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I. LITERATURE REVIEW

A} ‘Definition and Significance of Géne Duﬁliéation

Gene duplication is albhénomenoh.which resuits in tﬂevformatioﬁ
of a genome containing more than one copy of a segment‘of the origiﬁal’
genome in the.célll(Fig, 1. ‘Géne &uplication has beéh obSefﬁed in
| many eukaryotic orgaﬁisms, including‘Drosophila (Bridgés, 1936),

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

Burham, 1956), and man and fishes (Ohﬁo, 1970). It has also been
observed in many species of bactéria, ineluding Gram—négative bacteria

‘such‘aé Esche:ichia coli (Folk and Berg, l97lj Hill et al,, 1969) and

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

1976) and Gram-positive bactéria, such as Bacillus subtilis (Audit and
Anagnostop0ulos,>1975).

Gene duplication may play an important role in‘baCteriél evolution
as it ‘does in eukaryotes,(Ohnp,:l9?b) because the high frequency of
‘duﬁlication.and the high reversion rate make gene‘duplication well
sui#éd for providing:temporary adaption to changing conditions
(Anderson and Roth,'1976). ‘It may also result in a permanent modi-
fication to a celi's genome. Zipkas and Riley (1975) have proposed
thaf the genome_of;E. Egli'K—IZ was pfbduced by two sequential
duplications of an ancestral genome upon locating the position of
related genes in the E. coli K-12 chromosome. Gene; ﬁere considered
related’if‘their gene products‘were: (1) isozymes catalyéing the same .
feactipn, (2) enzymes cétalyzing similar reactions or‘seqnential
reactions in a biééhemical pathﬁay, or (3) related cellular structuréé;

_Their,conclﬁsion was based on the observation that many related genes



Fig. 1.

‘Diagramatic representation of gene

duplication including terms defined
in the text(from Anderson and Roth,

11977) .
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are located 90° or 180° apart on the circular genetic map.g,.coli;
They suggested that clusters of related genes arose through a»procese

of‘tandem gene duplication. '

B. General Characteristlcs of Genetlc Dupllcatlons and Stralns
Carrying Dupllcations :

Dupllcations occur spontaneously aé ‘a hlgh frequency. A dup— g
1ication:which occurs in S. tyghimurium, yielding a phenotypic
revertant of a glycyl—tRNA synthetase mutant, has been found to have a
frequency of formation of about 8 x 10 -5 per yiable cell plated on

'selective medium (Straus and Straus, 1976)."This frequency‘is close
to thet.obseryed forva'simirar;dunlication involvingvthe'same locus

in E. ggli_(Folk.end Berg,'1971).’ Straus'and Hoffmann (l975)hreported.
a frequency of up to 4 X 10.».4 per cell plated-for the duPliCation

they descrihed‘in>§¥vtyghimuriun’(Fig.'2)5‘>Whether or>not the
frequency of dupliCation is denendent‘upon the loci included in the
duplicated regionxawaits further analysis with more duplrcetions.

Gene'duplicationsareunsteble compered toqother genotypic-changes_
such‘as deletions, point mutations and frame—shift mutations. The o
dupllcatlon1n,s typhimurium characterized by Straus and Hoffmann
(1975) (Fig. 2) is lost at a frequency of two to five percent per>
generatlon when cells are grown in nutrient broth and the stralns
contalnlng the duplication isolated by Straus and Straus (1976)
contain about ten to flfty percent haploid revertants when grown to
stationary phase in non-selective medlum.

Upon reversion to the hap101d state either copy of the dupllcated

region may be lost (Straus and Hoffmann,v1975). Strainsvcarrylng_a



Fig. 2.

Map of Salmonella typhimurium carrying
the Mte™ duplication indicating the
duplicated region and some markers of
interest with their map positions

(Straus and Hoffmanp,1975; Sanderson
and Hartman, 1978). '




Fig. 2. Map of Salmonella typhimurium carrying the Mte+
duplication. ’ '




duplication:have two cépies‘of genes ioéated in the dupliéated regioh‘
so that one copy of a gene can be ﬁodified by transductioﬁ-orr
kconjugation without affecting the éther;“;If‘a’strain,carfying a
duélication ha&ing two,recessive‘alleies lying in the«duplicatedbregidn
is restopéd to the-ﬁiidéfy§e pheno£ype-wifh the reéessive ailéle éf one‘
ylocus and‘wild-type allele at the other locus boéh Wild—type and
recessive phenotypes éhbuld_bé observed among th¢ haploid feVertants
(Straus and Hoffmann, 1975; Anderéén and Roth,';976), although this
is not always oBserved (Straus, personal comﬁuﬂ£éation;'Winfield,
unpublished).

Because either copy of the duplicated region may be recovered,
thié‘éegregétion of markers upon'rgversion has beenvused as evidence
‘ thétvthé cells carry a tandém duplication within a single genome
(Straus and Hoffmann, 19753 Folk and Berg, 1971), rather than cérrying‘ ;
an exfrachromosbmal geﬁétic element. In eukaryoteé, fhé’extfa ﬁéteﬁial
mayvbé adjacent tovthe~original or tfanéposed to anothef‘chromosome-
(Bridges, 1936; HanSChe,let al., 1978). Becaﬁsé so féw»dupliéations
have beén examinéd it is possible that some dupliéated:segments are
carried onvextrachfomosomal elements. Segregation of markers in
haploid revertants has also Been used as a means of mapping ;he extenf"
of the duplicated region (Hilllaﬁd Comﬁriato, 1973; Straus andbﬁoffmanﬁ;x
11975).

Many dupliqations which have bééh mapped have non-random-endpo;nts.
vHill énd Combriato (1973) have described a duplication in'which seven
,6f tén isoiates havé one endpoiﬁtzin common, and five‘of these seveq

" also share the other endpoint, as mapped by the above method. A



duplicati6n~0ccﬁrringiin E:_typhimuriﬁmiwhich‘has‘been characterizéd"
by StrausvandrHoffmaﬁﬁ (1975), has also been foﬁnd to have ﬁniqhe
endpoints. by use of,this'methbd (Fig. 2)._ At‘léast seven independen;
isdlates_of the.dﬁplicationvfrdm:sfraiﬁs carrying‘reCeésive markers .-
were examined for‘merodiploidy of~24.genes éroﬁﬁd the duplicated
region. All isolatésvyielded similar tesults,_With one endpoint
occurring between glRI;and hisG (3.5 min) on one side and pPyrE and
ilvA (4.5 min) on the other side. - The accurééy-of ﬁhis method is
limited and cannbt detect‘any small differenges in endpoints just
betﬁeenvmarkers (1 minute on the genetic map is equal -to 200 kilobases
of DNA). | |
It has bgen obserﬁed that a duplication can be transferred to a
reciéient cell by transduction (Hill, et al., 1969;1Hill and Combriato,
1973). The selected marker must be cotransducible with the join point
(Fig. 1) which is that unique point betweeﬁ”thé two duplicated
sequences. Other than the materiai directly adjacent~to the selectéd
~ marker and the join point, all material in the duplicated fegion is
derived from the'reéipient chromosoﬁe.. This transductional event is
proposed to occur by a mechanism first éuggested by Campbéll (1965).
Each side of the joiﬁ point is homologous wiﬁh‘a different region of
the recipient chfomosome so that fhe transduced fragment fécombiﬁes
with the two arms of a replicating chromosome in the recipient cell,
one recombination évent taking place on each side of the join poinf.
In one experiment;_Hill, et al. (1969) found that about nine percent

of transductants recovered in such a cross carried a duplication.



