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I. LITERATURE REVIEW 

A. Definition and Significance of Gene Duplication 

Gene duplication is a phenomenon which results in the formation 

of a genome containing more than one copy of a segment of the original 

genome in the cell (Fig. 1). Gene duplication has been observed in 

many euk.aryotic organisms, including Drosophila (Bridges, 1936), 

Saccharomyces cerevisiae (Hansche, et al., 1978), corn (Gopinath and 

Burham, 1956), and man and fishes (Ohno, 1970). It has also been 

observed in many species of bacteria, including Gram-negative bacteria 

such as Escherichia coli (Folk and Berg, 1971; Hill et al., 1969) and 

Salmonella typhimurium (Straus and Hoffmann, 1975; Straus and Straus, 

1976) and Gram-positive bacteria, such as Bacillus subtilis (Audit and 

Anagnostopoulos, 1975). 

Gene duplication may play an important role in bacterial evolution 

as it does in eukaryotes (Ohno, 1970) because the high frequency of 

duplication .and the high reversion rate make gene duplication well 

suited for providing temporary adaption to changing conditions 

(Anderson and Roth, 1976). It may also result in a permanent modi-

fication to a cell's genome. Zipkas and Riley (1975) have proposed 

that the genome of E.; coli K--12 was produced by two sequential 
""""'"~ 

duplications of an ancestral genome upon locating the position of 

related genes. in the E. coli K-12 chromosome. Genes were considered 

related if their gene products were: (1) isozymes catalyzing the same 

reaction, (2) enzymes catalyzing similar reactions or sequential 

reactions in a biochemical pathway, or (3) related cellular structures. 

Their conclusion was based on the observation that many related genes 
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Vig. 1. Diagramatic representation of gene 
duplication including terms defined 
in thetext(from Anderson arid Roth, 

. 1977). . 
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4. 

are located 90° or 180° apart on .the circular genetic map E. coli. 

They suggested that clusters of related genes arose .. through a . process ·. 

of tandem gene duplication. 

B. General Characteristics of Genetic Duplications and Strains 
Carrying Duplicat:i,.ons 

Duplications occu~ spont:.aneously ··ai ;a high fr~quency. A dup-

lication which occurs in i· typhimurium, yielding a phenotypic 
. . . 

revertant of a'glyc:yl-tRNA'synthe;ase mutant, has been, found to have a 

frequency.of fortuatiori·of about 8 x io-5 per viable c:ell plated on 

selective medium (Straus and Straus, 1976). This frequency is close 

to that observed for a similar.duplication involving the same locus 

in E. coli (Folk and Berg, 1971). Straus and Hoffmann (1975) .reported 
-4 a frequency .of . up to 4 x 10 per cell plated.· for the duplication 

they described in S. typhimurium. (Fig. 2). Whether or not the 

frequency of duplication is dependent upon the loci included in the 

duplicated region awaits further analysis with more duplications. 

Gene duplications are unstable compared to other genotypic changes 

such as deletions, point mutations and frame-shift mutations. The 

duplication in S. typhimurium characterized by Straus and Hoffmann · 

(1975). (Fig. 2) is lost at a frequency of two to five percent per 

generation when cells are grown in nutrient broth and th.e strains 

containing the duplication isolated by Straus and Straus (1976) 

contain about ten to fifty percent haploid revertants when grown to 
. . 

stationary phase in non-selective medium. 

Upon reversion to the haploid state either copy of the duplicated 

regionmay be lost (Straus and Hoffmann, 1975). Strains.carrying.a 



Fig. 2. 
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Map of Salmonella typhimurium carrying 
the Mte+ duplication indicating the 
duplicated region and some markers of 
interest with their map positions 
(Straus and Hoffmann,1975; Sanderson 
and Hartman, 1978). 
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duplication have two copies of genes located in the d~plicated region 

so that one copy of a gene can be modified by transduction or 

conjugation without affecting the other. If a strain carrying a 

duplication having two recessive alleles lying in the duplicated region 

is restored to the wild-type phenotype with the recessive allele at one 

locus and wild-type allele at the other locus both wild-type and 

recessive phenotypes should be observed among the haploid revertants 

(Straus and Hoffmann, 1975; Anderson and Roth, 1976), although this 

is not always observed (Straus, personal communication; Winfield, 

unpublished). 

Because either copy of the duplicated region may be recovered, 

this segregation of markers upon reversion has been used as evidence 

that the cells carry a tandem duplication within a single genome 

(Straus and Hoffmann, 1975; Folk and Berg, 1971), rather than carrying 

an extrachromosomal genetic element. In eukaryotes, the extra material 

may be adjacent to the original or transposed to another chromosome 

(Bridges, 1936; Hansche, et al., 1978). Because so few duplications 

have been examined it is possible that some duplicated segments are 

carried on extrachromosomal elements. Segregation of markers in 

haploid revertants has also been used as a means of mapping the extent 

of the duplicated region (Hill and Combriato, 1973; Straus and Hoffmann, 

1975). 

Many duplications which have been mapped have non-random endpoints. 

Hill and Combriato (1973) have described a duplication in which seven 

of ten isolates have one endpoint in common, and five of these seven 

also s.hare the other endpoint, as mapped by the above method. A 
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duplication .occ~rrin~ in §_. typhi.111urium·which has been characterized 

by Straus arid Hoffmann. (1975), has also.be~n found to h~ve uriiq~e· 

endpoint~ by use of .this method (Fig. 2). At least seven independent 
. . : . 

isolates of the. duplication from· strains carrying rece~sive markers ... ···. 
. . . . . . . . . 

were examined for merodiploidy of 24 genes aro~ndthe duplicated 
' ' ' 

region. All isolates.yielded similar results, with one endpoint 

occurring between .&!£!.and hisG (3.5 min) on one side and lli! and 

ilvA (4.5 min) on the other side. ·The accuracy of this method is 

.limited and cannot detect any sma:Ll differences in eridpo'ints just 

between markers (1 minute on the genetiC map is eq\lal' to 200 kilobas.es 

of DNA)~ 

It has be.en observed that a duplication can be transferred to a 

recipient cell by tr?nsduction (Hill, et al., 1969; Hill and CombriS:to, 

1973). The selected.marker must be co.transducible with the join point 

(Fig. 1) which is that unique point between the two duplicated. 

sequences. Other than.the material directly adjacent to the selected . 

. nia'.rker and the.join·point, all material in the duplicated region is 

. derived from the recipient chromosome. This transductfonal event is 

proposed to occur by a mechanism first suggested by Campbell (1965). 

Each side of the join point is homolOgous with a different region of 

the recipient chromosome so that the transduced fragment recombines 

with the two arms of a replicating chromosome in the recipient cell, 

one recombination event taking place on each side o.f the join point. 

In one experiment, Hill, et al. (1969) found that about nine percent 

of transductants recovered .in·such a cross carried a .duplJcation. 

,· .. · 

··,·., 
•' 
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C. Selection of Strains Carrying Gene Duplications 

As in any other change in genetic content or genome structure, 

duplications can only be detected when they cause some modification 

in the phenotype of the organism. In the case of bacteria, this 

change in phenotype has so far been due to one of the following: (1) 

increased gene dosage, (2) coinheritance of two different allelic 

markers, or (3) operon fusion. 

