA-UV treatments. In the UV-

DNA treatment. where damage preceeds transformation. transformed (sexual) cells had 

a greater survivorship than total (sexual + asexual) cells. In a DNA-UV experiment 

this relationship was reversed. Therefore. the transformation rate increased with in-

creasing UV dose in the UV -DNA treatment and decreased with increasing UV dose 

in a DNA-UV treatment. relative to the transformation rate in undamaged cells. It is 

important to keep in mind that the observed differences between transformed and 

total ceIIs actually underestimates the actual differences between them. This is due 

to the fact that total cells include competent (transformed) and non-competent (non-
, 

transformed) cells. enhancing the survivorship of total cells over what it would be if 

it consisted entirely of asexual cells. The differences would be more dramatic if 

sexual cells were compared only to asexual cells rather than to total cells. 

Another factor to consider when comparing the results of UV-DNA and DNA-

UV experiments is suggested by the work done by Finn and Landman (1985). They 

reported a 70 - 80% decrease in the levels of binding. uptake and transformation 10 

B. subtilis when cells were centrifuged and resuspended in fresh medium prior to 

transformation. These results imply that transformation rates in a UV-DNA experi-

ment would be much lower than those of a DNA-UV experiment because in the first 

protocol ceIIs are centrifuged and resuspended in fresh media prior to transformation. 

whereas in the second protocol they are not. Yet in spite of this manipulation the 

UV-DNA curves remain significantly higher than the DNA-UV curves. 
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The increase in homologous DNA transformation rates in a UV-DNA experiment 

demonstrates that sexual cells survive better than asexual cells in a damaging envi

ronment. This suggests that competent cells benefit from donor DNA brought into 

the cell via transformation. Several factors may contribute to these results. The 

cells that become competent may be the "fittest" cells at the outset and therefore sur

vive damage better. This seems unlikely given their behavior in salts following 

damage (Fig. 3). In addition. transformed cells divide more slowly than total cells for 

several cell divisions following transformation (Nester and Stocker 1963). If sexual 

cells are not healthier to begin with. then they must derive some benefit from the 

DNA they bind and take up. It has been suggested that exogenous DNA provides a 

source of nutrients. or nucleotides. for use in DNA synthesis (Stewart and Carlson 

1986). One difficulty with this hypothesis is that in both Gram positive and Gram 

negative bacteria the DNA taken up is protected against degradation by the cell's res

triction endonucleases. This step is not logical if the DNA is brought in to be dig

ested. In addition. in B. subtiUs one strand is taken up while the other is degraded 

resulting in a 50% loss of potential nutrients. Furthermore in Haemophilus only hom

ologous DNA is taken up; this requirement would be unnecessary if the DNA were 

being used as food. 

The variation hypothesis cannot explain the advantage of sexual cells in these 

experiments because any other potential influences. such as variation. were eliminated 

by the experimental design. 

The survival of competent cells with increasing UV dose should increase rela

tive to noncompetent cells in a UV-DNA experiment. Enzymes involved in binding. 

uptake or homologous recombination may be induced by DNA damage. In addition. 

DNA damage may stimulate recombination if the lesions generated by UV are recom-
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binogenic. Either of these possibilities is consistent with the repair hypothesis. If 

damage induces the enzymes responsible for bringing in and recombining homologous 

DNA then sexual cells will have an enchanced fitness advantage over asexual cells. 

If damaged sites stimulate recombination. then repair may be directed to specific 

regions of DNA necessary to maintain the integrity of the genome. 

My results are consistent with the repair hypothesis. I have demonstrated that 

transformation increases fitness in a damaging environment probably by providing 

DNA template for recombinational repair of genetic damage. This fitness advantage 

of transformed cells is likely due to their enhanced capacity for recombinational 

repair. These results provide empirical evidence supporting the hypothesis that the 

evolutionary significance of natural transformation lies in its capacity to repair dam

aged DNA. 

My results are not the sole example of empirical evidence supporting the 

repair hypothesis. Carol Bernstein (1987). working with bacteriophage T4. found that 

exposure to UV radiation prevents a phage from raising an effective immunity bar

rier. This UV-induced reduction in immunity allows sexual interaction with later

arriving secondary phage. She also reports that secondary phage enhanced survival 

of genes of the UV-damaged first phage. Bernstein claims that her results support 

the theory that under DNA damaging conditions. sex would have a selective advan

tage. 

In addition. Judith Mongold has conducted experiments on the gram negative 

organism H. influenza similar to those described here. She reports that the presence 

of DNA in the media increases the fitness of competent cells suffering from DNA 

damage. She documents an increase in cell survival when UV damage is followed 

by exposure to donor DNA (Gorden Conference 1989). Her results provide further 
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support for the repair hypothesis. This does not suggest that repair is the only 

advantage of transformation; it does not exclude benefits that may be derived from 

any variation that arises as a byproduct of repair. 



Figure I: 

Figure 2: 

Figure 3: 

Figure 4: 

Figures 5 

and 6: 
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FIGURE LEGENDS 

Survival curve for YB886. Survivorship of total cells in a UV

DNA experiment. Aliquots of cells were removed and plated prior 

to the addition of DNA. Points plotted are the averages of the sur

vivorship over multiple experiments. Error bars give the mean ± 

standard deviation. Sample size is given near each mean. 

Transformation rate as a function of homologous DNA concentration. 

Results are given for total viable cells plated on MG+. 

Transformation rate as a function of holding in 1 X SS following 

UV treatment and prior to plating. UV-DNA treatments with Trp+ 

transformants. Points plotted are the average of the transformation 

rate for two experiments. Error bars give the mean ± the standard 

deviation. 

Survival curves for YB886. Survivorship of total cells following 

exposure to various doses of UV radiation and platting on MG+. 

Immediate cells are exposed to UV at To + 90 + 60 minutes. Dela

yed cells are grown an additional 45 minutes in rich media and 

then exposed to UV radiation. 

Survival curves for YB886. Survival curves are given for two 

classes of cells subjected to two treatments, UV-DNA (figure 5) and 



Figure 7: 

Figure 8: 

Figure 9: 
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DNA-UV (figure 6). Averages of the log (Nuv/No) over multiple 

experiments are plotted. The data from experiments using different 

DNA concentrations (0.01. 0.1. 1.0. and 2.0 ug/ml) are pooled. 

Error bars give mean ± the standard error. Sample size is given 

near each mean. Regressions are graphed for each set of data. 

Key for means: total cells plated on MG+ (0); Trp+ cells trans

formed with homologous DNA (0). 

Survival curves for YB886. Trp+ transformants for homologous 

transformation. Points plotted are averages of log (Nuv / No) over 

multiple experiments. All DNA concentrations are pooled. Error 

bars give mean ± standard error. Sample size is given by each 

mean. See text for discussion of statistical tests. See Table 1 for 

information on plotted regressions. 

Change in transformation rate as a function of UV dosage for 

YB886 for homologous DNA transformation. Points given are aver

ages of the log of the ratio of the transformation rate at the speci

fied UV dose divided by the transformation rate at the NO UV 

dose for the same experiment. Transformation rate at a given UV 

dose is defined as N trp+ uv / N total uv. Total cells are counted 

on MG+. Error bars give mean ± standard error. Sample size is 

given by each mean. See text for discussion of statistical tests. See 

Table 1 for information on regression equations. 

Survival curves for transformed (9A) and total cells (9B) in a DNA

UV experiment either with a 45 minute delay following UV and 



Figure 10: 

Figure II: 
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prior to plating or without the delay. The data is from experiments 

using I ug/ml of homologous donor DNA. Error bars give mean ± 

standard error. Sample size is given near each mean. 

Change in transformation rate as a function of UV dose for YB886 

for homologous DNA transformation with 1 ug/ml of donor DNA. 

All treatments are DNA-UV. Points given are the average of the 

log of the ratio of the transformation rate at the specified UV dose 

divided by the transformation rate at No UV dose. Sample size is 

5 for each point. Key 0---0 no delay, 0- 0 delay. 

Factor change in homologous chromosomal DNA transformation rate 

for YB886 as a function of UV dosage for the standard UV-DNA 

experiment and delay DNA-UV experiment. Points plotted are 

averages of the log factor change for each experiment. Error bars 

give average ± the standard error. Sample size is given near each 

mean. Regressions are graphed for each data set. The UV-DNA 

quadratic regressions are significantly different from the delay 

DNA-UV regressions. See Table I for information on regression 

equations. 
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CHAPTER 2 

INTRODUCTION 

In the previous chapter experimental results showed a benefit of transformation 

in a damaging environment in the rec+ B. subtilis strain YB886. The repair hypo

thesis predicts that sexual cells will survive damage better than asexual cells due to 

the advantage of recombinational repair. My results were consistent with the repair 

hypothesis in that competent cells survived UV radiation damage better than non

competent cells when they were transformed with homologous chromosomal DNA 

following damage. The advantage of competent cells disappeared when the cells 

were transformed prior to damage or when the cells were transformed with non

homologous plasmid DNA (Michod et al. 1988). 