C. vSeléétion of Strains CarryingbGene Duplications
| Aé in any other éhangé in genétic content or gehome‘strﬁctUre, 
duplications éan only be detected When‘tﬂéy cause some modification
iﬁ'the.phenbtype of the orgaﬁism. In the case of bacterié,'this
change’iﬁ’phenotype has so far been'due to one of the foliowing{ @D
increased gene dosage, (2) coinheritance of fwo different‘ailelic
‘markérs, or (3) opé:qﬁ fusion. | |
The selective‘advantage of some gene duplications is baséd on
the‘presence of two or more copies of a given gene leéding to
increésed levels of the gene prodﬁct. ‘An example of this is that:of
&rugéresistance’determiants in plasmids ofrthe Enterobacgefiacéae |
(Hashimoto and Rown&; 1975). Celié which contain‘severgl:éopies of;
the.resistancé determinant on the>pl§smid aré more resistant to‘
challenge by drugs and will outgrow cells containing oqu éne copy
Vhen.grown in the presence of the drug (Hashimoté and Rownd, 1975); |
‘FolldWinggrowth in‘a chemostat where lacfose was the limiting
substrate,‘mutants oflg, coli havevbeenrisolated by Novick and HOriﬁchi
(1969) which contained ﬁp to fout‘copies of the lactose operon. Thesev s
strains produced higher 1évels of B-galactosidase, which was found to
be qualitatively identical to that found in wild-type strains. Because
the chafacteristic wés lost at a high frequency it was assumed to Be '
-due to a gene duplication.
"Anothér example of increased gene dosage througﬁ gene dﬁplicétion

is found in Klebsiella aerogenes during growth onrxylitol as the sole

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

produée,an'enzyme which is specific for this sugar, mutants which
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produce ribitol dehjdrogenasebconstitutively can grow slowly,

because this enzymeuhasva weah catalytic activityqur'xylitol.
Continued growth Of'these strains on Xylitol yields some isolates
which\can grom faster. The presence of a dupllcatlon in these stralns'
was 1nferred from the 1nstabillty of the characterlstlc and the hlgher:
levels of ribitol dehydrogenasei(Rigby, et al., 1974).

Folk and - Berg (1971) have descrlbed a dupllcatlon in E. c011 g
glycyl-tRNA synthetase mutants whlch results in a reversion of the
strain' s‘phenotype_from Gly 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 S. typhimurium involving the -
same genellocus, although the extent of the~duplicated‘region is much
1arger. The presence_of a duplication‘in the isolated strain was
indicated by‘tworcharacteristics typical of.gene‘duplications:l(l)
the phenotype was unstable, (2) markers near the glyS gene were
duplicated, as demonstrated by segregation. In addition. loss of the'
Gly+'phenotype was dependent on recombination functions (see belowj.
However,.they found that'the level‘of the enzyme in these duplicated-
strains was not 51gn1ficantly higher than in the haploid parent strain. K
Furthermore, another duplicatlon overlapping- thlS area, and containlng thev
| glzg gene locus (Straus and Hoffmann, 1975), does not possess a Gly
phenotype in strains w1th the suppressor mutation. These factors
indicate that in §, tzphimurium, in contrast to E. Egli 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 éilelic markers in order to obtain gene
duplications. A missense.suppressor,mutation located in a'glycfl—tRNA
(g;iz) gene of E. coli which suppresses a Trp_ pﬁenotype results in
slow growth and distinctive colony morphology. Fdilowiﬁg growth of a
Trp— mutant about 0.17 of Tr§+ Strains'which arise épontaheously
carry the suppressor mutation and retain the wiid—type élléle for a
normal glycyl-tRNA. When the wild—fype alleie‘is present in édditién
to the suppressor-mutation, thevcelis are normai ﬁith fespect to

- growth rate and colony morphology. " Evidence for tﬁe presencé of a
duplidation.was prbvided by the segregation of the gizzf-and glxg
(Su+) alleles and several other nearby markers (Hill and Combfiato,‘
1973).

The fusion of‘two operons has been the basis for selecfion of
dﬁplications»iﬁclﬁding the»histidiné operdn of S. tzghimuriﬁm. The'
hisG203 mutation is a deletion of the operator (hisO), pfomoter, and
a portion of the first structural gene (hisG) in the histidine obefon.
Uponbselection for:strains which can use an intermediate (histidinol)
in the'pathwaj as a source of histidiﬁe, strains have been. found
which contain a duﬁlication whose presence was indicated‘by the
instability of the trait (ability to grow with histidinol) -(Ames, eﬁ
al., 1963). |

D. Possible Mechanisms of Formation of Gene Duplication

Several mechanisms are 'known whereby gene duplication occurs in
eukaryotes. Bridges‘(l936) found that unequal crossing over is
responsible for the duplication caUSing Bar eye in Drosophilé.

Another mechanism, which involves transposition of the duplicated génes,
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followed By reassortment of’chromoSomes or chromatids;yhaS’been

.found to be. respon31b1e for gene dupllcation 1n such organlsms as

_corn (Goplnath and Burnham, 1956), and Saccharomyces cerevislaev
(Hansche, et al., 1978) | - |
o Insertlon sequences nané been implicated;in‘;ne emplification
of drug—resistance‘detenminanfs on R plaéﬁids (Steflinger.end"
Saedler, 1976). Ineeftion‘sequenees (iS) are short (800—1400'bése
pairs), unique_nucleofide sequencee found,at’different eites in the
E. ggli_genomekand its plasnids (Multiple cnpies-pef gendme or nlasmid;
,Bukhari,,et al;,,1977). Five different IS elements heve been
. identified and some are found'et each end of drug—resisﬁance 1
determinants (called transpoeons), nhich can serve as regions.of
homology'for reedmbination"to take place’(éaedlef, 1977); These
sequences are eapable of'inserting iﬁto nbnfhomologOus DNA5and cansing
polar mutations and:heve elsovbeen implicated in several nnnsual |
‘ recnmbination phenomena including deletions, inversions, fusions;
amplification of ﬁ factors, integration of F plasmids, and Eggéf
independent recomninatien (Stariinger and Saedier, 1976).
Useful information hes been geined concerning the mechanism
of formation and loss 6f duplicatidns by determining the ffennency
of occurrences in strains with different genetic backgrnunds or under
different conditions. The role of recombination in the forﬁation‘of
gene duplications cen be studied throngh the uee of reedmnidation_
deficient mutants. One sucn class of mutante of E. coli K—12 canry
© a mutation in the recA gene and ére'lacking any deteetable:l

recombinatinn (Clark, 1971). -



"One class of'revertantsvof a deletion of”the promoter40perator
reglon and the flrst gene of the h1st1dine operon ( 130203) able to.
grow on a hlstldine 1ntermediate, hlstldlnol, contaln a duplicatlon of
“the undamaged region. These partial d1p101ds-are unstable and
bsegregate hlStldanl non—growers whlch are hap101d and contaln'the;
original hisG203 1esion (Ames, et al., 1963) Interestlngly, this one
class of revertant (the other classes elther carry an. addltlonal
deletlon or a p01nt mutatlon, Lev1nthal and Yeh 1972) was not foundvt
when selectlon was made in a RecA strain (Anderson and Roth, 1977)'
The frequency of formationvof another duplication in.§;ftzphimuriUmg
: resulting in two or more copies ot'the entireihistidinefoperon is"
reduced 1000 fold in a RecA strain (Anderson and Roth, 1977) |