The selective advantage of some gene duplications is based on 

the presence of two or tnore copies of a given gene leading to 

increased levels of the gene product. An example of this is that of 

drug-resistance determiants in plasmids of the Enterobacteriaceae 

(Hashimoto and Rownd, 1975). Cells which containseveral copies of 

the resistance determinant on the plasmid are more resistant to 

challenge by drugs and will outgrow cells containing only one copy 

when grown in the presence of the drug (Hashimoto and Rownd, 1975). 

Following growth in a chemostat where lactose was the limiting 

substrate, mutants of !· coli have been isolated by Novick and Horiuchi 

(1969) which contained up to four copies of the lactose operon •. These 

strains produced higher levels of s~galactosidase, which was found to 

be qualitatively identical to that found in wild-type strains. Because 

the characteristic was lost at a high frequency it was assumed to be 

due to a gene duplication. 

Another example of increased gene dosage through gene duplication 

is found in Klebsiella aerogenes during growth on xylitol as the sole 

carbon source (Rigby, et al., 1974). Though K. aerogenes does not 

produce an enzyme which is specific for this sugar, mutants which 
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produce ribitol dehydrogenase constitutively can grow slowly, 
' . . . 

because this enzyme has a weak catalytic activity fqr xylitol. 

Continued growth of these strains on xylitol yields some isolates 

which can grow faster. The presence of a duplication in these strains 

was inferred from the instability of the characteristic and the higher 

levels of ribitol dehydrogenase (Rigby, et al., 1974}. 

Folk and Berg (1971) have described a duplication in ~· coli 

glycyl-tRNA synthetase mutants which results in a reversion·of the 

strain's phenotype fromGly"'."' to Gly+. They found two.to four times 

higher levels of glycyl-tRNA synthetase which was qualitatively 

identical to that of its mutant parent. Straus and Straus (1976) 

have described a similar duplication in ~· typhimurium involving the 

same gene locus, although the extent of the duplicated region· is much 

larger. The presence of a duplication in the isolated strain was 

indicated by two characteristics typical of gene duplications: (1) 

the.phenotype was unstable, (2) markers near the~.gene were 

duplicated, as demonstrated by segregation. In addition. loss of the 

Gly+ phenotype was dependent on recombination functions (see below). 

However, they found that the level of the en~yme in these duplicated · 

strains was not significantly higher than in the haploid parent strain. 

Furthermore, another duplication overlapping this area, and containing the 

~gene locus (Straus and Hoffmann, 1975), does hot possess a Gly+ 

phenotype in strains with the suppressor mutation. These factors 

indicate that in S. typhimurium, in contrast to !· coli K..;12, this 

duplication does not exert its effect via gene dosage. 

Hill and Combriato (1973) have described an example of selection 
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for coinheritance of allelic markers in order to obtain gene 

duplications. A missense suppressor mutation located in a glycyl-tRNA 

(.s1Y'.!'..) gene of ~· coli which suppresses a Trp- phenotype results in 

slow growth and distinctive colony morphology. Following growth of a 

Trp + mutant about 0.1% of Trp strains which arise spontaneously 

carry the suppressor mutation and retain the wild-type allele for a 

normal glycyl--tRNA. When the wild-type allele is present in addition 

to the suppressor mutation, the cells are normal with respect to 

growth rate and colony morphology. Evidence for the presence of a 

+ duplication was provided by the segregation of the~ an.d ~ 

+ (Su ) alleles and several other nearby markers (Hill and Combriato, 

1973). 

The fusion of two operons has been the basis for selection of 

duplications including the histidine operon of S. typhimurium. The 

hisG203 mutation is a deletion of the operator (hisO), promoter, and 

a portion of the first structural gene (hisG) in the histidine operon. 

Upon selection for strains which can use an intermediate (histidinol) 

in the pathway as a source of histidine, strains have been found 

which contain a duplication whose presence was indicated by the 

instability of the trait (ability to grow with histidinol) (Ames, et 

al., 1963). 

D. Possible Mechanisms of Formation of Gene Duplication 

Several mechanisms are·known whereby gene duplication occurs in 

eukaryotes. Bridges (1936) found that unequal crossing over is 

responsible for the duplication causing Bar eye in Drosophila. 

Another mechanism, which.involves transposition of the duplicated genes, 
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followed by reasscirtment of chromosomes or chromatids,.has been 

found to be responsible for gene duplication in such organisms as 

corfl. (Gopinath and Burnham, 1956), and Saccharomyces cerevisiae 

(Hansche, et al., 1978). 

Insertion sequences have been implicated in the amplification 

of drug-resistance determinants on R plasmids (Starlinger and 

Saedler, 1976). Insertion sequences (IS) are short (800-1400 base 

pairs), unique nucleotid.e sequences found at' different sites in the 

].. coli genome and its plasmids (Multiple copies per genome or plasmid; 

Bukhari, et al., .1977). Five different IS elements have been 

identified and some are found at each end of drug-resistance 

determinants (called transposons), which can serve as regions of 

homology for recombination to take place (Saedier, 1977). These 

sequences are capable of inserting into non-homologous DNAand causirig 

polar mutations and have also been implicated in several unusual 

recombination phenomena including deletions, inversions, fusions, 

amplification of Rfactors, integration of F plasmids, and recA-

independent recombination (Starlinger and Saedler, 1976). 

Useful information has been gained concerning the mechanism 

of formation and loss of duplications by determining the frequency 

of occurrences in strains with different genetic backgrounds or under 

different conditions. The role of recombination in the formation of 

gene duplications can be studied through the use of recombi.n,ation-

deficient mutants. One such class of mutants of E. coli K-12 carry 

a mutation in the recA gene and are lacking any detectable 

recombination (Clark, 1971). 
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·one class of revertants of a: deletion of the promot(ar;.;operator 

region and the first gene of the histidine operoil (h:i.sG203) 'able to 

grow on a histidine it1te~ediate~ his~idinol, contai.ri: a dupli~~tion of 
, .. 

the undamaged reg.ion. The~e partial diploids are. unstable and · 
' ' ' 

segregate histidinol non-g:i:9wers whfoh are· haploid and contain, .the 
. . ' 

original hfsG203 lesiori (Ames, et al., 1963). Interestingly, this one 
. ' 

class.of revertant (the other classes'either ca:i:ry an additional 

deletion or a point mutation; Levinthal and ·Yeh, l972) was not found .· 

when selection was made ina RecA- strain (Anderson and Roth, 1977). 

The frequency. of formation of another dupl.ication in S. · typbimurium ·. 

resulting in two or more copies o.f the entire histidine ·operon is · 

reduced 1000--fold in a RecA- strain {Anderson and Roth, 1977). 
. . 

. By contrast, Straus and Straus (1976) foun4 only a twenty-fold 

reduction in·· the formatian of another duplication in a RecA - strain 

of ~,:. 'typhiinuriuin •. Further, the frequency of a duplication which• 

fuses part of ari arginine operori to an unrelated promoter .in E. coli .· 

is riot dependent on the funetion of the recA gene and occurs with 

nearly equal frequency inRe~A+ and RecA- ~tr~ins, but the loss of 

this duplication is dependent uponrecoinbinati0narid will not occur 

ina RecA- strain (Glansdorf arid Sand, 1968). 

Hill, et al., (1977) have reported· evidence that the .s!I! 
.. . .· 

duplication in .§.. ·.coli is d9-e to recombination 'Ile tween copies of. 