Factors other than the benefit of recombinational repair may have contributed to 

the relative increase in survivability of competent cells. For example, competent 

cells may be more resistant to damage (specifically UV irradiation) due to compe

tence inducible factors not directly related to transformation. such as excision repair 

or the induction of SOS-associated repair. SOS associated DNA repair involves a 

set of genes whose activity is induced by the presence of lesions. Such mechanisms 

may influence the relative survival of competent and noncompetent cells and contri

bute to my observed differences between transformed and nontransformed cells. It 

is important to keep in mind that any damage inducible SOS associated repair 

would be effective in both treatments (UV-DNA and DNA-W) and is therefore not 

likely to be responsible for differences seen between the two treatments. 



73 

RecBS 

To determine if factors other than recombinational repair were responsible for 

my results I repeated the UV-DNA and DNA-UV experiments using strains contain

ing mutations for either excision repair (uvrA42) or SOS-Iike repair (recAl). The 

study of DNA repair in B. subtilis has identified an inducible SOS-Iike response. 

which is regulated by a single multifunctional enzyme. RecBS (Morrero and Yasbin 

1988). Mutations in this gene interfere with normal recombination and/or repair of 

DNA. making strains carrying anyone of these mutations (recAl, recB2, recE4, 

recGJ3, polA5. uvrA42) more sensitive to DNA damaging agents including UV radia

tion. In addition to regulation. recBS functions in genetic exchange. DNA repair 

and recombination. Although B. subtilis is only distantly related to E. coli. the 

SOS-like response has several characteristics in common with the E. coli SOS res

ponse including enhanced DNA repair capacity. enhanced mutagenesis. error prone 

repair. filamentous growth. Weigle reactivation and prophage induction (Love and 

Yasbin 1984. Yasbin 1977a). These similarities suggest that regulation of this 

damage-inducible response has been highly conserved across species lines. In addi

tion. the recBS protein cross-reacts with antisera raised against the E. coli RecA 

protein. Purified recBS is also known to efficiently catalyze DNA strand exchange 

and proteolytic cleavage of the E. coli LexA repressor in vitro (Lovett and Roberts 

1985). These results indicate that an SOS regulatory system similar to that in E. 

coli is present in B. subtilis. 

RecBS. the product of the recE gene in B. subtilis (deVos and Venema 1982. 

Lovett and Roberts 1985. Marrero and Yasbin 1988). exhibits a basal level in a rec+ 

strain of about 4.500 molecules/cell. which is similar to the basal level of recA pro

tein in E. coli (Lovett et al. 1988). Maximal induction by DNA damaging agents 
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(50 JIm UV). causes approximately a fivefold increase in the level of recBS protein 

in wild type cells (Lovett et af. 1988). Mutations in the recE gene, such as the 

recAI mutation. affect the regulation and activity of recBS. In mutant recAl cells 

damage induction of recBS is reduced by approximately 80% (Lovett et af. 1988) 

and there is no SOS-like induction following damage (Love and Yasbin 1984). This 

is because the protease activity of RecBS in the RecA I mutant· is nonfunctional 

(Love and Yasbin 1984). In rec+ cells, maximal induction of DNA-damage-inducible 

din genes occurs at 100 JIm. This is also the case for the recAI mutant strains. 

but the level of din induction is reduced to 80% of that of the wild type cell (Love 

et al. 1985). 

Competence and the SOS-like Response 

RecAl Mutant 

The development of competence. in the absence of damage. will also derepress 

the loci involved in the SOS-like response (Love et al. 1985. Love and Yasbin 1986. 

Lovett et al. 1988). The amount of recBS protein in wild type competent cells is 

about 14 times higher than in non-competent cells (Lovett et al. 1989). This holds 

true for the recA I mutant as well. but the protein is deficient in its ability to form 

heteroduplex molecules necessary for recombination. This results in transformation 

rates that are 10-I 00 times lower than the rec+ strains (Dubnau and Cirigliano 

1973c). The lack of a RecBS protease activity means there is very little SOS-like 

induction during competence and din induction is reduced by 70% (Lovett et af. 

1989). This suggests that din induction during competence is rec-dependent. These 

properties make the recAl mutant ideal for teasing out factors other than recombina

tional repair that may be contributing to the increase in transformation rate in the 

UV-DNA experiments reported in the previous chapter. RecAl cells can be trans-
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formed but they lack the proteolytic activity to turn on any competence-associated 

repair mechanisms other than recombinational repair. 

The differences in the behavior of recBS protein following damage and during 

competence in the recAl mutant suggests that recBS induction in competent cells is 

distinct from the SOS-like mechanism that regulates recBS induction following DNA 

damage (Lovett et al. 1989). RecBS protein is significantly induced in competent 

recA 1 cells in contrast to the pronounced induction deficiency in this mutant fol

lowing DNA damage (Lovett et al. 1988). In addition. competence induction of 

RecBS is substantially higher than the maximum induction following DNA damage. 

This may reflect a competence specific induction mechanism. If the function of 

competence is to integrate donor DNA. it is not surprising that differentiation to 

competence would involve a separate induction mechanism to produce high levels of 

the recombination enzyme RecBS. 

UvrA42 Mutant 

Excision repair effectively removes UV-induced pyrimidine dimers. DNA gly

cosy lases recognize thymine dimers and remove the nucleotides at their glycosidic 

bonds. This generates an apurinic or apyrimidinic site (AP site). Specific AP 

endonucleases and exonucleases cleave the DNA on both sides of the lesion and the 

oligonucleotide is excised. This generates a gap that can be filled in by DNA pol

ymerase and DNA ligase (Young and Smith 1977. Wang and Rupert 1977. San car 

and Rupp 1983). The uvr A gene codes for an essential protein involved in the in

itial incision event. At low doses of UV (5 to 10 J/m2) the induction of RecBS 

protein is higher in the uvrA42 strain than in the wild type cells. This is attributed 

to the mutant having an increased number of unrepaired lesions at low UV doses 

that induce the recBS protein (Hadden 1979a and b). 
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The repair hypothesis predicts that competent cells should survive a damaging 

environment better than non-competent cells. This benefit may be attributed to 

heightened recombinational repair in competent cells or the induction of recombina

tion by DNA damages. In the DNA-UV treatment there can be no repair benefit 

due to the uptake and integration of homologous DNA. nor can there be any induc

tion of transformation. However. other factors. not directly related to the transfor

mation process. including excision repair and SOS-like inducible repair. may effect 

the survivorship of transformed and total cells. This chapter addresses the contri

bution of these other. non-transformational repair processes on the survival of com

petent and noncompetent cells in UV-DNA and DNA-UV treatments. 

MA TERIALS AND METHODS 

Bacterial strains: The B. subtiUs strains used in these experiments were 

YBI005 (metB5, trpC2, uvrA42, xin-J, SPf3-) (Friedman and Yasbin 1983) and YBI260 

(metB5. trpC2, recAJ, xin-J, SPf3-) (Love and Yasbin 1984). YBIOl1 (rec+ xin-J, 

SPf3-) used for donor DNA. 

Media: Spizizen minimal medium plus 0.5% glucose (MG) and competence 

media (GMI and GM2) were prepared as described by Yasbin. Wilson and Young 

(I 975a). and supplemented with the appropriate amino acids at a final concentration 

of 50 uglml. Dilutions and suspensions of cells were done in Spizizen (1958) mini

mal salts. 

Genetic Procedures: The procedure of Boylan et al. (1972) was used to 

maximize competence in liquid cultures of B. subtiUs strains. At To + 90 (90 min

utes following cessation of exponential growth) cells were diluted 1/10 into warm 

GM2 and incubated for 60 minutes with aeration prior to the addition of transform-
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ing DNA or UV radiation. Cells were transformed to tryptophan prototrophy 

(Trp+) with high molecular weight homologous chromosomal DNA from the proto

trophic strain YBIOI I (xin-J, SP{3-). Following a 30 minute incubation at 37° with 

transforming DNA, cultures were treated with DNase I (100 ug/ml) for 10 minutes. 

Cells were then diluted and plated. Numbers of total viable cells were determined 

on MG medium supplemented with methionine and tryptophan. Transformation fre

quencies were determined on MG medium supplemented with methionine (for Trp+ 

transformants). The UV irradiation of competent cultures, either before (UV-DNA) 

or after (DNA-UV) the addition of transforming DNA, was performed as described 

in the previous chapter. 

Delay UV-DNA and DNA-UV 

In the previous chapter competent cultures were UV irradiated at Tgo + 60 

minutes and then transformed (UV-DNA), or they were transformed at Tgo + 60 and 

then exposed to UV radiation at approximately Tgo + 100 minutes. Cells from both 

treatments were transformed at equivalent times but UV irradiated at different 

times. All cells were plated immediately after either transformation (UV-DNA) or 

UV irradiation (DNA-UV). Consequently, cells in a UV-DNA treatment had 40 

minutes in rich media following UV treatment, whereas those in a DNA-UV treat

ment did not. Delay experiments were designed to see if this additional 40 minutes 

in rich media had any effect on the survival of total and transformed cells. Dela

yed UV-DNA experiments were incubated an additional 40 minutes prior to UV 

irradiation, so that the culture was UV irradiated at the same density as in the 

DNA-UV experiments. 