By contrast, Straus and Straus (1976) found only a twenty—fold v
reduction in the formation of another duplication in a RecA straln
of'Sf‘tzphimurium. Further, the frequency of a dupllcatron.whlch
fuses part of an arg1n1ne operon to an: unrelated promoter in E. coli ‘:
‘is not dependent on the function of the recA gene and occurs with j
nearly equal frequeney in RecA and RecA stralns, but the loss of
:thisuduniication is.dependent;uponvrecomhination.and will not occur
in a ReeAf‘strain (Glansdort‘and"Sand,‘1968).

_hili, et'al., (1977)‘have reported'evidence thatﬁthe glyT j
,duplieation in E. Qdii is due to reComhdnation between'eopies of~‘
'ribosomal RNA'genes; The investigators 1nduced 1oss of the dupllcation .
by mlld exposure to ultrav1olet 11ght and recovered closed circular
DNA whose 1ength eorresponded to the length of the duplicated‘region"

and the distance between the copies‘of the riboSomaliRNA"genes in the -



area; and also contalned the predlcted number of copies‘of the RNA
genes (H111 et alr, 1977) The frequency of formatlon of.thls p{
duplication was not determlned in a RecA strain to conflrm that l
recomblnatlon wasbentirely respons1b1e.for the dupllcatlon.

Since the frequency of formationiof dlfferent duplications show
| varying degrees of dependence on normal.recomblnation pathways,'it
seems.likely:that-there is morevthan’one:mechanismfinnolved.v Somefofv
.»those,duplications Whichiare'not:fOrmed through{normal‘recombination,f
pathways may be formed through "illegitimate recombination Whichfis
deflned as belng 1ndependent of ‘the specific recombinatlon genes
of E. coli or of basevpair hOmology»(Franklin, 1971). This illegit--.
Vlmate recombination may be mediated by the presence of insertion
vsequences,ﬁsince these'sequences‘are known‘tobbe involved“in unuSual
vrecombinatlon phenomena and are Wldely d1spersed‘through bacterial
chromosomes (Saedler, 1977) |

Ultrav1olet (UV) irradlatlon and some mutagens are known to
increase the frequency of duplication in bacterla., Hlll and Combriato.
(1973) found approximately a lOO—fold increasefin»the*frequency,of :,'
duplications recovered_after exposure'to uv. Hoffmann‘and’Morgan :
(1976) have also observed a significantbincrease“in the freguenC§ of,v
both~formation and‘loss of a‘large duplication»in’S.ifzphimurium.v‘“
ilBoth Hill and Combrlato (1973) and Hoffmann and Morgan (1976) found
that exposure of cells to visible llght could reduce thls effect.

Exposure of'bacteria to UV causes ‘an increase in the mutation
 frequency due to‘misrepair of‘radiation damage (Kondo, 1973; Witkin,

1976) . Damage‘to.bacterial DNA caused by UV irradiation is normallyﬁ
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repaired in ene of>three Qﬁys: (1)'photoreactivetieh, involvingve’
visible llght-activated enzyme, (2) exc131on repalr, involving DNA -
. polymerase A; and (3) post—repllcatlon repair, involv1ng recomblnatlon
and requlrlng ‘the recA gene product (Witkin, 1976) The frequency
“of mutations is greatly reduced when 1rradiated cells are exposed to
 visible light. UV—1nduced mutathns are e11m1nated in strains with
a defect in tﬁe EEEé gene,:indicating that the recA mediated pathways
of ﬁepaif.areverrerQProne‘aﬁd fesponsible for the mutations (Witkin,
1976), It hes not yet been determined if the-increase’in‘the fofmatien
of duplications by UV irradiation is dee to the stimulation of,error—.

prone,.recA—dependent repair pathways.



iI. OBJECTIVES

Straus énd Hoffmann (1975) isolated a strain of Sélﬁonella:
txphimurium_whicﬁ contains a duplication of about 30% of its genome and
forms large colonies on.minimal medium cbntaining-L—malic acid as the
sole carbon source. Becéuse of the éase of selection and enumeration
of strains carrying this duplication, I propose to study the formation
and chafacteristicé of this duplication.

A Luria-Delbruck fluctuation test (Luria and Delbruck;‘l943) was
done to determine if the duplication isolatedvand characterized by
Straus and Hoffmann’(1975) occurs spontaneously or is influenced by the
selection proceés. Since it was found to occur spontanedusly, further
testing wés done to determine genetic factors which influenced the
formation of the duplication, to infer the mechanismvof formation. A
set of isogenic strains was»constructed differing only at the'zggé and
polA loci. These strains were compared to.ﬁild—tybe and one another
with regard to:-(l) frequency of duplication formation and loss, (2)
the location of the dupliéation endpoints,vaﬁdi(3) the frequency of
formation of duplication after exposure to UV-light. It was anticipated
that byvcomparing these éfrains some information‘cpuld be gained
concérning the role of recombination and repair in the formation and

loss of the duplication.

16



III. RATIONALE -
. The Luria-Delbruck fluctuatien test.hesbbeen used to determine,ifk

»mutat1ons are random events or are caused by the selectlon process‘
(Lurla and Delbruck, 1943). If there is a»greater variation in the
frequency of mutants between'cultures than there is within avculture, the
mutational event occurred randomly durlng growth of the culture. If the
variance between cultures is the same as that w1thin a culture it
indicates that alllthe samples diverged at the same starting point; that
. is, on the‘selectiye'plates.

The genetic factors to be'considered.in'this research are the

effects of the polA and recA genes, both of which are invblyed in repair
of DNA.. PolA  strains are lacking a.majcr DNAvpblymerese’(pdlymerase I)
and are deficientvin the'excision repair pathway(Whitfieldend'Levine,
1973). vRecA_ strains are deficient infrecombinetfon’and in-the pcSt—
replicaticn repair pathnay (Clark, 1973; Witkin, 1976). In order te

study the effect of these genes an 1sogen1c set of strains will be

constructed recA polA , TecA polA s and recA E 'Because'recA_
polA "~ strains are inv;able, that_combination cannot be tested (Clark,
1973). The frequency of duplication will be compered amqng’the three,f

strains. Differences between the strainsishouldvbe due solely to

differences in expression of the polA end recA genes. If‘there is ai

’depression of duplication frequency in a straln deficient at one of these ) J

gene sites it may . be inferred that the gene product plays a role in the
formation of the dupllcatlon
The dupllcatlon is unstable and some cells revert to haploidy at

each generation (Streus‘and’Hoffmann,»l975). A change in*the_frequency"

17
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of loss 6f fhe dupiiéatidn in a RecA~ 6rvairolA*:strain would aiéq
'implicate tﬁe»corfésponding gené produétvinrthis functiéﬁ;‘lﬂéweﬁér,‘if
the effect of;the two‘ﬁutations én,the raté'of loés of fhe‘dﬁpligation‘»'
is different from'fhéir’efféct onvthe'frequency of formafion, it can be
arguéd‘that the,ﬁechanisms bf’formafionvaﬁd loss dfbthe duéiicatibﬁ arév
different.