·· ribosomal RNA. genes~ the investigators induced loss of the dupl:l:c~tion 
' ' 

by mild exposure to ultraviolet light and recovered closed cir.cular 

DNA whose length corresponded to the length of the duplicated re~ion 

and the distance between the copies of the ribosomal. RNA genes in the 
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area, and also ~ontained the predicted number of.copies of the RNA. 

gerie~ (Hill, et al. i 19.77) •. The frequency of formation of this 

duplication was not determined in· a RecA- strain to confirm that 

recombination was entir~ly responsiblef()r the duplication. 
. .•. 

Since the fr¢quency of formation. of different duplicat:ions show 

varying degrees of.dependence on normal recombination pathways, it 

seems likely that there is tn~re than one mechanism involved. Some of 
: . : : . . ... ·.. . :·_ ... ' . '. . . .· 

those duplications which are not formed through normal recombinati:oil 
. . 

pathways may be formed through. "illegitimate'' recoml?inatiori which· is. 

defined as being independent of the specific recombination genes 
. . 

of E~ coli or of base pair hom~iogy (Franklin, 1971).. Thi$ illegit~ 

imate recombination may bemediated by the presence of.insertion 

sequences, since these sequences are known to be involved.in unusual 

recombination phenomena and are widely dispersed thro~gh bacterial 

chromosomes (Saedler, 1977). 
. . 

Ultraviolet (1JV) irradiation and some niutageµs are known to. · 
. . . . . . 

increase the frequency of duplication in bacteria~. Hill arid Com.briato 

(1973) found approximately.a 100....;fold increase.in the frequency of 
. . 

duplications recovered after exposure. to UV. Hoffmann and ?1organ 

(1976) have also observed a significant increase in the frequency of 
. . . 

both.formation and loss of a large duplication in S. tyJ?him.o.rium • 

. Bo.th Hill arid Combriato (1973) arid Hoffmann and Morgan (1976) found 
. . .· ' ·, . 

tha.t expQsure of cells to visible. light could reduce this. effect. 

Exposure of bacteria to UV causes an increase in the mutation 

frequency due to mistepair of radiation damage (Kondo, 1973; Witkin, 

1976). Damage to bacterial DNA caused by UV irradiation is normally 

...... 

' . . . 
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repaired in one of three ways: (:L) photoreactivation, involving a· 

visible light-activated enzyme; (2) excisibn repair, invoiving DNA · 

polymerase A; and (3) post'-replication repair, involving recombination 

and requiring the recA gene product (Wit;kirt, 1976). The frequency 

of mutations is greatly reduced when irradiated cells are exposed to 

visible light. UV-induced mutatfons are eliminated in strains with 
. . . 

a defect in the recA gene,· indicating that the recA mediated pathways 

of repair are error-prone and responsible for the mutations (Witkin, 

1976). It has not yet been determined if the increase in the formation 
. , 

of duplications by UV.irradiatiort is due to the stimulation of error-

prone, recA-dependerit repair pathways. 



II. OBJECTIVES 

Straus and Hoffmann (1975) isolated a strain of Salmonella 

typhimurium which contains a duplication of about 30% of its genome and 

.forms large colonies on minimal medium containing L-malic acid as the 

sole carbon source. Because of the ease of selection and enumeration 

of strains carrying this duplication, I propose to study t.he formation 

and characteristics of this duplication. 

A Luria-Delbruck fluctuation test (Luria and Delbruck, 1943).was 

done to determine if the duplication isolated and characterized by 

Straus and Hoffmann (1975) occurs spontaneously or is influenced by the 

selection process. Since it was found to occur spontaneously, further 

testing was done to determine genetic factors whieh influenced the 

formation of the duplication, to infer the mechanism of formation. A 

set of isogenic stra.i.ns was constructed differing only at the recA and 

·polA loc;i. These strains were compared to wild-type and one another 

with regard to: (1) frequency of duplication formation and loss, (2) 

the location of the duplication endpoints, and. (3} the frequency of 

formation of duplication after exposure to UV;...U,ght. It was anticipated 

that by comparing these strains some information could be gained 

concerning the role of recombination and repair in the formation and 

loss of the duplication. 

16 



III. RATIONALE. · 

The Luria-Delbruck fluctuation test has been used to determine.if 

mutations are random events ot are caused by the selection: process 

(Luria and Delbruck, 1943). If there is a greater variation in the 

frequency of mutants between·cultures than there is within a culture, the 

mutational event occurred randomly during growth of the culture. If the 

variance between cultures is the same ~s that within a cult~~e it 

indicates that all the samples diverged at the same starti,ngpoint; that 

is, on the selective plates. 

Th~genetic factors to ·be considered in this rese.;irch are the 

effects of thepolA and recA genes, both of which are involved in repair 

of DNA •. PolA- strains are lacking a major DNA polymerai;e (polymerase l) 

and are deficient in the excision repair pathway (Whitfield and Levine, 

1973). RecA strains are deficient in. recombination and iri the post--

replication repair pathway (Clark, 1973; Witkin, 1976). In order to 
. ~ . . 

study the effect of ·these genes an isoge:hic set of straini;'W'ill be 
. . . + . +. ·. - + + · .. - . . -constructed: :tecA ·. polA , recA po'lA , and :tecA polA • · ·Because· recA 

polA strains are inviable, that combination cannot be tested · (Clark, 

1973). The frequency of duplication wiil be compared among·the three. 

strains. Differences between the strains should be due solely to 

differences in expression of the polA and recA genes. If there is a -- ~··~ 

depression of duplication frequency in a strain deficieiit at one of these 

gene sites it may be inferred that the gene product plays a :role ;in the 

fc;>rma tion of the duplication. 

The duplication is unstable and some cells revert to haplo.idy at 

each generation (Straus and Hoffmann,· 1975). A change in the freque~¢y ·· 

17 
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of loss of the duplication in a RecA or a. PolA- strain would also 

implicate the corresponding gene product in this function. However, if 

the effect of the two mutations on the rate of loss of the duplication 

is different from their effect on the frequency of formation, it can be 

argued that the mechanisms of formation and loss of the duplication are 

different. 

Mapping of the endpoints of the duplication will be undertaken in 

an attempt to determine if the products of duplication are the same in 

the three strains tested. If there is a difference in the products of 

duplication among the strains, it may be that the duplications are 

formed by different mechanisms. Any differences in endpoints or in 

mechanisms should be due to the genetic differences between the strains, 

specifically, the polA and recA genes. The endpoints of the duplication 

will be mapped using a technique described by Kleckner, et al., (1977), 

making use of transposable drug-resistance elements. These elements 

consisting of a drug-resistance determinant bordered on each side by 

insertion sequences, can be inserted at a large number of sites in the 

bacterial chromosome by recombination. When these elements recombine 

with and are inserted into a gene there is a loss of gene function. The 

resulting auxotrophic characteristic is associated with the drug-

resistance in any subsequent genetic manipulations (Kleckner, et al., 

1977). However, if there are two copies of the gene in the strain into 

which the marker is transferred (e.g., a strain carrying a duplication), 

only one copy is affectedby the insertion element, so that the strain 

remains prototrophic for the characteristic in question if the 

auxotrophic character is recessive. If the marker associated with th~ 
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drug-resistance element is outside the duplicated region, all drug-

resistant transductants should be auxotrophic. 