Delay UV-DNA: Cells were grown in GMI and GM2 to To + 90 + 60 + 45 

minutes. The culture was then spun and resuspended in warm I x SS and UV 
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irradiated. Following UV radiation the cells were spun again and resuspended in 

warm GM2. YB1011 donor DNA was added to the cells (10 ng/ml) and incubated 

for 30 minutes. DNAse was added (100 ug/ml) for 10 minutes then cells were 

diluted and plated. 

Delay DNA-UV: Cells were grown in GMI and GM2 to To + 90 + 60 min

utes. YBIOII donor DNA was added to the cells (10 ng/ml) and incubated for 30 

minutes. DNAse was added (100 ug/ml) and incubated for an additional 10 min-

utes. The culture was spun down and resuspended in warm I x SS. Cells were 

irradiated with various doses of UV then spun down again and resuspended in 

warm GM2 and incubated for 45 minutes prior to dilution and plating. 

Statistical Analysis of Data: For a given UV dose (X), the survivorship of 

total cells, survivorship of transformed cells and the transformation rate are as fol-

lows. 

NTOT•X and NTRA•X are the numbers of total and transformed cells. respectively, 

which survive a UV treatment of X J/m2. Log transformations were taken of sur-

vivorships. transformation rates, and factor changes in transformation rate for the 

purpose of statistical analysis, because this made the variances more homoscedastic. 

The factor change in transformation rate at X J/m2 is defined as the transformation 

rate at X J/m2 divided by the transformation rate at 0 J/m2. In addition to the 

means and standard errors, regression curves are also plotted. The regression coef-

ficients are given in Table 2. Regression and survival curves are compared using 

the indicator variable technique (see Neter. Wasserman and Kutner 1985). 
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RESULTS 

The experiments in this chapter are essentially the same as those conducted in 

chapter I except this chapter deals with two mutant strains rather than a rec+ Bac

illus subtiUs strain. Preliminary tests were run to determine experimental parame

ters for each of the mutant strains before conducting the actual UV-DNA and 

DNA-UV experiments. Figure 12 is a UV survivorship curve for the mutant strain 

YBI005 (uvrA42) (Munakata 1977). The uvrA42 mutation blocks the initial steps 

essential for excision repair of thymine dimers (Hadden 1979a). This mutation 

makes strain YB 1005 very sensitive to UV radiation (Friedman and Yasbin 1983) but 

does not affect the ability of cells to carry out recombinational repair (Dodson and 

Hadden 1980) or transformation (Love and Yasbin 1984). At 50 J/m2 YBI005 

exhibits a 100 fold decrease in survival (Figure 12) whereas YB886 shows less than 

half a log at the same dose (Figure I). Saturating levels of donor DNA for both 

irradiated (15 J/m2) and un irradiated (NO UV) YBI005 cells occurs at 1.0 ug/ml 

(Figure 13). Once these experimental parameters had been established. UV-DNA 

and DNA-UV experiments were conducted using YBI005 (uvrA42) and YBIOII donor 

DNA. 

Survival data for the two populations of cells and for the two treatments are 

given in Figures 14a and 14b. The two classes of cells are Trp+ transformants. 

which are plated on MG + MET. and totals. which are plated on MG + MET + 

TRP. The survival points are given as the average of log (Nuv /NO). where Nuv is 

the number of cells surviving a given UV dose and NO is the number at no UV. 

It is important to realize that "survivorship" calculated in this manner could be in

fluenced by factors other than mortality. such as induction of transformation by 
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UV. 

Survival data for the two populations of cells in the UV-DNA treatment are 

plotted in figure 14a and for the DNA-UV treatment in figure 14b. The data from 

experiments using different DNA concentrations (0.10 and 1.0 ug/ml) are pooled. 

The results in Figure 14 show that there is a qualitative difference in the relation

ship between the survival of the transformed cells and total cells in the UV-DNA 

and DNA-UV treatments. The results are consistent with the repair hypothesis. 

which predicts that in the UV-DNA treatment (Figure 14a) transformed cells should 

have a greater average survivorship than total cells. while in the DNA-UV treat

ment (Figure 14b) there should be no benefit to transformation since it occurs prior 

to damage. In addition. the survivorship curves for total cells in the DNA-UV 

treatment (Figure 14b) are higher than the corresponding curves in the UV-DNA 

treatment (Figure 14a). This is because the UV treatment is administered after an 

additional 45 minutes of growth in transformation medium in the DNA-UV treat

ment as compared to the UV-DNA treatment. This additional time results in higher 

cell densities and hence lower cumulative killing in the DNA-UV treatment. 

The effects of the uvrA42 mutation on chromosomal DNA transformation in B. 

subtilis cells were studied in both UV-DNA and DNA-UV experiments. The trans

formation rate with increasing UV dose for YBI005 (uvrA42) is depicted in figure 

IS. Transformation rate is plotted for 0.01 ug/ml of donor DNA (Figure 15a). 1.0 

ug/ml (Figure 15b) and for the pooled DNA concentrations (Figure 15c). All three 

graphs consistently demonstrate a qualitative difference between the UV-DNA and 

DNA-UV treatments regarding the relationship between the transformation rate and 

UV dose. The relative transformation rate increases with UV dose in the UV-DNA 

experiment but decreases (Figures 15a and 15c) or remains unchanged (Figure 15b) 
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with UV dose in the DNA-UV treatment. This result is similar to that observed in 

YB886 (rec+). In addition. we see the "DNA concentration effect" that was noted in 

chapter 1. In both YB886 (rec+) and YBI005 (uvrA42) the concentration of DNA 

affects the magnitude of the relative increase of the UV-DNA transformation rate. 

Lower concentrations of donor DNA (0.0 I ug/ml) give a steeper rise in the average 

deviation from the zero dose (Figure 15a) than a higher concentration of donor DNA 

(Figure 15b). This is true even though the absolute transformation rate increases 

with DNA concentration for a fixed UV dose (Figure 13). Because the DNA 

concentration does not affect the qualitative nature of the transformation rate. the 

issue of a "DNA concentration effect" was not pursued further. 

Examination of the regression curves (Figure 16) shows a significant increase 

in the transformants with UV dose in the UV-DNA experiment (Table 2). In the 

DNA-UV experiments the transformation rate decreases but the decrease is not sig

nificant (Figure 16 Table 2). Data for the two DNA concentrations used. 0.01 and 

1.0 ug/ml. are pooled in figure 16 because they were not statistically different. 

The delay experiments described above were designed to equilibrate the time of 

exposure to UV and the time following UV prior to plating in UV-DNA and DNA

UV treatments (ie. the DNA is administered 45 minutes later in a UV-DNA treat

ment and plating is delayed 45 minutes in a DNA-UV treatment). The results of 

these experiments are presented in figure 17. A comparison with figure IS shows 

that the 45 minute delay prior to the administration of UV radiation (UV-DNA) had 

very little effect. In contrast. the transformation rate in a delay DNA-UV treatment 

does not drop off when cells are incubated for 45 minui.es in rich media following 

exposure to UV radiation. This incubation appears to reduce the survivorship of 

total cells in the delay DNA-UV treatment relative to those from a standard DNA-
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UV treatment. The opportunity to grow in rich media allows UV -induced damages 

to interfere with replication and kill the cells. Once cells are plated. cell division 

is slower and there is more time for repair prior to an encounter with a replication 

fork. This apparently is not such an important factor with competent cells because 

they are dividing more slowly than noncompetent cells. Nevertheless. when this 

factor is controlled for. the transformation rates in UV-DNA experiments still incre

ase to a greater extent than in a delay DNA-UV treatment (Figure 17). 

The final data set in this chapter involves UV -DNA and DNA-UV experi

ments on B. subtilis strain YBI260 (recAI). All experiments performed used 0.10 

ug/ml of YBIOII donor DNA. Met+ transformants were selected. Survivorship 

curves for the UV-DNA (Figure 18a) and DNA-UV (Figure 18b) show the increased 

sensitivity to UV radiation. YB1260 (recAl) exhibits approximately two logs of kil

ling at 50 J/m2 (Figure 18a and 18b). in contrast to YB886 (wild type) which 

requires 100 J/m2 to show two logs of killing. This is due to a reduced capacity 

for 50S-like repair following the onset of competence. 

Relative transformation rates for both treatments are depicted in figure 19. 

Although both rates increase with increasing UV dose. the UV-DNA curve is signi

ficantly higher than the DNA-UV curve. 

Delay UV-DNA and DNA-UV experiments were conducted on YBI260 just as 

they had been on YBI005. The delay UV-DNA curve is significantly higher than 

the delay DNA-UV curve (Figure 20) so this experimental manipulation does not 

alter the general result of my experiments. 
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TABLE 2 

Treatment Intercept (log) Coefficients 

UV-DNA -0.0087 0.0305 *-0.007 ** 0.54 

DNA-UV -0.0171 -0.0029 0.02 

Regression ayalysis for the survivorship curve using strain YBI005 (uvrA42). The 

coefficients correspond to the X and X2 terms, where X is the UV dosage. * P < 

0.001; ** P < 0.05. 
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DISCUSSION 

The results from both repair-deficient strains show a qualitative difference in 

the transformation rate between UV-DNA and DNA-UV experiments. Therefore. 

inducible excision repair and other inducible SOS repair cannot entirely explain the 

superior survival of competent cells relative to non-competent cells in the UV -DNA 

treatments. This indicates that the results from the wild type strain were not 

entirely due to induction of the SOS-like response or excision repair. Clearly the 

addition of homologous chromosomal DNA to damaged cells enhances their survival. 