Mapping of tﬁé}endpointékof the dﬁflicétion Will‘bé undértaken in
an attempt;to detefmine ifvﬁhe_prodﬁcts of duﬁlication‘are'the séﬁé>in -
the three strainsbtested. If”thére’is“a differean in the pxoducts of
duplication among thevstféins, it,mAy be that‘thé:dﬁplications aré
fotﬁedvby differenf mecﬁanisms. | Any différénces infendpoints or in
‘*mechanismé should be due to the gene;ic differenceé betweén thelstrains;

‘specifically, the-polA3andﬁrecA genes. The éndpoints‘of the duplication -

will be mapped using a'techﬁique’deécribed by Kléékﬁér; et al., (1977),
making use of fréﬁ9pdsab1e drugfrésistanée élemeﬁts. These elements‘
consisting of a drug-resistance determinant bordered on e;ch‘side by
inéertion‘sequEnCes; can be inserted étvallarge number of sites in the
- bacterial chromosomenbf xgcombinatién. When théée eleméntsvrecqmbine ‘
with and are iﬁserted into a gene the;é ié‘a loss of géne:funétiOn. The
‘resulting auxotrophic characteristic is asséciated With the drug-
fesiétancé invény_sgbséquént'geﬁetic manipglations (Klecknéf,,et:ala;" 
: >1977).1 Héwéve;,_ifﬂ;here ére two copiesldf the géne:iﬁ ﬁhé é#rain into
which the marker.is transferred (e.g., a strain carrying a duplication),
only one copy is affectedxby tﬁe inseftion'element, so‘ihat the strain
‘ remains prototroph1c=f6r the charactéristic in qﬁeétion if the |

'auxotrophic character is fecessive. If the'markér associated Withvthe_
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drug-resistance element is outside the duplitated rggion; all drug—
resistant transducténts should be auxotrophic. ‘
The frequency of duplication following exposure to UV light will |
belmeasured in the isogenic set of strains. Exposure to UV light
increases the frequency of du?licétion (Hoffmanntﬁﬁiﬂofgén; 1976). In
the absence of visible light,,UV*iﬁduced damage can belrepaired'via‘
pathways involving‘either the 2§1é gene.product or the_gggé gene
product (Witkin, 1976). In strains whichbafe déficient ln one of tﬁeée
functions any increase‘in,thé‘freqqency Qbserved‘after éxposure to UV

light would be due to thebremaining-fﬁnction.



IV. MATERTALS AND METHODS

A. Bacterial Strains

The bacterial sfrains used io this'stud& are described in Table 1.
Strains DB43 and T8394lwere provided by GeorgevHoffmann; strains'AA3007
and AA3008 ﬁere proVided by Dr. Harvey Whitfield; straio1CB7l8‘is fiom'b
Df. M. Pascel; and ;11 st;ains harboring therTolo element afé from -

Dr. John Roth. Bacteriophage P22iwas obtained from the Salmonella

Genetic Stock Center.

B. Media and Chemicals

Minimal malate (MM), contained minimal‘salts of Gluthick;'etlal.;

(1969), with 0.1% (W/v) NH401 as‘oitrogeﬁ source and 0. 27‘(W/V) L-malic

~acid or 0.47% (w/v) D,L-malic acid as sole carbon source. Minimal
‘. glucose MG), contained Medium E (Vogel and Bonner, 1956) and 2% (w/v)
l glucose. -Both of these media were solldified with 1 5% (w/v)'BBL'agar.*v
All other solid media were solidifled with Difco agar. Minimal'hitraee
:(MN), contained mlnlmal salts of Glutnick et al., (1969), 0 24 (w/v)
KN03 as nitrogen source, 2% (w/v) glucose, and 1.5% (w/v) agar.
BBLvagar rather than Difco agar was used for solidifying MM solid
medium to ﬁeasure‘the ffequenc& of formation of:theidoplication‘because
colonies were more easily differentiated. Mte+ colooies had”smooth
edges‘on medium solidified with Difco_agar‘and rough edges’on that
”solidified with BBL egar. Mte+ and Mte colonies also appeared some—
what closer in size on plates. solidified with Difco agar. | -
Media were'sopplemented with amino:ecids and purines at opﬁimel,
concentrations, as described‘by Curtiss, et al., (1968) All media

'were supplimented with 40 ug/ml thymine, except when selecting for

20
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thymine prototrophs. Where<indicate&, Tetracycline;HCl (Sigma) Qas
added to a final concentration of‘25 ug/ml.

Complex media ﬁere Penassay Broth (PB;‘Antibiotié Medium‘#3, Difco),
Luria}s cdmplete medium (LB; Bertani, l951),vand 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 (Difco), 5 g yeast
extract (Difco), and 5 g NaCl per liter, with Q.SZ (w/v) glucose, 40
ug/ml thymine and 0.002 M CaCl,, contained 1% (w/v) agar for plates and -
0.7% (w/v) agar for overlays (toﬁjégﬁr).

Nutrient broth plates (NB) contained 12 g Difco Nutrient Broth and
2 g glucose per liter, and contéiﬁed 1.4% (w/v) agar. NB plates with
0.1% (w/v) potassiuﬁ chlorate (Baker) were used for the selection of
chldrgte resistant transductants.

Buffered Saline with Gelatin (BSG), containing 8.5 g NaCl, 0.3 g
KHoPO4, 0.6 g NaZHP04, and 10 mls of 1% (w/v) gelatin per liter,vwaS’ 
used for all dilutions (Curtiés,'1965). |

Iﬁcubations under anaerobic conditions were in GasPak anaerobe jars
~ (BBL) with GasPak (BBL) envelobesbuSed according to package directions.

C. Luria-Delbruck Fluctuation Test

A éulture 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 fB in a 500 ml
flask; and 103 celis were added to each of 10 flasks wifh ld mlé PB.'F
All cultures were incubafed at 37C for 24 hours. Appropriaté dilutioﬁs
of each culture were spread on MG plates to determine viable‘céll count.

and on MM plates to determine duplication frequency. ‘Those colonies
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which were larger than the backgound growth and had irregular morphology -
on MM plates were scored as malate+v(Mte+), and were presumed to contain

the duplication.