The frequency of duplication following exposure to UV light will 

be measured in the isogenic set of· strains. Exposure to UV light 

increases the frequency of duplication (Hoffmann and Morgan, 1976). In 

the absence of visible light, UV.;..induced damage can be repaired via 

pathways involving either the polA gene product or the recA gene 

product (Witkin, 1976). In strains which are deficient in one of these 

functions any increase in the frequency observed after exposure to UV-· 

light would be due to the remaining function. 



IV. MATERIALS AND METHODS 

A. Bacterial Strains 

The bacterial strains used in this study are described in Table 1. 

Strains DB43 and TS394 were provided by George Hoffmann; strains AA3007 

and AA3008 were provided by Dr. Harvey Whitfield; strain CB718 is from 

Dr. M. Pascal; and all strains harboring the TnlO element are from 

Dr. John Roth. Bacteriophage P22 was obtained from the Salmonella 

Genetic Stock Center. 

B. Media and Chemicals 

Minimal malate (MM), contained minimal salts of Glutnick, et al., 

(1969), with Q.1% (w/v) NH4c1 as nitrogen source and 0.2% (w/v) L-malic 

acid or 0.4% (w/v) D,L...,.malic acid as sole carbon source. Minimal 

glucose (MG), contained Medium E(Vogel and Bonner, 1956) and 2% (w/v) 

glucose. Both of these media were solidified with 1. 5% (w/v) BBL agar. · 

All other solid media were solidified with Difeo agar. Minimal nitrate 

· (M.N), contained minimal salt::s of Glutnick, et al., (1969), 0. 2% (w/v) 

KN03 as nitrogen source, 2% (w/v) glucose, and 1.5% (w/v) agar. 

BBL agar rather than Difeo agar was used for solidifying MM solid 

medium to measure the frequency of formation of the duplication because 

colonies were more easily differentiated. + Mte colonies had smooth 

edges on medium solidified with Difeo agar and rough e:dges on that 

solidified with BBL agar. + -Mte and Mte colonies also appeared some-

what closer in size on plates solidified with Difeo agar. 

Media were supplemented with amino acids and purines at optimal 

concentrations, as described by Curtiss, et al., (1968). All media 

·were supplimented with 40 µg/ml thymine, e2!;cept when selecting for 
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thymine prototrophs. Where indicated, Tetracycline-RC! (Sigma) was 

added to a final concentration of 25 µg/ml. 

Complex media were Penassay Broth (PB; Antibiotic Medium #3, Difeo), 

Luria's complete medium (LB; Bertani, 1951), and YET (Howard-Flanders, 

et al., 1964), PB contained 1.4% (w/v) agar for plates. Luria's Broth 

with calcium (LC), containing 10 g Bacto tryptone (Difeo), 5 g yeast 

extract (Difeo), and 5 g NaCl per liter, with 0.5% (w/v) glucose, 40 

µg/ml thymine and 0.002 M CaC12, contained 1% (w/v) agar for plates and 

0.7% (w/v) agar for overlays (top agar). 

Nutrient broth plates (NB) contained 12 g .Difeo Nutrient Broth and 

2 g glucose per liter, and contained 1..4% (w/v) agar. NB plates with 

0.1% (w/v) potassium chlorate (Baker) were used for the selection of 

chlorate resistant transductants. 

Buffered Saline with Gelatin (BSG), containing 8.5 g NaCl, 0.3 g 

KH2P04, 0.6 g Na2HP04, and 10 mls of 1% (w/v) gelatin per liter, was 

used for all dilutions (Curtiss, 1965). 

Incubations under anaerobic conditions were in GasPak anaerobe jars 

(BBL) with GasPak (BBL) envelopes used according to package directions. 

C. Luria~Delbruck Fluctuation Test 

A culture of TS394 was grown to stationary phase in PB and its 

viable cell count determined by spreading dilutions on MG plates. 

Approximately 104 cells were added to one hundred mls PB in a 500 ml 
. 3 flask, and 10 cells were added to each of 10 flasks with 10 mls PB. 

All cultures were incubated at 37C for 24 hours. Appropriate dilutions 

of each culture were spread on MG plates to determine viable cell count 

and on MM plates to determine duplication frequency. Those colonies 
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which were larger than the backgound growth· and, had it-regular morphology ·. ·· .· . 

on MM plates were· scored as malate+ · (Mte+) ,· and were pre~umed to. contain 

the duplication. 

D. · Frequency of Loss of th~ Duplication 

A Mte+ clone of each strain was picked.and suspended in one·ml PB. 

A sample was<removed and diluted .ih BSG, then spr~ad ~n MM plates to 
.· ' ' + 

determine initial viable count and the proportion· of Mte. cells present •.. 

The culture was incubated at'37C to mid..,.log,phase, at whichpoint a 
.. . . . . -

sample was diluted and spread cm :MM agar plates to deter.mine the 

frequency of Mte + cells. After the culture reached stationary phase 

another sample was diluted and spread on MM agar. 

E • . M.atfo.gs 

Donor and recipient strains were grown to mid-logpha,se (2 to 5. x 

108 cells per ml) in l>B in a 15 x 100 tube at 37C. Two mi· of each 

strain were mixed and then collected by filtra.tion on Millipore filters 

(0.22 µm). FilterS were placed on a prewarmed (37C) PB pla:teand 
' ' 

.... 

incubated one hour at 37C. · Filters were then placed in 1 ml BSG and 

tube8 were mixed with. a vortex mi.xer for one minute. i\,ppropriate 

dilutions were made in BSG and spread on selective media. 

F. Propagation and Enum.eration of Bacteribphage 

Determination of P22 Titer: A host.baeterial stra:i..Il. was grown 

to mid-log(2 to 5 x 108 cells per ml) in LB at 37C. Orie tenth ml of 

bacteria and 0.1 ml of dilutions of a P22 lysate were added to ·~. mls 

LC top agar melted and held at 45C. The suspension was -.nixed gently 

in a vortex mixer, then poured onto an LC plate. Plaques were counted 
' ' 

after 12 to 24 hours incubation at 37C. 

:_' ... ···:· 

... : . 
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Preparation of P22 Lysates: Phage lysates were harvested from 

plates with nearly confluent plaques. Three ml LB was added to the 

surface of each plate which was then refrigerated several hours. 

Liquid was then removed with a pipet and the agar overlayer was scraped 

from the surface of the plate and placed in a centrifuge tube with the 

liquid. The surface of the plate was then washed with another 2 ml LB 

which was also added to the centrifuge tube. The tube was shaken 

vigorously with a vortex mixer, 0.5 ml chloroform was added to kill 

remaining bacteria, and the tube was then shaken gently. The mixture 

was then centrifuged at 5000 x G for ten minutes. The supernatant was 

drawn off using a pipet and propipet. This procedure was repeated at 

least once, using the new lysate as the inoculum for the succeeding one. 

G. Transductions 

For most transductions the recipient was grown to mid-log (2 to 

5 x 108 cells per ml) in LB at 37C. The exception was for those 

+ tra.nsductions using Mte cells as the recipient. These cultures were 

started from a si:ngle Mte+ colony and grown to mid-log in MM liquid 

me.dium supplemented with 0.1% (w/v) Casamino Acids (Difeo). Mgso4 

was added to a final concentraion of 4.4 x 10-3 M. Bacteriophage P22 

was added to the culture at a rate of 1 or 5 plaque forming units (pfu) 

per bacterial host cell. The mixture was incubated at 37C for 15 

minutes, then centrifuged at 5000 x G for ten minutes, resuspended in 

BSG, and centrifuged again. Cells were resuspended in 1 ml BSG and then 

spread on selective media. 