There are several differences between the standard UV-DNA and DNA-UV 

treatments other than the order of administration of UV radiation and donor DNA. 

Cells are transformed at equivalent densities (TO + 90 + 60 minutes) in both treat

ments but they are exposed to UV radiation at different densities. about 45 minutes 

later in a DNA-UV treatment. This additional time in rich media results in higher 

cell densities in a DNA-UV treatment. This feature of the protocol is compensated 

for by examining relative transformation rates for a given treatment rather than 

comparing absolute densities between treatments. 

The time following damage and prior to plating also differs between the stan

dard UV-DNA and DNA-UV treatments. In the standard experiments the duration 

of both treatments (UV-DNA or DNA-UV) was equal. Plating occurred immedi

ately after DNase in the UV-DNA treatments and immediately following damage in 

a DNA-UV treatment. This meant that cells had about 45 minutes in rich media 

following damage in a UV-DNA treatment but not in a DNA-UV treatment. 

Therefore cells in the two treatments have unequal opportunities for repair prior to 

replication and cell division following damage. This difference may be critical 
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because unrepaired DNA lesions are fatal to replicating cells. In a standard DNA

UV treatment damaged cells are immediately plated. which slows down cell division 

relative to broth. This may allow additional time to repair damages before they are 

encountered by a replication fork. Competent cells are in a state of biosynthetic 

latency and do not divide as rapidly as noncompetent cells so they may be less 

effected by this delay. 

Delay UV-DNA and DNA-UV protocols were designed to determine what effect 

these differences in time had on the transformation rate. These adjustments 

allowed cells in both treatments to be exposed to UV radiation at equivalent densi

ties. but they were no longer transformed at equivalent densities. Cells were also 

placed in rich media following damage in the DNA-UV treatment. The results 

from these delay experiments (Figures II. 17 and 20) indicate that growth in rich 

media following damage can account for some of the difference observed between 

the transformation rates in standard UV-DNA and DNA-UV treatments. It does 

not. however. change the general result; UV-DNA treatments still showed higher 

transformation rates than delay DNA-UV treatments. 

Even though my general result was duplicated in YBI005 (uvrA42) and YBI260 

(recA I). there were apparent quantitative differences from YB886. These differ

ences may reflect either competence-induced excision repair (YBI005) or competence 

induced SOS-Iike repair (YBI260). These mutant strains differ in the magnitude of 

the increase in homologous transformation rate in the UV-DNA treatments and in 

their response in the DNA-UV treatments. YBI260 (recAJ) showed the highest in

crease in transformation rate in the standard UV-DNA treatment. almost a ten fold 

increase over the range 10-50 J/m2 (Figure 20). YBI005 (uvrA42) showed a little 

less than half a log (Figure 15) and YB886 (rec+, uvr+) exhibited approximately a 
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two fold increase (Figure 8). In the DNA-UV experiments UV caused a slight in

crease in YBI260 transformation rate. had no significant effect on YBI005 and 

caused a dramatic decrease in YB886. 

These results are best understood in light of what is known about the induc

tion of the major recombination protein in B. subtilis. RecBS. following damage and 

during competence. There is evidence for a competence-specific amplification of 

RecBS protein in competent cells. without the induction of other SOS associated 

functions. by a mechanism that is distinct and separate from the SOS regulation of 

this protein. in response to DNA damage (Love 1986. Lovett et ai. 1989). Thus. it 

seems reasonable that the high levels of RecBS present in competent cells would 

enhance cell survival by increasing their ability to promote recombinational repair. 

The dramatic increase in transformation rate in a UV-DNA treatment observed 

in YBI260 (recAJ) and the less dramatic. but significant increase in the DNA-UV 

experiments may reflect an intrinsic survival difference betw~en competent and non

competent cells in this strain relative to YB886 (rec+. uvr+). The RecBS protein pro

duced by the recAJ mutant is capable of low levels of recombination. and is defi

cient in its ability to induce the SOS-like response following DNA damage or 

during competence (Love 1986; Lovett et ai. 1988. Lovett et ai. 1989). However. 

the recAJ mutation does not appear to significantly effect RecBS protein amplifica

tion in competent cells (Lovett et ai. 1989). Therefore. at the time of damage com

petent cells have levels of RecBS comparable to wildtype YB886 competent cells in 

both the UV-DNA and DNA-UV treatments. In contrast. noncompetent recAJ cells 

have neither the amplified levels of RecBS present in the competent cells or the 

ability to induce RecBS protein and other SOS-like repair functions in response to 

damage. This places them at a significant disadvantage in both treatments and may 
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explain the large increases observed in this strain. Nevertheless, there remains a 

significant difference between the UV-DNA and DNA-UV treatments (Figure 19). 

In the Uvr- mutant strain YBI005, both competent and noncompetent cells lack 

excision repair, which places the noncompetent cells at an greater intrinsic disad

vantage when compared to competent cells. This may explain why the transforma

tion rate in a UV-DNA treatment increases more than it did in YB886 (rec+, uvr+) 

cells and why the DNA-UV treatment did not show a decrease in transformation 

rate with increasing UV dose as did YB886 (rec+, uvr+). 

The results from both mutant strain~ are consistent the hypothesis that trans

formation evolved for the function of bringing DNA into the cell for use as tem

plate in recombinational repair. 
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Figure 13: 

Figure 14: 
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FIGURE LEGENDS 

Survivorship of total cells for YBI005 plated on MO+ with increas

ing UV dose. Points plotted represent survivorship averages over 

multiple experiments. Error bars give the mean ± the standard 

error. Sample size is given near each mean. 

Transformation rate as a function of homologous DNA concentration 

for YBI005. Results are given for total viable cells plated on MO+. 

Points ploUed are transformation rate averages over multiple experi

ments. Error bars give the mean ± the standard error. Sample size 

is given near each mean. 

Survival curves for YBIOOS (uvrA42). Survival curves are given for 

two classes of cells subjected to two treatments. UV-DNA (figure 

14a) and DNA-UV (figure l4b). Averages of log (Nuv/No) over 

multiple experiments are plotted. The data from experiments using 

different DNA concentration (0.10 and 1.0 ug/ml) are pooled. Error 

bars give mean ± the standard error. Sample size is given near 

each mean. Regression lines are graphed for each set of data. 

Change in transformation rate as a function of UV dose for YBl005 

(uvrA42) using homologous donor DNA. Donor DNA concentration 

is 0.01 ug/ml (figure ISa) or 1.0 ug/ml (figure ISb) and pooled 

(figure I Sc). Points plotted are averages of the log of the ratio of 



Figure 16: 

Figure 17: 

Figure 18: 
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the transformation rate at the specified UV dose divided by the 

transformation rate at the NO UV dose for the same experiment. 

Total cells are plated on MO+. Error bars give the mean ± the 

standard error. Sample size is given near each mean. 

Factor change in homologous chromosomal DNA transformation rates 

for YBI005 (uvrA42) as a function of UV dosage for UV-DNA and 

DNA-UV treatments. Points plotted are averages of the log factor 

change for each experiment. DNA concentrations 0.0 I and 1.0 

ug/ml are pooled. Error bars give average + the standard error. 

Sample size is given near each mean. Regression lines (see Table 2) 

are graphed for each data set. 

Change in transformation rate for YBI005 with homologous donor 

DNA as a function of UV dose. Donor DNA concentration is 0.0 I 

ug/mI. Met+ transformants are selected. The UV-DNA treatment is 

delayed 45 minutes prior to exposure to UV radiation. The DNA

UV treatment is delayed 45 minutes following exposure to UV and 

prior to plating. Points plotted are averages of the log of the rela

tive transformation rate. Total cells are plat~d on MO+. Error 

bars give the mean ± the standard error. Sample size is given near 

each mean. 

Survival curve for YBI260 (recAI). Survival curves are given for 

two classes of cells subjected to two treatments, UV-DNA (figure 

18a) and DNA-UV (figure 18b). Averages of the log (Nuv/No) over 

multiple experiments are plotted. The concentration of donor DNA 



Figure 19: 

Figure 20: 
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is 0.10 ug/ml. Error bars give mean ± the standard error. Sample 

size is given near each mean. 

Change in transformation rate as a function of UV dosage for 

YBI260 (recAl) for homologous DNA transformation. Points given 

are the averages of the log of the ratio of the transformation rate at 

the specified UV dose divided by the transformation rate at the NO 

UV dose for the same experiment. Total cells are counted on MG+. 

Transformants are plated on MG + TRP. Error bars give mean ± 

the standard error. Sample size is given near each mean. 