D. Frequency of Loss of”thé_buplication-:.
A Mte+ clone of each strain was picked,ahd sﬁépendedvin one ml PB.
A sample:waélrem§Ved and{dilufed'ih-BSG,~then spréad'on:MM plates ﬁo
detérmine initial viable cbunt ahd the proportion-df M£e+ cells present. i
The'culturevwés incubatéd‘at137c to‘midwlog;phaéé,'at.which‘pbiﬁt.af
sample ﬁés diluted and spread-on MM‘agar.plates fo determine the
frequency of Mte+ Cellé.'_Affer the culture reachéd statioﬁary phase
another sample was diluted énd spread on'MM agar.
E. Matings |
Donor and recipient strains were-gfoWn to mid-log phase (2 to 5 x
10® cells per ml) in PB in a 15 x 100 tube at 37C. Two ml of each
strain were mixed and then collected by filtration on Millipore filters -
- (0.22 ym). 'Filtefs were piéced on a prewarmed (37C) PB'p;ate‘aﬂd
incubated one hour gt 37C. TFilters were then placed in:l'ﬁl BSG and
tubes Wefelmixed with a vortex mixer for one minute. Appfopriate :

dilutions were made in BSG and épread,on selective media.

F. 'Propagation an& Enumeration of;BaétérioPhagg

vDetérminatiOn of P22 Titer: A host.baCterial strain was grown

to mid-log. (2 to 5 x 108 cells per ml) in LB at 37C. One tenth ml of»_
,bacferia and 0.1 ml of dilutionS’of a P22 lysate were added ﬁo 3 mls
'iLC top agar melted and held at 45C. The suspension was mixed gentlyiﬂ
in a‘yortéx mixef, then poured onto an LC plate. Plaques were counted

after 12 to 24 hours incubation at 37C.
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- Preparation'of f22’L§safes} Pﬁage'lyséteé were harvested ffom’.‘-
plates with nearly confluent‘piédues. Thfee'ml LB waS’édded t§ the' 
» surface of each plate which was thenvféfrigeraté& seVéral hduré,
Liquid was then rémoved‘with a pipet and’the agaf’o?erléYef Waé scraped
from thevsurface of the platé'énd placed in a ééhtrifugé.fuﬁevwith the ~‘
liquid. The surface of thebplate was then washea with‘ahéther 2 ml LB :
which was also added to the_Centrifuge tube. The tubé:was.shaREn
vigorously With>a vortex mixer, 0.5 ml chloroform was édded to kill
remaining bacteria, and the tube was then shaken gently. The mixture
was then centrifuged af 5000 ka for ten minﬁtes. The supernatant was'
dréwn off using a;fipet and propibet. This procedureawés'rgpeafed 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—iog,(Z to
5 x 108 cells per ml) in LB at 37C. The exception was for those
transductions using Mte+ cells as the recipient. These cultures were
started from a single Mte+-colbny and grown to mid-log in MM ‘liquid
medium suppleménted Witth.lz (ﬁ/v) Casamino Acids (Difco). Mgsog
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. Thé mixture was incubated at 37C for 15
miﬁutEs, then centrifuged at 5000 x G for ten minutes, resuspended in
BSG, and centrifuged again. Cells were resuspended in 1 ml BSG aﬁd fheﬁ
spread on selective media.
H. Curing |

- Many transductants derived as above were lysogenic for P22. This



26

A“interfered‘with furtherdtransductions‘and»measurements;of”sensitivity |
:to ultraviolet lignt (ﬁV). Any sucn strains were‘curediof P22 aspf
follows. 7‘ | |

The lysogen was grown to mid -log (2 to 5 x 108 cells per ml) in LB
- at 37C. The culture Was’centrlfuged_at 5000 x G for_lO minutes andvtheib
pellet was resuspended in 10 ml BSG . The cell suspension'uas'placed
in a 15 X 100 mm glass petri dlSh and exposed to uv at a dose rate of
1.2 JIm 2»sec =k for lO'seconds, 'Dilutions were then spread on YET plates'
and incubated at 37C overnight. _Individual colonies were touched with
a sterile wooden toothpick and_used to inoculatethO fresh LC plates in
a pattern with 30scolonies per plate. One of theuplateS-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~10g phase culture of a P22—sensitive, nonlysogenic strain.
After 6 to 8 hours incubation at 37C, the plates were‘examinedifor signs
of lysis around the colonies.‘ Tﬁose colonies which were free of -
surrounding 1ysisfwere tested again, using the corresponding patch»on
’the second unirradiated master plate as the inoculum. Colonies whicn
were free of cleared zones for two consecutive trials were presumed to:

be cured.

I. 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 patcnes‘with”SO‘or‘IOO patches.per plate}iilhei
'plates were 1ncubated for 24 hours at 37C then a repllca was transferred

to several fresh YET plates by repllca plating (Lederberg and Lederberg,
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1952). cThe plates'Were then expoéed‘to ﬁV for 0“30 ‘60 or 90 sécbﬁde;
eFollowing 1ncubation for 24 hours, growth of patches was compared to the
UV—sen31t1ve (either recA or polA 147) and UV-resistant (recA polA )
‘strains 1ncluded 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 resuspeﬁded in 10.mi BSG and centrifuged again.
The pellet was again rescspeneed in ld‘ml‘BSG and placed in a 15 x 100
mm glass petri dish. This was exposed to UV with samples being remcved
after various periods of expoeure; 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
m_2 secul. The dose rate was determined using a J-225 short wavelength
intensity meter kUltraviolet Products, Inc.). All procedures during

and after UV exposure were carried out in the dark.

'J. Determining the Effect of UV on Duplication Frequency

The UV.resistance of strains SWIl, SWll, 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'mixef, 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.
Thievpfocedure was then repeated with strains SWl, SW1l, 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



cells containing thevmaiate duplication.

K. Mapping cf,Dupiication Endpoints

. .Lysates ﬁere ﬁrepared as described in Sectioﬁ,E; Materiala and
Methode, of a seriea of strains containing the TnlO element (ccﬁfereb
ttetracycline#resistaﬁce (Kleckner; et al.,.l977) inaerted,in markers
vlocated near the presumed endpoints (Straus and Hoffﬁaﬁﬁ; 1975). These
1ysates'were»usedvto tranSdcce strains carrying the duﬁiication.'
Selection cf'tranSductanta was made cn*MM platesfcqntainingLZS ug
;étracycline HC1 per ml. One half the selection platea were also

: supplemented with the nutrient‘appropriate for the marker ihiWhich tﬁe
Tnl0 element was inserted;~e.g.,'arginine'for argGﬁiTnlO.i The‘number‘cf-'n
tranédcctants appearing on the‘nonsﬁpplemented medium Waavccmpared'to‘
theihﬁmber:appeariﬁg on the supplemented ﬁedium to determine the
frequency-of prototrophs among the transductaats; .Siailar transductions
were'done csing'the cdrrespcn&ing haplcid_strains as the recipients.‘b

‘L..-. Strain COnstructiOn,

Straln SWl was selected as a Thy transconjugant of recipient

strain T8394 crossed w1th Hfr donor strain DB43. Thy; transconjugants

were screened for-UV—sensitiv1ty by the replica plating method described‘ ‘,_'

inbsecticn H, Materials.and,Methods, A UV—sensitive Thy+ transductant -
‘whoée'UV—sehaitiVity was'similar'tc the RecA~ strain DB43 was saved
(SWI). Sﬁrvival curves foristrains SWI; TS394, and>DB43 areIShoﬁn.in
‘v.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. Thisvwas derived‘from‘;f
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Survival of strains plated on YET plates
following exposure to UV light. @ represents
strain TS 394, O represents strain AA3007,4
represents strain SW10, & represents strain
DB43, [J represents strain SW13, and B
represents strain SWl.
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th¢ étrain, CB718, étchlorate¥rééistant (Cth)vmﬁtant, dgscriﬁed by
Casse;.etval.; (1972§.  Chlorate—resis£aht mufahts haVe'a deficiéncy .
inioﬁélbf the nitrate reductése‘genés (Piéchaud; et al., 1967). The
enzymés responsible for the reduction of nitrate t0’nitrite also reduce -
chlorate to chlorite under anaerobic conditiqns,-so that strains
sensitive to chlorate may bé selected as capable of growingkanaerObically
with nitrate as terminal electron acceptor. One of the nitrate rédﬁctaée
genes, EQ;Q, is cotransducible With the polA gene.