H. Curing 

Many transductants derived as above were lysogenic for P22. This 
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interfered with further transductions al;ld measurements of sensitivity 

to ultraviolet light (UV). Any such strains were cured of P22 as 

follows. 
. 8 . 

The lysogen was grown to mid-log (2 to 5 x 10 cells per ml) in LB 

at 37C. The culture was cel;ltrifuged at 5000 x G for 10 minutes arid the 

pellet was resuspended in 10 ml BSG. The cell suspension was placed 

in a 15 x 100 nun glass petri dish and exposed to UV at a dose rate of 
-2 . -1 .• 

1.2 J m sec for 10 seconds. ·nilutions were then spread on YET plates 

and incubated at 37C overnight. Individual colonies were touched with 

a sterile wooden toothpick and used to inoculate twp fresh LC plates in 

a pattern with 30 colonies per plate. One of the plates was incubated 

at 37C, the other plate was exposed to UV for 15 seconds. This plate 

was then overlaid with 4 ml melted LC top agar at 45C, containing 0.15 

ml of a mid-log phase culture of a P22....;sensitive, nonlysogenic strain. 

After 6 tp 8 hours incubation at 37C, the plates were examip.ed for signs 

of lysis around the colonies. Those colonies which were free of 

surrounding lysis.were tested again, using the corresponding patch on 

the second unirradiated master plate as the inoculum. Colonies which 

were free of cleared zones for two consecutive trials were presumed to 

be cured. 

1; Sensitivity to Ultraviolet Light 

Patch Test: Isolated colonies of the strain to be tested were 

touched with a sterile wooden toothpick and transferred to a fresh YET 

plate in small square patches with 50 or 100 patches per plate. The 

plates were incubated for 24 hours at 37C, then a replica was transferred 

to several fresh YET plates by replica plating (Lederberg and Lederberg, 
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1952). The plates were then exposed to UV for O, 30, 60, or 90 seconds. 

Following incubation for 24 hours, growth of patches was compared to the 

+ + UV-sensitive (either recA- or polA-) and UV-resistant (recA· polA ) 

strains included on each plate as controls. 

UV Survival Curves: A culture was grown to mid-log (2 to 5 x 108 

cells per ml) in 10 ml PB at 37C, then centrifuged at 5000 x G for ten 

minutes. The pellet was resuspended in 10 ml BSG and centrifuged again. 

The pellet was again resuspended in 10 ml BSG and placed in a 15 x 100 

nnn glass petri dish. This was exposed to UV with samples being removed 

after various periods of exposure. Samples were diluted and spread on 

YET plates. 

The UV source was a General Electric 8 watt germicidal lamp placed 

54 cm above the surface of the plate, providing a dose rate of 1.2 J 
-2 -1 m sec The dose rate was determined using a J-225 short wavelength 

intensity meter (Ultraviolet Products, Inc.). All procedures during 

and after UV exposure were carried out in the dark. 

·J. Determining the Effect of UV on Duplicatfon Frequency 

The UV resistance of strains SWl, SWU, and SW13 and their 

corresponding Mte+ derivatives, SW3, SW12, and SW14 was determined. 

Each strain was grown in PB at 37C to stationary phase and. diluted 1 to 

10 in BSG. After mixing with a vortex mixer, this suspension was 

placed in a glass petri dish and exposed to UV. Samples were removed 

after various lengths of time, diluted in BSG, and spread on MG plates. 

This. procedure was then repeated with strains SWl, SWll, and SW13, 

using the exposure time necessary to kill 90% and 99% of the cells, with 

dilutions being spread on MG and MM plates to determine the frequency of 
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cells containing the malate duplication. 

K. Mapping of Duplication Endpoints 

Lysates were prepared as described in Section E, Materials and· 

Methods, of a series of strains containing the TnlO element (confers 

tetracycline-resistance (Kleckner, et al., 1977) inserted in markers 

located near the presumed endpoints (Straus and Hoffmartn, 1975). These 

lysates were used to transduce strains carrying the duplication. 

Selection of transductants was made on MM plates containing 25 µg 

tetracycline HCl per ml. One half the selection plates were also 

supplemented with the nutrient appropriate for the marker in which the 

TnlO element was inserted; e.g., arginine for argG: :TnlO. The number of 

ttansductants appearing on the nonsupplemertted medium wai;; compared to 

the number appearing on the supplemented medium to determine the 

frequency of prototrophs among the transductants. Similar transductions 

were done using the corresponding haploid strains as the recipients. 

L. Strain Construction 

Strain SWl was selected as a Thy+ transconjugant of recipient 

stra:i.rt TS394 crossed with Hfr donor strain DB43. 'I'hy + transcon5:ugants 

were screened for UV-sensitivity by the replica plating method described 

in Section H, Materials and Methods. + A UV-sensitive Thy transductant 

whose UV-sensitivity was similar to the RecA- strain DB43 was saved 

(SWl). Survival curves for strains SWl, TS394, and DB43 are shown in 

Fig. 3. 

In order to transfer the polA- gene of strain AA3007 (Whitfield 

and Levine, 1973) into TS394, chlorate resistance (mutation at chlB) 

was used as the selected cotransducible marker. This was derived from 
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Fig. 3. Survival of strains plated on YET plates 
following exposure to UV light. ~ represents 
strain TS 394, 0 represents strain AA3007, 6 
represents strain SWlO, A. represents strain 
DB43, ·. 0 represents strain SW13, and • 
represents strain SWl. 
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the strain, CB718, a chlorate-resistant (ChlR) mutant, described by 

Casse, et al., (1972). Chlorate-resistant mutants have a deficiency 

in one of the nitrate reductase genes (Piechaud, et al., 1967). The 

enzymes responsible for the reduction of nitrate to nitrite also reduce 

chlorate to chlorite under anaerobic conditions, ·so that strains 

sensitive to chlorate may be selected as capable of growing anaerobically 

with nitrate as terminal electron acceptor. One of the nitrate reductase 

genes, chlB, is cotransducible with the polA gene. 

A P22 lysate grown on strain CB718 was used to transduce strain 

AA3007. Selection was made for chlorate-resistant transductants by 

spreading on NB plates to which 0.1% (w/v) potassium chlorate was added 

(CB plates), and incubating anaerobically at 37C. After incubation for 

48 hours trarisductant colonies were picked and streaked to fresh CB 

plates and incubated anaerobically as before. Colonies were then 

selected from each of the streaked plates and tested for UV sensitivity 

by the patch method as described in Section H. Several colonies were 

considerably more UV sensitive than strain AA3007; however, these proved 

to be lysogens. Several of the most UV-sensitive patches were selected 

and cured by the method described in Section G. A UV survival test was 

done of the cured strains and the curves compared to that of AA3007. 

One strain, (SWlO), as UV-sensitive as strain AA3007, was purified and 

P22 was grown on it in order to transfer the chlB- and polA- alleles to 

strain TS394. 