Change in transformation rate as a function of UV dose for YBI005 

with homologous donor DNA. Donor DNA concentration is 0.10 

ug/ml. Met+ transformants are selected. The UV-DNA treatment is 

delayed 45 minutes prior to exposure to UV radiation. The DNA

UV treatment is delayed 45 minutes following exposure to UV and 

prior to plating. Points plotted are averages of the log of the rela

tive transformation rate. Total cells are plated on MG+. Error 

bars give the mean ± the standard error. Sample size is given near 

each mean. 
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CHAPTER 3 

INTRODUCTION 

DNA damaging agents abound in nature. producing leisons that interfere with 

replication and transcription (Walker 1984). These lesions have detrimental effects 

on individual fitness as testified to by the diverse systems of DNA repair which we 

suspect are present in all living organisms. from the simplest virus to the most com

plicated metazoan (Bernstein et al. 1987. Bernstein et al 1988). Any unrepaired 

double strand lesion severely reduces the chances of passing on genetically intact 

gametes and. as a result. has significant effects on fitness (Bernstein et al 1985). 

Such double strand lesions are common and are repaired by recombination between 

homologous chromosomes. During phases of rapid cell division. bacteria. like Bacillus 

subtiUs and Escherichia coli. have on average more than one copy of the chromosome 

present in each cell and so recombinational repair can occur between daughter 

chromosomes (Krasin and Hutchinson 1977). However. during phases of slow growth 

most cells contain only a single copy of the chromosome. and. as a result. would 

have reduced opportunity for recombinational repair. Thus it seems significant that 

the bacterium B. subtilis becomes competent to import and integrate chromosomal 

exogeneous DNA at precisely this stage when intra-cellular redundancy and the 

opportunity for recombinational repair is otherwise reduced. For this reason we 

have previously undertaken tests of the idea that competence for transformation in 

B. subtilis functions in recombinational repair (Michod. Wojciechowski and Hoelzer 

1988; Wojciechowski. Hoelzer and Michod 1989). 
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In a B. subtilis culture grown to competence. approximately 10% - 20% of the 

cells in the culture actually become competent at transformation. The remainder of 

the population consists of non-competent cells. Since the majority of cells in a cul

ture are non-competent at transformation. the transformation rate (density of trans

formants divided by density of total cells) provides an estimate of the ratio of com

petent to non-competent cells. Competent cultures of cells were either first exposed 

to damaging UV radiation and subsequently given exogenous DNA for transforma

tion (UV-DNA experiments). or given exogenous DNA for transformation first and 

then UV irradiated (DNA-UV). 

Comparison of the relative transformation frequencies in UV-DNA experiments 

and DNA-UV experiments revealed a statistically significant pattern. consistent with 

the hypothesis that transformation functions in recombinational repair (Michod. 

Wojciechowski and Hoelzer 1988; Wojciechowski. Hoelzer and Michod 1989). In 

UV-DNA experiments with homologous chromosomal DNA. the relative transforma

tion frequency increased with increasing dosage of UV. whereas in DNA-UV exper

iments in which transformation is complete before UV treatment. the relative trans

formation frequency decreased with increasing dosage of UV. With non-homolgous 

DNA. such as plasmid DNA. relaitve transformation frequencies did not increase 

with UV in UV -DNA experiments. whereas DNA-UV experiments behaved similarly 

to transformation with chromosomal DNA. 

Although these previous experimental results are convincing support for a 

functional role of competence and transformation in DNA repair. a relevant evolu

tionary question entails the behavior of natural populations. These previous experi

ments all shared the common protocol that the recipient cells were damaged by UV 

irradiation. whereas the exogenous donor DNA used for transformation had not been 
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exposed to UV radiation and so was relatively undamaged in comparison to the rec

ipient's DNA. In addition the recipient cells were grown to competence. whereas the 

donor DNA was isolated from early-log phase cells. Thus. the donor and recipient 

DNA differed in a number of important ways. 

Genetically labelled strains of B. subtiUs exchange blocks of linked genes when 

grown together in soil. a common natural habitat for B. subtiUs (Graham and Istock 

1979. Duncan et al. 1989). In natural populations the donor DNA used in transfor

mation may be provided by lysed cells or actively exported by healthy cells. since 

B. subtiUs cells actively export DNA into the environment during growth (Stewart 

and Carlson 1986. Dubnau 1982). B. subtiUs cells have been shown to actively 

export transforming DNA in liquid culture during early logarithmic growth and sta

tionary phase (Ephrati-Elizur 1968. Streips and Young 1974). as well as during out

growth of healthy. germinating spores (Borenstein and Ephrati-Elizur 1969). The 

DNA released during spore outgrowth is a copy of the bacterial chromosome and 

remains attached to the cell in a form inaccessible to DNases. but is available for 

transformation of competent cells (Orrego et al 1978). Crabb et al. (1977) observed 

that DNA released by competent cells. did not transform certain mutant strains. 

These mutant strains could be transformed normally with conventionally isolated 

DNA. or with DNA from lysed cells. These results indicate that DNA excreted by 

competent B. subtilis cells is not simply due to lysis and suggests that DNA avail

able to competent cells in nature is provided by neighboring cells. Whether origi

nating from lysed cells or active export from living cells. donor DNA in nature is 

as likely to contain UV lesions as does the DNA in the recipient cells. 

Our previous work could be criticized on the grounds that the recipient's 

DNA was damaged but the donor DNA was undamaged. Under these circumstances 
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recipient cells might benefit from recombining relatively undamaged DNA, regardless 

of whether transformation functions as a repair system in nature. Even if recombi

nation (transformation) is random with regard to sites of damage in the recipient's 

genome, one might expect there to be an advantage to transformation under these 

circumstances, since by chance undamaged donor DNA would be swapped for dam

aged recipient cell DNA. The question then arises as to whether our previous 

effects might be explained on the basis of this difference in state of the donor and 

recipient DNA. 

To address this question, as well as the general issue of recombination between 

"partners" with similarly damaged genomes, we conducted UV-DNA and DNA-UV 

experiments in which the donor DNA came from cells that had been exposed to 

damaging conditions similar to those of the recipient cells. Results from these new 

experiments, using DNA isolated from undamaged competent cells, were compared to 

the results obtained with DNA isolated from damaged competent cells. 

MA TERIALS AND METHODS 

Transformation and DNA repair were examined using the B. subtiUs strain 

YB886 (trpC2. metD5. amyE. sigD. xin-J. SP{3-). This strain is a derivative of the 

naturally competent, recombination and repair proficient (rec+) strain D. subtilis 168 

that has been cured of bacteriophage SP{3 and rendered non-inducible for the endo

genous prophage PBSX (Yasbin, Fields and Anderson 1980). Strain YBlOll (xin-J, 

SP{3-), a prototrophic (Trp+, Met+) derivative of strain YB886 was used as a source 

of homologous chromosomal DNA for the transformation experiments. Chromosomal 

DNA was isolated from strain YBIOI I using a modification of the method of SiI

havy, Berman and Enquist (I 984). 
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Liquid cultures of recipient cells were grown to maximize competence for 

chromosomal DNA transformation as described by Boylan et al. (1972). An over

night plate culture of the recipient strain, grown on TBAB medium at 37° was used 

as inoculum for GMI medium. Next day, cells were grown in GMI at 37° with 

vigorous shaking for 90 minutes after exponential growth (To). At To + 90 minutes 

the cells were diluted tenfold into warm GM2 medium and incubated for 60 min

utes with aeration prior to UV irradiation. 

Damaged and undamaged DNA from B. subtilis YBIOII was added to cultures 

grown to optimal competence at concentrations ranging from 10 ng/ml to 2 p.g/ml. 

depending on the experiment, and incubated for 30 minutes at 37° C with aeration. 

Suspensions and serial dilutions of the cells were done in SP 1 ZI ZEN (1958) mini

mal salts (1 x SS). immediately prior to plating. The total number of viable cells 

were determined on MG minimal medium supplemented with methionine and trypto

phan. Trp+ revertants were counted on MG medium supplemented only with meth

ionine. SPIZIZEN minimal medium plus 0.5% glucose (MG) and competence media 

GMI and GM2 were prepared as described by Yasbin. Wilson and Young (1975). 

and supplemented with the appropriate amino acids at a final concentration of 50 

ug/ml. 

UV Irradiation of Competent Cultures In the UV-DNA experiments 10 ml 

of competent culture (2 to 7 x 107 CFU/ml) were exposed to UV light (254nm) in a 

100 mm glass petri dish with constant stirring (at the lower UV fluences this tran

slates into 2-3 crosslinks per genome). Immediately after irradiation the cells were 

centrifuged (500 x g. 10 min.) and resuspended in an equal volume of warm GM2. 

Cells were subsequently transformed for 30 minutes at 37° C with 100 ng of donor 

DNA (0.025 to 0.25 chromosomes/cell). with either undamaged or damaged YBIOII 



109 

DNA. After incubation. DNaseI was added at 100 p,g/ml and cultures were incu-

bated for an additional 10 minutes. In the DNA-UV experiments competent cells 

were transformed with YBIOII DNA prior to exposure to UV irradiation. 

In our first paper (Michod et all 1988) we addressed the concern of differen-

tial survival of competent cells relative to non-competent cells in the UV-DNA and 

DNA-UV treatments. Cells in the UV-DNA treatments have approximately 45 min-

utes in GM2 media following UV irradiation and prior to plating. while cells in the 

DNA-UV treatment are plated immediately following DNA damage. The incubation 

following damage in a UV-DNA treatment may allow time for DNA repair prior to 

plating. To insure equitable repair benefits in both treatments all DNA-UV treat-

ment included a 45 minute delay in GM2 following the UV treatment and prior to 

plating. 