A P22 lysate grown on strain CB718 was used to transduce strain
AA3007, Selection waé,made for chlorate-resistant transductants by
spreading on NB plates to which 0.1% (w/v) potassium chlorate was added
(CB plates), and incubating anaerobicaliy at 37C. After incubation for
48 hours transductaﬁt‘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
.c0nsiderably more UV sensitive than stréin AA3007;‘however; these proved
to be lysogens. ‘Several of the most UV-sensitive‘patches were selected
and cured by the methodvdescribed in Section G. A UV survival test waé
" done of the cured stréins and the curves compared to that of‘AA3007;

One strain, (SW10), 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 waé found that strain TS394 was fesistant to chlorate and unable
to use nitrate as terminal electron acceptor. Strain T8394'Qas ;rans—;

" duced to ability to grow anaerobically with nitrate using a P22 1ysate‘
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~grown on strain AA3007. The transduction mixture wés spreadlbn MN
plates and incubafed anaerobiéally'at 37C for 48 hours to select for
cells able to use nitrate as'tefminal‘electron acceptor. Colonies were
then streaked to both NB and CB plates and incubated anaerobicélly for
48 hours, then teéted'fof UV~sensitivity by the patch method. All
_patches exhibited similar UV-sensitivity and none wefe found wﬁich wefe'
comparable to the PolAf lysogen of'AA3007.‘ It was conéluded from this
that the mutation in strain TS394 resulting in'éhlorate resistance was
not in the ghlg gene. One chlorate sensitive tfansductahtvof strain
TS394 was cured as previously described. The cured strain (SW1l) was
then transducéd to chlorate resistance using a P22 lysate prepared on
strain SW10. Thevtransductants-were‘éelected for‘chlorate resistance,
cufed, and tested for UV—sensitivity as deééribed fér strain SW10. The
~resulting strain, SW13, wés somewhat more UV-sensitive than AA3OQ7.
This increased sensitiﬁity'is probably due fo background genetic
differences between the strains. This was shown by using ‘a lysate
preﬁared on strain SW13 to transduce strain AA3008, Which is a
spontaneous PoiA+ revertant of AA3007 (Whitfield and Leviﬁe, 1973),
selecting for chlorate resistance and UV—sensitivity,vas previously
described. After curing'the UV¥sensitivity of the résulting strain was,
_identical to that of strain‘AA3007kﬂdata not -shown) .

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

was found to be between 15 and 17%.
Derivatives of strains SW1, SW1l, and SWlB'carrying the malate
duplication were selected by_spreadiﬁg_thbse,strains on MM plates.

. Large, irregular colonies (Mte ) were picked and streaked to fresh -
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MM plates for purification. iarge-tolonies whiCh’segregated small

- clones (Mte ) weré‘picked from these plates and inoculatéd to PB.



V. RESULTS-

Ay Luria—Delbruck Fluctuatlon Test

" In order to test whether the frequency of formatlon'of Mte+
COlonles was a function of'a random'event or of selectlon on:a plate‘
containing malate, a‘LuriaADelbruch fluctuation;testf(Lurla'and'Delhruckg
Ll943) was done using straln TSB94 o

’ The results of this test are presented in Table 2, w1th the‘
frequencies presented’as the,mean of thbSe_in each grouﬁ;'fGrOup I“
consisted of'ten‘repliCate determinationsifron”one‘cultureagrownvin lOO
nl PBtihGroup II‘consisted~of,indivldual determlnatiOns of tenrdifferent
,bcultures each grown in'lQ‘ml PB;"The variance in theqfrequencies~v |

observed for the two groups were calculated and'comparedbusing-an F test

 with nine degreesfof freedom-for_each group, The ratio of-the variances ..

of the two groupsfisv02/02‘=-0 0645v' The value of'Fratfa;prohability'd:
level of O 005 is 0 153 (Ostle, 1963) Thus,.it“Wasnfound that the-‘
varlance in frequency between the cultures is signlflcantly higher - ‘than -
'within‘a culture, Indlcat1ng that the formatiOn‘of duplicatlon-occurs
spontaneously, independent of selection, - |

‘B, Frequency of Formation'of-Duplication

The frequency of formation of the duplication was deternined and |
compared for. strains SWl, SWll, and SW13. The results'are summarized in;
Table 3.‘ Measurements of the frequency vary and valuesvrepresent an -
average of at least three,trials The average frequency of duplication‘}
. isvabout nine. tlmes lower in the RecA strain, SWl than_in the'RecA |
bfstrain, SWll ‘This findlng is in agreement with the results’onStraus'

I and Straus (1976) who found a 20 fold reductlon in the dup11cat1on |

%
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,Table‘2o Luria~-Delbruck Fluctuation Test Results

Gro_up_Ia C Group r?
L o+ :
Average Mte ) -3 , 3
Frequency 4.42 x 10 , 3.78»x 10 7
‘Standard , , - v
~Deviation . 0.386 : 1.520
Varisnce = 0.149 2.31

Group I conélsted'of indlvidual'determinatlbns from a
single culture and Group II of determinations from ten
different cultures. :
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Table 3. Frequency of Spontaneous Formation of Dupllcatlon in
Strains SW1l, SWl, and SWI13

v Relevant Average Mte+ Percentage of'Frequency
Strains  Genotype Frequencya _ "~ of Strain SWll
SWil  recatpora™  4.12x 107 100
sul - -—r_ecA-polA+ 489 x 1070 11.9

3

SWi3 "recA%polAf ;.82,x'10f 44,2

& At least three trials were averaged for each strain.:
Frequencies were determined for a stationary phase
culture and is expressed as the number of Mtet colonies
per viable cell: plated '
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frequency 1n a RecA strain when compared to a RecA straln for another
duplication appearrné in §, tthimurium. The formation of these
duplications does not appear to be ahsclutely-dependent'on recombination
because some duplicaticn occurs'in thebRecAf straingv |
| &The frequency of fermationAOE the duplication in»the}PclA; strain,

SWI3;hwasvless thanvhalf that’of the'P01A+ parent,vstralniSWll;v lhis’.
indicates that the Eglé gene‘product‘&bes'have aﬁ»eff¢¢£’6ﬁh£he p;oéess_\
of gene duplication. However, the effect is lessvthan thatfof;the'iggé.
éene product, so that the alternative(s) to“the pgléfdependent:nrdcess
”ishrelatively efficient, whlle the alternative(s)hto'the‘gggérdependent:
prcceSS'is’relatively inefficient in duplication-formation;

"C. Frequency of Loss of the Duplicatlon »