It was found that strain TS394 was resistant to chlorate and unable 

to use nitrate as terminal electron acceptor. Strain TS394 was trans-

duced to ability to grow anaerobically with nitrate using a P22 lysate 
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grown on strain AA3007. The transduction mixture was spread on MN 

plates and incubated anaerobically at 37C for 48 hours to select for 

cells able to use nitrate as terminal electron acceptor. Colonies were 

then streaked to both NB and CB plates and incubated anaerobically for 

48 hours, then tested for UV-sensitivity by the patch method. All 

patches exhibited similar UV-sensitivity and none were found which were 

comparable to the PolA- lysogen of AA3007. It was concluded from this 

that the mutation in strain TS394 resulting in chlorate resistance was 

not in the chlB geri.e. One chlorate sensitive transductant of strain 

TS394 was cured as previously described. The cured strain (SWll) was 

then transduced to chlorate resistance using a P22 lysate prepared on 

strairi SWlO. The transductants wer.e selected for chlorate r~sistance, 

cured, and tested for UV-sensitivity as described for strain SWlO. The. 

resulting strain, SW13, was somewhat more UV-sensitive than AA3007. 

This increased sensitivity is probably due to background genetic 

differences between the strains. This was shown by using a lysate 

prepared on strain SW13 to transduce strainAA3008, which is a 
. + 

spontaneous PolA revertant of AA3007 (Whitfield and Levine, 1973), 

selecting.for chlorate resistance and UV-sensitivity, as prevfously 

described. After curing the UV-sensitivity of the resulting strain was 

identical to that of strain AA3007 (data not shown). 

A frequency of cotransduction of the two markers, chlB and polA, 

was found to be between 15 and 17%. 

Derivatives of strains SWl, SWll, and SW13 carrying the malate 

duplication were selected by spreading those strains on MM plates. 
+ . 

Large, irregular colonies (Mte ) were picked and streaked to fresh 
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' MM plates for purification. Large colonies which segregated small 

clones (Mte-) were picked from these plates and inoculated to PB. 



V. RESULTS 

A. Luria-Delbruck Fluctuation Test 
. ' + 

In order to test whether the frequency of formation of Mte · 

colonies was a function of a random event or of selection on a plate 

containing malate, a Luria""'Delbruck fluctuation test (Luria and Delbruck, 

1943) was done using strairt TS394. 

The results of this test are presented in Table 2, with the 

frequencies presented as the mean of those in each group. Group I 

consisted of ten replicate determinations from one culture grown in 100 

ml PB. Group II consisted of. individu~l determinations of ten different 

cultures each grown in 10 rill PB• The variance in the frequencies 

observed for the two groups were calculated and compared using an F test 

with nine degrees of freedom for each group. The ratio of the variances 
2 2 of the two groups is cr 1/cr2 = 0.0645. The value of F at a probability 

level of 0.005 is 0.153 (Ostle, 1963). Thus, it was .found that the 

variance in frequency between the cultures is significantly higher than 

within a culture, indicating that the formation of duplication occurs 

spontaneously, independent of selection. 

B. Frequency of Formation of Duplication 

The frequency of formation of the duplication was determined and 

compared for strains SWl, SWll, and SW13. The results are sumniarized in 

Table 3. Measurements of the frequency vary and values represent an 

average of at least three trials. The average frequency of duplication 

is about nine.times lower in the RecA- strain, SWl, than in the RecA+ 

strain, SWlL This finding is in agreement with the re.sults of Straus 

and Straus (1976) who found a 20-fold reduction in the duplication 

34 
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Table 2. Luria-Delbruck Fluctuation Test Results 

+ Average Mte 
Frequency 

Standard 
Deviation 

Variance 

a Group I 

'4.42 x 10""3 

0.386 

0.149 

a Group II 

. -3 
3. 78 x 10 .·· 

1'.520. 

2.31 

a Group I consisted of. individual detenninationf? from a .. 
. single culture and Group II o.f determinations from ten 
different cultures. 
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Table 3. Frequency of Spontaneous Formation of Duplication in 
Strains SWll, SWl, and SW13 

Strains 

SWll 

SWl 

SW13 

Relevant 
Genotype 

+ + recA polA 

- + recA polA 
+ -recA polA 

+ Average Mte 
a Frequency 

4.12 x lo'""3 

4.89 x 10-4 

1.82 x lo-:-3 

Percentage of Frequency 
of Strain SWll 

100 

11.9 

44.2 

a At least three trials were averaged for each strain. 
Frequencies were determined for a stationary phase 
culture and is expressed as the number of M:te+ colonies 
per viable cell plated. 
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+ frequency in a RecA strain when compared to a RecA strain for another 

duplication appearing in ~· typhimurium. The formation of these 

dup:Lications does not appear to be absolutely dependent· on recombination 

because some duplication occurs in the RecA- strain. 

The frequency of format.ion of the duplication in the PolA- strain, 
+ . 

SW13, was less than half that of the PolA parent, strain SWl 1. This 

indicates that the polA gene product does have an e£fect on the process 

of gene duplication. However, the effect is less than that of the recA· 

gene product, so that the alternative(s) to the polA".""dependent process 

is relatively efficient, while the alternative(s) to the tecA-dependent 

process is relatively inefficient in duplication formation. 

C. Frequency of Loss of the Duplication 

The frequency of loss of the duplication was measured for the 
+ . . 

three strains SW12, SW3, and SW14, the Mte derivatives of SWll, SWl, 

and SW13, respectively. + Approximately 27% of the cells in a Mte · clone 

+ + -of SW12 (recA polA ) were Mte • Following growth in PB to mid-log 

phase, 49% of the cells wereMte-, and by stationary phase, 65% were 

Mte (Table 4). When small colonies were streaked to fresh MM agar 

plates, mostly small Mte- colonies, with a few large Mte+ colonies, 

developed. 

Small colonies also developed after spreading cells derived from a 

Mte - + -colony of the RecA strain, SW3 (Mte , recA ); however when any of 

these colonies were streaked to fresh MM agar plates, most of the 

resulting colonies were large (Mte+), with a few small colonies also 

appearing. BecauseRecA- strains segregate non.,-viable cells (Clark, 
+ . . . -

1971) it is not surprising that some Mte clones appear }fte . Since these 
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Table 4. Frequency of Loss of Duplication in.Strains SW12 
and SW14. 

Amount of SW12 
Growth a Percent Mte .. 

Initial 26.8 

.Mid-log 48.9 

Stationary .64.9 

SW3 (recA-) 
- Percent Mte 

o.o 
o.o 
o.o 

-
Sw14 (polA-) · • 
Percent Mte-

57.6 

82.1 

91.0 

a . . + . . . 
·· Amount of growth allowed a Mte colony before sampling 

to det.ermine frequency of duplJcation. 
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small colonies a.re Mte+ through a phenotypic variation, it appears that 

there is no detectable loss of the duplication in the.RecA strain, SW3. 

The frequency of the small colonies in stra.in. SW3 was approximately 3%, 

so the frequency of formation of the duplicat.ion was perhaps under-

estimated by this amount. 

The frequency of lOss of the duplication in the PolA strain, SW14, 
·.· .. . + 

·was greater than that of the PolA strain, SW12. ·Approximately 57% of 

the cells in the orig,inal suspension of a Mte+ colony we:te ~te- •. · At mid-. 

log phase 82.1% were Mte-, and by stationary phase 91% were Mte-. 

Accuracy of the determination of the frequency of loss of the 

duplication was much less than that for the determination of the 

frequency of formation. In determining th~ frequency of forijlation of the 

duplication, 30 to 100 Mte+ colonies were_ counted on plates containing 

about 104 small (Mte-) colonies~ so that a very large numb~r of cells 

were screened. However, only about 100 to 200 colonies (total) were .· 

generally present on plates when determining the frequency of loss. Over 
. . 