UV Irradiation of Donor DNA Two methods were used to damage the donor 

DNA. First DNA previously extracted from YBIOll, at a concentration of 10 p,g/ml 

(Setlow and Setlow 1962 ) was exposed to UV fluences of 25. or 100 J%/m2 with 

constant stirring. Second YBIOll cells were grown to competence and exposed to 

50 J/m2 of UV irradiation. Then DNA was isolated from these cells (using a modi-

fied Silhavy. Berman and Enquist protocol 1984) to use as donor DNA in subsequent 

UV -DNA and DNA-UV experiments. 

Statistical Analysis of Data: At a given UV dosage. X. survivorship of total 

cells. survivorship of transformed cells and transformation rate are defined as. 

NTRA,X 

NTOT,X 

NTOT,X and NTRA,X are the numbers of total and transformed cells. respectively. 
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which survive a UV treatment of X J/m2. 

Log transformations were taken of the survivorships, transformation rates, and factor 

changes in transformation rate for the purpose of statistical analysis, since this made 

the variances more homoscedastic. The factor change in transformation rate at X 

~2 is defined as the transformation rate at X ~2 divided by the transformation 

rate at 0 ~. In addition to the means and standard errors, regression curves are 
m 

also plotted in the Figures. When regression curves are compared to each other in 

the following discussion, they were compared using the indicator variable technique 

discussed in Neter, Wasserman and Kutner (1985, Chapter 10). This technique in-

volves defining binary variables for each of the following qualitative variables: cell 

type (total cell or transformed cell), order of the UV and DNA treatments (UV-DNA 

and DNA-UV), or state of donor DNA (damaged or undamaged). To test whether 

these factors had significant effects on survivorship and transformation rate, an F 

statistic was constructed using the error sum of squares for the full model (SSEF) 

and for a reduced model (SSER)' The full model contains the indicator variable and 

its interactions with UV, whereas the reduced model is obtained by deleting the in-

dicator variable and its interactions with UV from the full model. Thus the reduced 

model pools the data in a way which ignores the qualitative variable of interest. 

The F statistic used in the test is 

SSER - SSEF 
dfR - dlF 

in which dlF and d/R are the degrees of freedom for the full and reduced models, 

respectively. Regression analyses were performed using the REG procedure of the 

SAS (Statistical Analysis System) computer package. 
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RESULTS 

Background to Using Donor DNA Damaged Outside the Cell: Interest in 

damaging naked donor DNA. prior to transformation. goes back more than twenty 

years. Some of the earliest results showed that UV irradiation decreases 

(inactivates) the transforming ability of donor DNA (Bresler et al. 1964). These res

ults led to the developement of a quantitative theory for the inactivation of trans

forming DNA (Bresler et al. 1967). The theory proposed that biological activity 

would be lost as the length of integrating segments. which result in viable transfor

mants. became shorter. Other factors were conisdered as contributing to a decrease 

in the transformation rate with increasing damage. including integration of damage 

at sites other than the selected marker. Integrated damage at other sites would dec

rease the number of viable transformants at the site of the selected marker. Post

replication or recombinational repair of damages in the vicinity of the selected site 

could also eliminate the marker. so fewer transformants would be scored. 

Damages in the donor DNA could potentially prevent DNA from entering the 

cell. Harm (1980) investigated the effect of various UV fluences on donor DNA. 

His results demonstrated that uptake of donor DNA is not effected by UV fluences 

of up to 1000 J/m2. Confirmation of binding and uptake of damaged donor DNA 

led to questions of the fate of such transforming DNA once inside the host cell. 

Assuming damaged DNA is integrated into the host chromosome the resulting trans

formed cell could be repaired. mutated as a result of repair. or have reduced survi

val as a result of the integrated damage. All of these scenarios would reduce the 

potential of damaged donor DNA to successfully transform cells. 
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Examination of the transforming ability of UV damaged DNA using excision 

repair mutants (uvr-) as recipients provided evidence that UV damage of donor 

DNA is repaired by dark repair mechanisms ,present in the recipient cell (Munakata 

and Ikeda 1969). Dark repair which includes excision repair as well as post-repli-

cation repair. has the potential to eliminate markers during the repair process. 

Excision repair is responsible for eliminating the majority of single-strand UV dam-

ages in wild type cells (Harm 1980). In addition the "biosynthetic latency" of com-

petent cells may allow for an increased opportunity for excision repair of newly 

recombined donor DNA prior to cell replication (Nester and Stocker 1963). 

All of these factors contribute to a decrease in the transformation rate with 

increasing damage to the donor DNA. This inactivation of transforming DNA does 

not follow a first order kinetics of a Poisson distribution as observed for UV survi-

val curves of damaged bacterial cells. Rather the inactivation of transforming DNA 

by UV irradiation follows the inverse square law: 

J NO = 1 + bX NX 
(I) 

where NO and NX are the number of transformants from unirradiated and irradi-

ated DNA respectively. X is the UV fluence used to irradiate donor DNA and b is 

a constant that relates to the selection marker. and the genotype of the recipient 

cells. This inverse square relationship has been shown for transforming DNA from 

H aemophilus in/luenzae (Rupert and Goodal 1960. Setlow 1977) and Bacillus subtilis 

(Bresler et al. 1964. Bron and Venema 1972 and Hadden 1981). In order to confirm 

this result in our system we transformed competent cells with donor DNA (isolated 

from log phase cells) that had been irradiated with UV fluences ranging from 25 to 

500 J/m2 (Figure 21). Our results (Figure 21) closely resemble those previously 
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reported (Bron and Venema 1972. Hadden 1981) and are well described by the in

verse square equation (I). 

Transformation with damaged donor DNA also involves a DNA concentration 

effect. This effect results in a decrease in the transformation rate with increasing 

concentrations of donor DNA due to simultaneous integration of damaged DNA at 

sites other than the locus of selection. When transforming with saturating densities 

of damaged donor DNA (1 mg/ml). fragments without the selection locus also integ

rate into the recipient chromosome and reduce the chances for survival of trans

formed cells. In contrast. low concentrations of damaged DNA (O.OS mg/ml) do not 

result in integration of donor DNA at non-selected sites and therefore do not play 

an important role in inactivation of transforming DNA (Hadden 1981). This DNA 

dose effect has been demonstrated in B. subtilis and H. influenza (Hadden 1981. 

Harm 1970). 

The DNA concentration effect implies that damaged DNA is being integrated 

into recipient cell chromosomes. Research has confirmed this interpretation by 

extracting recombinant DNA from B. subtilis cells and testing the sensitivity of this 

DNA to an endonuclease from Micrococcus luteus. This endonuclease specifically 

attacks dimer-containing DNA and showed once and for all that dimers were integ

rated into recipient cells (Hadden 1981). Similar work has been done on Hemophilus 

influenza in which the susceptibility of extracted recombinant DNA to photoreactiva

tion of pyrimidine dimers was measured (Setlow 1977). Bron and Venema (1972) 

also examined re-extracted donor DNA from B. subtilis uvr+ and uvr- cells for evi

dence of pyrimidine dimers. Their results clearly showed that UV damage was in

tegrated and the efficiency of this process was not effected by UV doses up to 200 

J/m2. In a uvr+ strain repair of moderately damaged donor DNA (200 J/m2) begins 
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after integration and is complete in 45 minutes (Bron and Venema 1972). Repair of 

heavily damaged donor DNA (1500 J/m2) takes approximately two hours. This may 

be a consequence of slower uptake and integration, because integration of heavily 

damaged donor DNA takes up to 100 minutes, as opposed to 30 minutes for unirra

diated DNA. At higher UV fIuences, such as 2000 J/m2, damaged DNA may be 

selectively excluded from the cell. At such extreme doses the donor DNA may be 

so modified that it is unable to bind to cell surface receptors. All of these results 

were consistent with the hypothesis that loss of transforming activity by moderately 

damaged donor DNA is likely caused by UV lesions integrating into the recipient 

chromosome. 

So as to confirm that damaged DNA does in fact integrate into the genome of 

competent cells in our experiments, we have reproduced results reported in the lit

erature (Figure 22). In order to compare our results with those given by Bresler et 

al. (1968) we chose to graph the Y axis as a relative transformation rate. Here 

N I 00 is the number of transformants when naked donor DNA has been irradiated 

with 100 J/m2. NO is the number of transformants resulting from donor DNA that 

has not been irradiated. The amount of damaged donor DNA increases along the X 

axis from 10 ng to 1000 ng/ml. This increase in the concentration of donor DNA 

results in a decrease in the number of transformants due to simultaneous absorption 

of damaged DNA at sites other than the trp+ locus. When cells are transformed 

with a saturating amount of donor DNA (e.g. 100 ng/ml) values of N I ooINo are 

significantly lower than for transformation at lower doses and our results are simi

lar to results reported by Bresler et ai. (1968) for similar concentrations of damaged 

donor DNA ( 10 ng/ml to I mg/ml). 
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UV -DNA. DNA-UV Experiments with Donor DNA Isolated from Dam

aged or Undamaged Competent Cells: Having confirmed in our system previous 

results showing that DNA damaged after extraction is integrated into the recipient 

cell chromos<?me. we proceeded to conduct UV-DNA and DNA-UV experiments 

with donor DNA isolated from damaged or undamaged competent cells to more 

closely mimic natural conditions. We first ran a comparison of DNA dose curves 

using conventionaIly isolated DNA as weIl as DNA isolated from competent cells. 