The frequency of loss of ‘the dupllcatlon was measured tor the :,'
three strains SW12 SW3, and SW14, the Mte derivatlves of SWll, Swl,
and SW13, respect1vely. Approximately 27% of theccells in a Mte 'clqne
of SWI2 (rggéf_ggléf) were Mte . Following growth‘in‘PB to mid—lcéi
phase, 497 of-the-ceilstwere'Mte_,‘and b§ stationary phase, 65%vwere
Mte (Table 4). When small colonies were streaked to fresh MM agar:'
plates, mostly small'Mte;vcolonies, with a few‘large'M:te+ colonies,‘
develcped.' | |

 Small colonies also developed after spreading:cells derived froﬁ*A'
v Mten'cclony of the RecA straln, SW3 (Mte+, recA_)§ hcweuerfwhen any of
these;colonies were'streaked to fresh MM agar plates; mostlof’the,
"resultlng colonles were large (Mte ), with a few small colonles also
, appearing Because RecA strains segregate non-viable cells (Clark

1971) it is not surprising that some Mte+clonesappear Mte . SincevtheSe
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Table 4. Frequency of Loss of Duplication in Strains SW12

and SW14.
Amount of SW12 SW3 (recA”)  Swlé (pold)
“Growtha Percent Mte Percent Mte "~ Percent Mteq
Initial 26.8 0.0 - 57.6
. Mid-log 48,9 0.0 - 82.1
Stationary 64.9 0.0 ' 91.0

Amount of growth allowed a Mte+ colony before sampling
‘to determlne frequency of duplication.
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smali colonies are Mte+ thtough a phenotypic variation,‘it appeers that
there is no detectable loss of the dupiication in the,RecA- strain, SW3.
The frequency of the small colonles in strain SW3 was approx1mately 34,
so the frequency of formation of the dupllcation was perhaps under—-‘
estimated by this amount. | |

"‘“The frequency of 10ss‘of the duplication invthe PolAf sttain, SW14;
“was gfeater than‘that of the PoiA+ sttein, SW12. Approx1mate1y 57% of

the cells in the orlglnal suspension of a Mte+ colony were Mte . A t.midév
log phase 82.1% were Mte , and by stationary phase 917% were Mte . |

Accuracy of the determination of the frequency of loss of the

duplication‘was,much,iess than that for the determinationiof the
frequency‘of formation. In deteruiningethe‘frequencu‘of formation ofrtheb
duplication, 30 to 100 Mte+ colonies were,counted onvplates containing
about 104 small (Mte ) colonies;:eo that a very 1arge-numbet‘of cells
were screened.VFHOWeVer; only about 100 to 200 colonies‘(total)Vwere.v
generally present on pletes when determining the frequency‘oftlossf 6ver .

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

they were actually Mte . Small differences in numbers could'cause_large, c

v relative errors in results for the determination of the frequency of 1oss ,
of the duplicatlon

D. ’Endp01nt Mapping

Endpoint mapping was done using the translocatable drug-resistance
element, Tnl0, to determine if there were any differencesibetween the
endpoints'in the diffefent strains. Unfortuantely, it ié not posSibleh
%to man enupoints in‘alRecA strain, such as SW1; because, though

insertlon of the TnlO element is 1ndependent of the rechA gene product
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(Kleckner, gt él., 1977), transduction of a marker cohtaining the
élement requires hdmologoﬁs recombination which is déééndéﬁt on the -
gggéﬁgené product (Roth, personal communigation). Howévef, this
v restfiction did nbt prevent compariséhkof the P01A+ and PolAf strains.
Mapping data was obtained first forvthe PolA+ strain, SW12,;to
:dete;mine the reliability of this method for mapping this duplication.'
| Béséd‘on‘the ébsence of protétrophs,.the results fOr strain'SW12
(Tablé 5) indicate clearly that the bigg_mérker‘is outside the

duplicated . region, while the purF marker is inside. The ilvA and metE

markers at the other end of the duplication are found to bevOutside.-‘
These data agree With the mappiﬁg résuits obtainéd By‘Straﬁs and:
Hoffmann (1975) by anothervmethod. However, the argG marker, which
Should be insidg ﬁhe dﬁpiicated_region; appears‘outside bécause’verj
few prototropﬁic tranéducténts are recovered. This interpfétation is
not.nécessarilf the oﬁly one for Roth‘aﬁd_SchmidA(personal communication)
 ha§e observed that duplication of the argG regioniiS»semiletﬁal and it
is likely that Mte' strains have’lost one copy of thévduplicated argG
région in order to survive. Thus, strain SW12 migﬁt 5e haploid for the
argG region. |

A Cys+ deriQétiye of strain SW1l was obtained in order to detérmine
whether the cysG marker was duplicated. SWll was transduced to Cys+
using P22 DB43. The transductant colonies were streaked for purifi-
cation'on_GM plates,‘and one wasbcured of PZZ lysogeny (SW16). A‘Mte+b
coloﬁy of this strain was picked and stfeaked to é fresh MMbplate. A
clone was then‘piéked and grown in MM liquid medium  and transduced,to~

TetR using a lysate grown on strain TT172.
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The results for this marker are. also contrary to what was expected.

There were very few prototrophic transductants, indicating the marker,““'

which should be 1nside the duplicated region, lies out31de the '
»duplicated region. The results for the g and cysG markers casts
doubt on the reliability of using this method of mapping for this

duplication,_or indicate that the duplicated region in the strain

--stested is not as exten31ve as. mapped by Straus and Hoffmann (1975)

On this basis, it‘was decided that mapping of the duplication in the
- PolA” strain would’be‘fruitless

E.‘ ‘Effect. of UV Exposure on the Frequency of Duplication :

"'In order to measure the effect of UV exposure and recombinationﬁt'
'andvrepair pathways on_the-frequencysof duplication,‘the'survivalaof ,“A
strains'spread;OanM plates'tollowing exposure to_Uszas determinedr:
The{results are presented.in_Figk &, For[determinationxof;theveffect
of UV»irradiation‘onfduplication'formation, strains,weredirradiated;v
to the same UV dosage using the data derived‘in?Fig..&.7 Exposure
_ times.for each strain were chosen to result'in_approximatelyalo%,
'survivors andhlz,survivors. The results of the UV induction‘experiments’du
,are‘presented in Fig. 5.: Exposure of strains SW1l (recA ) and
'VSW13 (recA polA.) to UV resulted in a sharp increase 1n the frequency
»of duplication. In contrast,‘exposure of the RecA strain,vSWI,
_ resulted in a.decrease. | .
While the points in Fig. 5 were derived from the. average of several
experiments, all trials showed the same trends, e.g., a decrease in
strain SW1, and increases in strains SWll and SW13, with.a greater

"rate,of increase in strain SW13. The'increase in duplication frequency
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Survival of strains spread on GM plates

following UV exposure. Strain SWI1l is

represented by [] , B represents strain
SW12, O represents strain SWl, @
represents SW3, /\ represents ‘strain SW13,

‘and A represents strain SW14.
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Effect of UV exposure on the frequency
of the duplication. Strain SWll is
represented by O , @ represents strain

SW13, and W represents strain SW1.
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for strains SW1l and SW13 is not;due‘ﬁq’selectibn of Mte+vcélls,.for‘~
there is no difference in UV survival dffMte+ and Mte cellé'(Fig; 4);
,‘Likewise, thé decrease noted for strain SWI is not‘dué to different

UV-resistance of Mte and Mte cells.