50 small colonies from each of the strains were streaked to determine if 

they were actually Mte-. Small differences in numbers could cause large. 

relative errors in results for the determination of the frequency of loss 

of the duplication. 

D. · · Endpoint Mapping 

Endpoint mapping was done using the translocatable drug-resistance 

eiement, TnlO, to determine if there were any differences between the 

endpoints in the different strains. Unfortuantely, it is not possible 

to map endpoints in a RecA- strain, such as SWl; because, thcmgh 

insertion of the TnlO element is independent of the- recA gene produGt 
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(Kleckner, et al., 1971), transduction of a marker containing the 
' . .. . . . . . . . . . 

elemerit require~ homologous recombination which is ·d~pendent on the · 
. . . . . . . ; . . . . . 

recA gene product (Roth~ ·personal communication) • . However, this --.· .· •' . ' . . ' ·. ' ·.: ' ·. + . -
restriction did not prevent comparison of the PolA and PolA · strains. · 

Mapping data was obtained first for the PolA.+ strain, SW12, to 

determine the reliability of this method for mapping this duplication;~ 
' ' . 

Based on the absence of prototrophsj. the results for strairi SWlZ 
. . . . -

. (Tabl~. 5) incH.cate cle~rly t~at the hisG marker is outsid,~ ·the. 
' ' -.- . 

duplicated. regioh, while' the purFmarker is ins:td~. The iivA and metE .·, 
. -- . ~ 

markers at the other end of the duplication are :found to be outside. · 
. . ' 

These data agree with the mapping results obtained by Stratis and 

Hoffmann (1975) by another method. However~· the argG marker, ·which 
. . . . 

should be inside tl:te duplicated region,~ ~ppeats,outside b~causevery 
.· .. . 

few p'rdtotrophic tra:nsductants are recovered. This iri.terpretati6n is 

not necessari:J_y the cmly one for Roth and. ·schniid (pers~nal communication) 
' . . . - · .. - , . 

. have observed that duplication of the argG region is sem±lethal artd it 
. '. ·.+' .· 

is likely.that Mte strainshave lost one copy of the duplicated argG 

region in order to survive. Thus, st.rain SW12 might be haplOid for the 

argGregion. 
+ .· . : . 

A Cys . den.vat1ve of strain SWll was obtained in order to determine 

whether the cysG marker was duplicated. + SWll was transduced to Cys ·. 

·.· using P22 n:a43. The transductant colonies were streaked for puri:f i~ 

cation. on QM plates,.· and one was cur.ed of P22 lysogeny (SW16). }... Mt~+ 

colony of this strain was picked and streaked to a fresh MM plate. A 

clone was then picked and grown in MM liquid meclium an(i transduc;,ed .to·. 
R ·.· 

Tet · · 11sing a lysate grown on .strain TT172. 

.. ·.· 
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. The .re~ults for. thismS:rker arealsd eontta,.z;y t~. what was expecteq. · 
. : 

· Th~re were very few. prototrophie transductants, indicat~ng the marke.r; 

which should be inside the duplicated region, lies outside. the 

duplicated region. Th~ results for the ar$G and cysG markers .ca~ts .. 

doubt on t'.he reliability of using this method . of .mapping for this 
. . 

dupH.cation; or indicate that the duplicated region in .the strai~ .· 

·· test~d is not as eJ\'.ten,sive. as mapped by Straus and Hoffmann (1975). 

On this basis~ it was decided that mapping bf the duplicatiol'!. in the 

· Pol~"." strain would be fruitless. 

E. Effect of UV EXposure on the Frequency of Dtiplicai:ion 

' ·In order to measure the effect of UV exposure and rec~mbina,tion ·. 

and repair pathways on the frequency of.duplication, the surv;i..val of 

strairi's spread on GM J:>late~ 'foilOwing exposure to. UV was determined. · 

The.results are presented iri Fig~ 4. For determination of the effect 

of UV-irradiation on d\lplication formation,. strains were irradiated . 
. . .. 

to the same UV 'dosage u$irig the data derived in Fig. 4. ~posu·re 

times for each strain were chosen to result ·in appro;ximately 10% ·. 

survivors and 1% survivors. The results of the UV induction experiments 

are presented in Fig. 5. 
. . . ··. ··.·· + . + · .. 

Exposure of straim~ . SWll (re¢.A polA ) and 
+ . - . . . . . . 

SW13 (recA polA.) to UV resulted in a sharp increase in.the frequency 

of duplica:t.ion. .II!. contrast, exposure of the RecA-::. strain, SWl, 

resulted in a decrease. 

While the points in Fig. 5 were derived from the average of several" 

experiments, all tria.ls showed the same trends; e.g., ·a decrease in. 

strain SWl, and iµcreases in strains SWl~ and SWl3; with. a greater 
. . . 

.' '". ,.· 

; . ~· 

rate of increase. in strain SW13. The .increase in duplication freq\J,ency . · 
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Fig. 4. Survival of strains spread on GM plates 
following UV exposure. Strain SWll is 
represented by 0 , • represents strain 
SW12, O represents strain 8Wl, e 
represents SW3, !::::. repre.sents strain SW13, 
and £ represents strain SW14. · 
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SW12 

0 30 60 90 120 

UV EXPOSURE (sec.) 
Fig. 4. Survival of strains spread on GM plates following UV 

exposure. 
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Fig. 5. Effect of UV exposure on the frequency 
of the duplication. Strain SWll is 
represented by 0 , e represents. strain 
SW13, and m repres.ents strain SWl. 
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Fig. 5. Effect of UV exposure on the frequency of the duplication. 
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+ for strains SWll and SW13 is not due to selection of Mte cells, for 

there is no differehce in UV survival of Mte+ and Mte- cells (Fig. 4)., 

Likewise, the decrease noted for strain SWl is not due to different 
+ - . 

UV-resistance of Mte and Mte cells. 



VI. DISCUSSION 

A. Luria-Delbruck Fluctuation Test 

The results indicate that the formation of the gene duplication 

is random and occurs independently of the selection process. There was 

a difference between the frequencies of the duplication observed for 

the two groups of cultures, implying that duplication occurs randomly, 

independently of selection. Both values were within.the range observed 

for the strain over several determinations of the frequency. Thus, 

because duplication formation is dependent of selection, it was 

possible to determine the influence of recA and polA gene products on 

gene duplication. 

B. Frequency of Formation 

The frequency observed for the formation of the duplication in the 

+ + RecA , PolA strairi, SWll, is quite high. Even in the RecA strain, 

SWl, and the PolA strain, SW13, the frequency is high enough so that 

at any time the fraction of a population possessing the duplication 

and any selective advantage it niay confer, would be significant. Dupli-

cation would also play a more important role in changing the population 

than mutations, since its frequency is much greater tban the mutation 

frequency. 