Maximal transformation occured at 10 ng/ml for DNA extracted according to the 

methods of Silhavy. Berman and Enquist (1984) as weIl as for DNA isolated from 

competent cells (data not shown). Therefore. a conservative concentration of 100 

ng/ml donor DNA was used in all subsequent transformation experiments. 

The donor DNA used in all UV-DNA and DNA-UV experiments was isolated 

from competent cells that were either damaged with UV radiation at a fIuence of 

50 J/m2 or not (the later refered to as "0 J/m2" donor DNA). Transformation rates 

for these two kinds of donor DNA are shown in Figure 23 for UV-DNA (a) and 

DNA-UV (b) experiments. In UV-DNA experiments the transformation rate was 

uniformily lower at all UV dosages to the recipient cells when the donor DNA was 

from damaged cells than when it was from undamaged cells (Figure 23 (a». The 

two regressions graphed in Figure 23 (a) are significantly different from each other 

(P .. 0.044). Coefficients and paramters of fit for all regressions are given in Table 

3. We expect transformation rates to be lower when the donor DNA is from dam

aged ceIls based on the experiments using donor DNA that was damaged after it 

had been extracted from cells (Figures 21 and 22). The lower transformation rate in 

both UV-DNA and DNA-UV experiments at low UV dosage to recipients indicates 

that the donor DNA isolated from damaged cells itself contains damages. For this 
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reason we refer to the DNA isolated from damaged and undamaged competent cells 

as "damaged" and "undamaged" DNA. respectively. In DNA-UV experiments the 

transformation rates behave similarly to UV-DNA experiments at low UV dosages to 

the recipient cells (in other words. rates using damaged donor are lower than those 

using undamaged donor). but. at higher UV fluences to the recipient cells (> 50 

J/m2). the curves appear to cross. However. the two regressions given in Figure 23 

(b) are not significantly different (P .. 0.23). The different behavior of the transfor

mation rates in UV-DNA and DNA-UV experiments will be discussed further in 

the Discussion. 

Survival curves are shown in Figure 24 for UV-DNA (Figure 24 (a» and 

DNA-UV (Figure 24 (b) experiments. In Figure 24 the results for the two kinds of 

donor DNA (either isolated from 50 J/m2 or 0 J/m2 cells) have been pooled. since 

there was no statistically significant difference between the survival curves for the 

two kinds of donor DNA (P .. 0.12 for DNA-UV transformants. P - 0.75 for DNA

UV total cells. P .. 0.23 for UV-DNA transformants. P eo 0.16 for UV-DNA total 

cells). In UV-DNA experiments transformants survived significantly better than did 

total cells. at least during the first two logs of killing (Figure 24 (a». However. in 

DNA-UV experiments. the transformants did significantly worse that total cells 

(Figure 24 (b». The two regressions for total cells and transformants are signifi

cantly different at the P .. 0.0009 level in UV-DNA experiments (Figure 24 (a» and 

P .. 0.000 I level in DNA-UV experiments (Figure 24 (b». 

The average factor change in the transformation rates as a function of UV 

dosage to the recipient cells is shown in Figure 25 for UV-DNA and DNA-UV 

experiments for DNA isolated from undamaged cells (Figure 25 (a» and damaged 

cells (Figure 25 (b». Although there is not any statistical difference between the 
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curves for undamaged or damaged donor DNA (P - 0.80 for UV-DNA experiments 

and P - 0.28 for DNA-UV experiments). they are presented separately for visual 

inspection of our conclusion that similar results are obtained for both kinds of 

donor DNA. These results indicate clearly that donor DNA isolated from cells that 

are damaged have a similar effect on the response of the relative transformation 

frequency to UV as does DNA isolated from undamaged cells. In the UV-DNA 

experiments for both kinds of DNA the relative transformation frequency increased 

with increasing UV dose to a maximum of about two fold at 50 J/m2. In contrast 

to the UV-DNA results. the relative transformation frequency generally decreased 

with increasing UV dose in DNA-UV experiments for both kinds of DNA. The 

difference between the UV-DNA and the DNA-UV regressions was significant in 

both data sets at the P - 0.000 I level. Similar results have been obtained previ

ously for DNA isolated from undamaged. log-phase cells (Michod. Wojciechowski 

and Hoelzer 1988; Wojciechowski. Hoelzer and Michod 1989). 
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Regression Analyses, YB886 Recipient, Donor DNA from Competent Cells 

Dependent Variab!e4 Interceprb CoefficientsC ,.2 

UV-DNA 

SURV, Met, Pooledd -0.0777 -0.0084· -0.0002··_· 0.90 

SURV, Tot, Pooledd -0.0483 . -0.0466·_· 0.0006·· -3.9xlO-e•• 0.S7 

TR, SOJ to Donor -2.9036·_· 0.0094·· -0.0001*·- 0.49 

TR, OJ to Donor -2.7068·-· 0.0117·· -0.0001··· 0.24 

DTR, SOJ to Donor 0.1132 0.0137" -0.0002··· 0.43 

DTR, OJ to Donor 0.0532 0.0179·_· -0.0002·_· 0.46 

DNA-UV 

SURV, Met, Pooledd 0.0183 -0.Q36O·- 0.0006·· -6.3xI0-e··- 0.95 

SURV, Tot, Pooledd 0.0217 -0.0370·- 0.0007·- -6.0xI0-e•••• 0.93 

TR, SOJ .to Donor -2.8863·_· 0.0027 -0.0001· 0.43 

TR, OJ to Donor -2.7028·_· 0.0006 -0.0001· 0.68 

DTR, SOJ to Donor -0.0057 -0.0102··_·, 0.32 

DTR, OJ to Donor 0.0438 0.0006 -0.0001·· O.iS 

Tests for differences between regressions are discussed in the text and the figure legends. 

aSURV - survivorship, TR - absolute transformation rate, DTR - deviation (factor change) in tr:msior

m:ltion rolfe. blntercept given as log value. C'"fhe coefficients correspond to the X X2 and X3 terms, respec

tively, where X is UV dosage. Levels of signiilC:1Dce that coefficients are different from zero: • P<O.I; 

•• _. --' ._.. d 
P<O.OS; P<O.Ol; P<O.OOI; P<O.OOO1. Damaged and undamaged donor DNA pooled 
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DISCUSSION 

My results indicate that the qualitatively different responses of transformation 

rate and survival to W dosage in W-DNA and DNA-W treatments remain even 

when the donor DNA is as equally damaged as is the recipient's DNA. We feel that 

this is important. because competent cells in natural populations must utilize for rec

ombination available DNA in their immediate vicinity. DNA in the immediate vic

inity is likely provided by other cells exposed to equivalent levels of damage as the 

recipient cells. The persistence of an effect of recombination under these conditions 

provides further support for the hypothesis that transformation functions in recombi

national repair. since it suggests that recombination is targeted to damaged sites. 

The transforming fragment makes up about I of the total genome (ForniIi and Fox 

1977). If recombination were not targeted to damaged sites. the integrating fragment 

would have only a I chance of being the DNA needed for repair. Targeting of 

recombination to damaged sites has been demonstrated in yeast (Orr Weaver 1981). 

This data suggests that targeting alos occurs in Bacillus sub/iUs. 

If donor DNA were recombined in at random. there should be no net advantage 

to transformation with damaged donor DNA. This is because. if donor DNA were 

recombined at random with respect to sites of damage. sometimes undamaged donor 

DNA would be swapped for damaged recipient DNA but sometimes just the oppo

site might happen with damaged donor DNA being swapped for undamaged recipi

ent DNA. Thus. there should be no net advantage to recombination. if it occurs at 

random in a damaging environment. However. if recombination is targeted to dam

aged sites in the recipient cell's genome. damaged donor DNA should provide a ben

efit nearly equivalent to undamaged donor DNA. This follows because it is highly 

unlikely that the donor DNA would be damaged at the same site as the recipient 
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cell's DNA. Similarly. transformed cells would benefit if the sites of recombination 

were random and the cell could screen available exogenous DNA fragments and 

omit damaged DNA prior to use. However. previous work reviewed above (see also 

Figures 21. 22. and 23) shows that damaged DNA can be recombined into the reci

pient's genome. 

In UV-DNA experiments there was a clear difference in the magnitude of 

transformation between donor DNA isolated from damaged cells or from undamaged 

cells (Figure 23(a)). whereas this was not so clear in DNA-UV experiments (Figure 

23(b». In DNA-UV experiments the transformation rate with damaged DNA began 

at a lower level than with undamaged DNA. but as the recipient cells received 

damage this difference went away. Presumably. in all DNA-UV experiments the in

itial transformation rate with damaged donor DNA (that existing before the recipient 

cells were damaged) was lower than with undamaged donor DNA. However. in 

DNA-UV experiments. the transformation rate also decreases as a result of damage 

to the recipient cells. whether or not the donor DNA is damaged (Michod. Wojcie

chowski and Hoelzer 1988; Wojciechowski. Hoelzer and Michod 1989; Figure 24 

above). With increasing levels of damage to the recipient cell. this effect appears to 

overwhelm the effect of damages present in the donor DNA. resulting in approxi

mately equal transformation rates with damaged or undamaged donor DNA at higher 

UV dosages to the recipient cells (J 50 J/m2). 

The question remains as to why in DNA-UV experiments the transformation 

rate appears to drop off more slowly when the donor DNA is damaged than when 

it is undamaged (Figure 23 (b) while this doesn't occur in UV-DNA experiments 

(Figure 23 (a)). One possible explanation in DNA-UV experiments is that uptake of 

damaged donor DNA induces the SOS system (Yasbin 1977b; Love. Lyle and Yasbin 
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1985) in the recipient cells and this allows them to more effectively cope with sub

sequent damages. Thus. in DNA-UV experiments. cells transformed with damaged 

DNA. as opposed to those transformed with undamaged DNA. may be preadapted to 

cope with the subsequent UV treatment. Presumably. this induction also occurs in 

UV-DNA experiments as it has been well demonstrated when cells are subjected to 

UV (Yasbin 1977b; Love. Lyle and Yasbin 1985; Wojciechowski. Hoelzer and 

Michod 1989). 

The increase in transformation rate found with increasing UV in UV-DNA 

experiments (Figure 25 above. as well as Michod et at 1988. Wojciehowski et al 

1989) could be due to several factors. First. damage to recipient cells may directly 

increase the frequency or efficiency of transformation by providing damaged sites 

as targets for recombination. Second. competent cells may have higher fitness as a 

result of the recombinational repair benefits derived from donor DNA. As discussed 

in more detail elsewhere (Michod et al 1988. Wojciehowski et al 1989). any combi

nation of these factors may contribute to the results we have observed and support 

the view that transformation has evolved for the function of DNA repair. The res

ults observed here are consistent with either interpretation. and further suggest that 

recombination is targeted to damaged sites during transformation. The main contri

bution of the present work is in more closely simulating natural conditions. where 

donor DNA is derived from the same environment as recipient cells. By so doing. 

we have demonstrated that the increase in transformation with increased UV to the 

recipient cell does not depend on the donor DNA being in a relatively undamaged 

state. Sex does appear to serve some good. even if one's partner isn't perfect. 



Figure 21. 

Figure ,22. 

Figure 23. 
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FIGURE LEGENDS 

Inverse square relationship of the transformation rate with increas

ing UV dose to the donor DNA. The X axis is UV fluence (J/m2) 

given to the donor DNA. The Y axis is the square root of the quo

tient obtained by dividing the number of transformants using unir

radiated donor DNA (NO) by the number of transformants using at a 

given UV fluence X to the donor DNA. 

Decrease in transformation rate with increasing concentration dam

aged donor DNA. NO refers to the number of transformed cells res

ulting from donor DNA that is undamaged. NI00 is the number of 

transformants observed with donor DNA that has been damaged at a 

given UV fluence (l00J/m2). The X axis represents the concentra

tion of transforming DNA in nglml. Averages of several experi

ments are ploUed with the sample size of each data point given 

adjacent to the point. 

Transformation rate in (a) UV-DNA and (b) DNA-UV experiments 

as function of UV dosage to recipient cells (X -axis) for donor DNA 

isolated from either damaged (50 J/m2) or undamaged (0 J/m2) cells. 

Error bars give the average +/- the standard error. with sample 

sizes given near each mean. Regression statistics are given in Table 

I. Regressions in (a) are significantly different at the P - 0.044 

level. while those in (b) are not significantly different (P - 0.23), 



Figure 24. 

Figure 25. 
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See text for further explanation. 

Survival as a function of UV dosage to recipient cells in UV-DNA 

(a) and DNA-UV (b) experiments for transformants and total cells. 

Error bars give the average +/- the standard error. with sample 

sizes given near each mean. Regression statistics are given in Table 

1. Regressions in (a) are significantly different at the P - 0.0009 

level and those in (b) at the P - 0.0001 level. See text for further 

explanation. 

Average factor change in the transformation rate using donor DNA 

isolated from undamaged (a) or damaged (b) competent cells in UV

DNA and DNA-UV experiments. Error bars give the average +/

the standard error. with sample sizes given near each mean. Regres

sion statistics are given in Table I. The regressions in both (a) and 

(b) are significantly different at the P < 0.0001 level. See text for 

further explanation. 
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FIGURE 23a 

UV-DN/\, YB88G, DONOR DNA FROM c;OMPETENT CELLS 

Id ..-« 
u: 

0.01-

- ------1 -I7 7-'6/ / - - . 
... .. "-/ _ ...... 

-. -I~ /' 1'·J -- 4------------- -1- ...... I 
Z 

-t7 --- .---------- . ----- .----.. ..,.... ... 
; J O.UU 1- - ~:--- - - •••••••••••• I " " ~ - . '-- ' '-
.? __ h I.l: ". '-......... 't 1 

( ) 
LL 
(I) 

L-« n:: ..--

___ 0 J/m2 Lo donor 
________ 50 J I rn 2 to donor 

... ... ... .. .. .. ... ... ... ... .. .. .. .. 
J 

• 
N J~-----r--------~------------_,----------~--~~----------~I m 0.0001 I I 100 

o 10 25- 50 75 

UV DOSAGE (J/m 2
) 



FIGURE 23b 
DI\JA-UV, YB886, DONOR DNA FROM COMPETENT CELLS 
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FIGURE 25 a 
Y[3886, DONOR DNA FROM UNDAMAGED COMPETENT CELLS 
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FIGURE 25b 

Y0886, DONOR DNA FROM DAMAGED COMPETENT CELLS 
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CONSLUSIONS 

The repair hypothesis predicts that competent cells should have a higher survi

vorship relative to noncompetent cells in a damaging environment due to the benefit 

of recombinational repair. Therefore the apparent transformation frequency should 

increase with UV f1uence in a UV-DNA experiement over the range of UV f1u

ences to which a cell's repair systems can respond. In a DNA-UV treatment there 

would be no benefit of recombinational repair because it occurs prior to exposure 

to DNA damaging agents. 

My results are consistent with the hypothesis that the evolutionary function of 

transformation is to provide template for recombinational repair of genomic damage. 

Chapter I demonstrates a benefit of transformation in a UV-DNA treatment using a 

rec+ strain YB886. This strain is capable of producing a fully functional recBS 

protein that catalyzes recombination and derepresses the loci involved in an SOS

like response. The benefit of transformation dissappears when the cells are trans

formed first and then exposed to a DNA damaging agent (DNA-UV). 

In order to insure that the transformation effect seen in a UV-DNA treatment 

was due to the benefit of recombinational repair two mutant strains were selected 

for experiments carried out in Chapter II. One of the mutant strains YBI005 

uvrA42 was deficient in it's ability to carry out excision repair. The application of 

this strain allowed me to rule out the benefit of excision repair as a significant 

factor in the enchanced relative survival of competent cells in a UV-DNA treat

ment. The second mutant strain used YBI260 recAI produces a defective recBS 

protein that can not induce an SOS-like response following DNA damage or the 

onset of competence. Experiments were carried out to determine the contribution of 

these non-recombinational repair mechanisms to the increase in apparent transforma-



133 

tion frequency in a UV-DNA treatment. 

In both of the repair-deficient strains examined the apparent transformation 

frequency increases more in a UV-DNA treatment than in a DNA-UV treatment. 

Therefore excision repair or inducible SOS-like repair cannot explain the general 

qualitative result that the apparent transformation frequency increases with UV dose 

more in a UV-DNA treatment than it does in a DNA-UV treatment. The benefit 

of competent cells in these strain appears to be due to the use of transforming 

donor DNA as template for recombinational repair. 

Experiments with the rec+ strain and both of the repair deficient mutants all 

shared the common protocol of damaging the recipient cells and transforming them 

with undamaged donor DNA. This led to speculation of the robustness of the ben

efit of transformation under more natural conditions. Competent cells in natural 

populations must utilize DNA donated by nearby cells. These cells are likely 

exposed to equivalent levels of damage as the recipient cells. To insure that my 

previous results were not simply laboratory artifacts I damaged competent cells and 

isolated their DNA to use as donor DNA in UV-DNA and DNA-UV treatments. 

The benefit of transformation remained even when cells were transformed with 

damaged donor DNA. The result provided further support for the repair hypothesis 

and suggested that recombination is targeted to damaged sites. 

The transforming fragment of donor DNA constitutes approximately 1% of the 

recipient cell genome (Fornili and Fox 1977). If recombination were not targeted to 

damaged sites the recombining fragment would have only a I % chance of being the 

DNA needed for repair (Harris 1991). In addition if recombination were not tar

geted there should be no net advantage of transformation with damaged donor DNA. 

Undamaged donor would be swapped for damaged recipient cell DNA just as often 
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as damaged donor DNA was exchanged for undamaged recipient cell DNA. How

ever if recombination were targeted to damaged sites it is highly unlikely that the 

donor DNA would be damaged at the same site as the recipient cell DNA. 

In closing. my results support the hypothesis that the evolutionary function of 

transformation is to provide template for recombinational repair of genetic damage. 
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