The decreased frequency observed for the RecA- strain, SWl, 

indicates the involvement of the .recA gene product in the formation of 

the duplication. Because duplication occurs in the RecA- strain (albeit 

at lower frequency): there may be: (1) mor.e than one pathway of 

duplication formation (one recA-dependent); or (2) onJ_y one pathway 
.'- _.:, .;·._-· 

which is not completely dependent on the recA gene product. The.se two 

48 
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hypotheses need not be mutuall.y exclusive. The hypothesi~ involving · 

multiple pathways would be favored at this time because of.the multiple 

pathways involved.in recombinatfort (Clark, 1971) and repair of UV-

induced damage (Witkin, 1976). A possible alternate pathway might·.· 

involve "illegitimate" recombination, known to take place at insertion: 

sequences (Anderson and Roth, 1977) • One basis for the variable. 

dependence upon the ~ gene product . in different duplicad.orts 

(Anderson and Roth, l977) couid be the nature of the D~Asrib~til;lte; 
• • . . . . . . . ·J . •' . . ·.·· 

that is; whether insertio11 sequences are available at the endpoint; 

regions. Thus, the formation of duplications may be substrate 

dependent:·· Alternate pathways (appropriate substrates) may not be; 

available irt those cases where the fO~tion of duplication is totally 

dependent on homologous DNA. 
- .. · 

The lower frequency of formatian of duplicatfon in the PolA strain, 
.. · 

SW13, ii; an indication that the product of this gerie also.plays·a role 

in the process. Due to the difference in magnitude of the ef:fect, it 

appears that they either affect different pathways, or that the polA 

gene product is .epistatic to th.e recA-dependent pathw.ay. However, the. 
. + 

lower frequency of Mte colonies obser.ved may actually be due to the 

higher frequency of loss of the duplication in this strain (se~ below).. 

C. · Frequency of Loss ·· · 
. + The frequency of loss of this dut'lication in the Re·cA strains, 

SW12 and SW14, is also high. The high frequencies of both gain and 

loss of the duplication provides for a steadily changing population. Of 

cells with the duplication, so that it can e-xist irt,a yatf,ety.of 

·backgrounds at a: given titne. 
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The frequency of loss of the duplication is much greater than the 

frequency of formation. So, while the frequency of formation will not 

affect the measured frequency of loss significantly, the frequency of 

loss will affect that of formation. This may be the reason for the 

lower frequency of duplication formation measured for strain SW13, 

rather than influence of the polA gene on formation. 

The lack of a.ny detectable loss of the duplication in. the RecA 

strain, SW3, indicates that the mechanism involved is completely 

dependent on the recA gene product. The loss of other duplications 

for which data is ·available are also totally dependent on the recA 

gene product (Glal1sdorf and Sand, 1968; Straus and Straus, 1976). It 

would seem reasonable.that recombination would be .the primary means of 

loss of a duplication, since there would be two very large homologous 

regions present in cells carrying a duplication. The difference in the 

effect.of the recA gene on the formation and loss of the duplication 

does indicate, in this case at least, that one process· is not simply 

the reversal of the other. 

Due to the low number of colonies practical to screen for loss of 

the duplication, it is possible that there is a low frequency of loss 

of the duplication in the RecA- strain. However, this frequency of 

loss would have to be several orders of magnitude lower than what is 

+ observed in the RecA strains. 

The greater frequency of. loss of the duplication in the PolA-

strain, SW14, is evidence that the gene product functions, not in 

promoting the loss of the duplication, but in preventing its loss. 

One possible way in which it may fill this function would be to repair 
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small lesions which may make the DNA a more suitable substrate for 

recA-dependent functions. This hypothesis is not compatible with the 

lower frequency of duplication formation for the PolA- strain. However, 

the lower rate of formation could possibly be an artifact caused by 

the higher frequency of reversion. 

D. Endpoint Mapping 

The endpoint mapping data using the TnlO element was not in 
' ' 

agreement with the results obtained by Straus and Hoffmann (1975). It 

is possible that either the method is unreliable for the markers tested 

or that the duplication is not as extensive as mapped by Straus and 

Hoffmann (1975). Further testing of other markers in the region 

thought to be duplicated should be done using several strains and 

several independently isolated Mte+ derivatives of each, to determine 

which hypothesis is correct. 

The establishment of different endpoints of the duplicated region 

in the strains tested would have provided evidence for different 

mechanisms of formation. Any mapping technique which is limited to 

placing an endpoint between two widely spaced markers could be 

inadequate for this purpose. 

E. Effect of ,UV on the Frequency of Duplication 
+ . + The increase in the frequency of duplication in a RecA PolA 

strain (SWll) following exposure to UV was as expected and agrees with 

the results obtained by Hoffmann arid Morgan (1976). They suggested 

that the formation of pyrimidine dimers was responsible for the 

increased rate of duplication formation. Certainly thE?. formation of 

dimers is necessary, but since mutagenesis is caused by the repair of 
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UV-induced damage, rather than the damage itself (Kondo, 1973), it is 

necessary to look at the repair mechanisms involved to actually 

determine how UV causes an increase in the frequency of gene duplication. 
. . 

. The lack of any increase in the formation of duplication following UV-

irradiation in the RecA- strain, SWl, strongly suggests that the 

increase observed in wild-type strains is due to the induction of recA.., 

dependent functions. The decrease in the formation of duplication 

observed in the RecA strain could be explained by the induction of 

repair pathways which are error-free (excision repair involving polA) 

and compete with the recA-dependent pathway for substrate, UV-damaged 

DNA. (Witkin, 1976). 

In a PolA- strain most of the UV-induced damage is repaired via 

recA-dependent pathways (Witkin, 1976), so the higher level of 

induction seen in the PolA- strain, SW13, is consistent with repair 

pathways being a major factor in the UV-induction of duplication. 



SUMMARY 

Frequency of formation of a genetic duplication in Salmonella 

typhimurium is lowered in strains with the'recA mutation (9 times 

lower) or the polA mutation (2 times lower). Lack of an absolute loss 

of duplication formation in the ~cA strain suggests that though the 

majority of the gene duplications are dependent onrecA .... promoted 

recombination, other pathway(s) could be involved. Loss of duplication 

was eliminated in a RecA.,... strain. It is likely that the two-fold 

lower frequency of duplication formation observed for this strain was 

due to enhanced loss of the duplication. Possibly thehigher rate of 

duplication loss is due to the loss of the error-free repair pathway 

and reliance upon recA error-prop.e repair. 

UV-irradiation enhanced duplication formation in wild-type and 

. PolA- strains but there was no enhancement in the RecA- strain, 

indicating dependence of UV-induced duplication formation on recA-

dependent, error-prone repair. The enhanced rate of UV-induced 

duplication formation in the PolA- strain over the wild-type is 

compatible with the concept of shifting reliance from error-free to 

error-prone repair. 
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GENETIC .DUPLICATION IN SALMONELLA TYPHIMURIUM .. · 

by 

Suzanne L. Winfield 

(ABSTRACT) 

'A gene duplication occurs in Salmonella typhimuri.uni which involves 

about 30% of the genom~. The frequency of formation and loss of this 

dupliCation was determ:i.ried. i.I1 a Rec.A"" strain and a PolA""'. strain and 

. compared to that qf a :RecA, +, PolA + strain ••. The frequency of. fornla.tion 

was found to be reduced in both RecA- andPolA""'. strains. Loss of tqe 

duplication was eliminated in the RecA- strain, while the frequency of 
. .· . + 

· 1oss was found to be gi:eater in a PolA •.. strain than in· the PolA strain. 

·.The effect of UV irradiatian on the formation of· duplication was 

also compared for the three strains. There is an increase in the 
. . 

. .. . . .. · .. + ·. + .·· ·. - + .• . 
;frequency of formation in both the ].)olA, RecA andPolA, RecA ·strains, 

the increase being greater in the PolA strain. The frequency o.f 
. -

formation is reduced in the RecA. strain. It is postualtf:!.4 that recA-

dependent repair pathways are involved in the formation of the. 

duplication, but there is at least one other .pathway availabl.e. 
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