VI. DISCUSSION

A. Luria-Delbruck Fluctuatioanest

‘The.reSults’indicate‘that the'formation:of the genezduplication‘d‘
1s random and occurs 1ndependently of the select1on process.. There ‘was
va dlfference between tne frequenc1es of the dupllcatlon observed forifi
_ »the two groups of cultures, imply;ngvthat dUpllcatlon occurs randomly,”,g;'
independently of selection. Both valuea WereiWithln'thedrangeZohserved t‘
for‘the strain over SeVeral*determinations of thevfrequency.diThua,”: i

'becaUSe duplication.fOrmation iSsdependent of Selection,;it wéSVV

p0331b1e to determlne the influence of recA and polA gene products on
‘gene dupllcatlon.

"B. Frequency of Formatlon

The frequency observed for the format1on ofkthe dupllcatlon invthe
1RecA PolA straln, SWll, is qulte hlgh Even 1n the RecA strain;rf
' SWl, and the PolA straln, SW13 the frequency 1s high enough 80 that
'at any time the fract1on of 'a populatlon posse351ng the duplicatlon
and any selectlve advantage it may confer, Would be 51gn1f1cant. Dupll-*,
hfcation would also play a more 1mportant role in changrng.the population
”than mutatlons, since its frequency is much greater.than the mutatlon
‘frequency. o - | | |
The decreased freduenéytobservedber thelRecA— strain; SWI"
indlcates the 1nvolvement of the recA gene product-ln the formatlon of - e

- the dupllcatlon. Because dupllcatlon occurs in the RecA straln (albe1t' i

_at lower frequency). there may be' (1) more than one p
A dupliCatlon‘formatlon1(one recA*dependent); or (Z)ronl' Aﬁé”pathway'

" which isinot completely dependent on the rggé;geneWproduct.' These:tWO:‘ﬁ B
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hypotheses need not be mutually‘eaciusfve. ”The hypothesisvinvolviné
multlple pathways would be favored at this time because of the multlple
pathways involved in recomblnation (Clark 1971) and repalr of UV~ f
1nduced damage (Witkln, l976).v A possible alternate pathway’might;[
.involve "illegitimate" recoubination; known toftake'piace at‘insertion
sequences (Anderson and Roth,. 1977) One»basis for thexvariable
dependence upon the recA gene product in different duplicatlons
(Anderson and Roth, 1977) could be the nature of the DNA substrate,
‘that is; whether'insertion»sequences are available at the endpoint
‘ regions. Thus; the formation ofvduplications may\beﬁsuhstrate H
'dependentl’ Alternate.pathways‘(appropriate subStrates) may not he;
availahie in those cases where the>f0rmation of dupldcation is.totally |
dependent on honologous DNA. | | | |
ZThe lower frequency of formation of dupliCatiOn‘in:the folA—fstrain,” :
SW13, fs an indication that thevproduct ofithis(gene,alsq,plays,a rcie'
in‘the‘pr0cess. Due to the difference-in magnitude of the‘effect, it
appears that they either affect dlfferent pathways, or that the IL___
gene product is. epistatlc to the recA—dependent pathway However, ‘the
lower frequency of Mte+ colonies observed may actua;ly>he-due to the
higher frequency of lossiofpthe duplfcation in this.strain (see beiow).

C. Frequency of Loss

The frequencyvof loss of this duplication invthe RécA* strains,
SWlZ and SWl4, is also high. The high frequencies of hoth gainkand
loss of the duplicationvprovides for a steadily changinévpopulation:of(
.cells with the.duplication, so that it caniexfst in:a.varietywof o

'backgrOunds'at a given time.
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- The frequency’of 1bss of‘the"duplication“is much;greater than the
-frequency of fornation. So, while the frequency of formation w111 not
:affect the measured frequency of 1oss 31gn1ficantly, the frequency of

loss will affect»that of formation.; This may be“the reasonvfor the f
lower frequency of duplicatiOn formation measured_for strein SW13,
rather' than influence of.theepglé:gene on'fornation;

The.lack'of any detectable loss oftthe duplication'in'the RécA*
strain, SW3,‘indicates'that the mechanism involved_is‘completely
dependent;on'thefrggé.gene product. The loss of‘othervduplications‘
for which data<isiavailable are also totally dependent ‘on the recA

‘ gene'product (Glansdorf and Sand, l968°’Straus and’Straus,'19765.‘ It
vwould seem reasonable ‘that recomblnatlon 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 1n 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 othern |

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

lloss would have to‘be several orders of magnitude lIower than what is
observedvin the RecA+ strains. |

| The greater frequency of loss of the duplication in the PolA
strain, SW14, is evidence that the gene product functlons, not in ;
promoting the loss of the dupllcation, but in preventing 1ts 1oss.h_

" One possible way. 1n Which it may flll this functlon would be to repalr
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small 1esions whlch may make ‘the bNA a more su1table substrate fer :

recA—dependent functlons. This hypothesis is not compatible w1th the ;
1ower frequency of dupllcatlon formation for the PolA  strain. However;:h
the lower rate of formation could p0381b1y be an artlfact caused by t

the higher frequency of reVersion,

~ D. 'Endpoint Maﬁpiug’
| "The'eudpeint'uappiné'data using the TulO‘element wés'AAt in
5agreement with'the’tesults obtained by Straus:audlﬂeffmanh (19?5); it
is possible that either the method is unreliable for the markers testedi
or that'the dUplicati0n1is uot as extensive as mapped,byﬁstraus'ahd
Hoffmann (1975). Further testing ofiothet markers in the:tegiou |
thought to be duplicated.should be done using'several strainS'and
seueral indepeudently isolated Mte+ derivatives of‘each, te determine
IWhichbhypotheSis is correct. o | |

The establishmeut of different‘endpoiﬁts of‘the dupliCatedbregion
in the strains tested would have provided evidence"fsr diffeteuth
mechanismS'of formation.‘ Any mapping¢technique‘Whichhisulimited.to'
placing an‘endpdiut.between two Widely.spacedﬂmarkershceuld be
inadequate fof'this purpose.

E.‘.Effect of .UV on the Fredueney 6f Duplication‘

The increase in the‘ffequency of‘duplieatien.in'a ReeA+ P01A+'
sttainv(SW11) followihé exposure to UV was as expected au&.agrees With'
the results obtained by Hoffmann and Morgau"(l976);f They suggested
that the formatlon of pyrlmldlne dimers was respon31ble for the :

increased»rate of duplication formatlon. Certalnly‘the;fqrmation‘of:

dimers is necessary, but since mutagenesis is caused by the repair of
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' UVdinduced‘damaéeé‘rather than the”damage'ltSelf (Kdndo, l973), dt is_ ;t
necessary to looklat the repair'mechaniSms inVOlved'to'actnally'v
deterﬁine howaV‘causes:an increase.invthe~frequencybof gene dnnlication;v‘
yThe lack of any increase in the formatlon of dupllcat1on following UV—
1rrad1at10n in the RecA strain, SWl, strongly suggests that the
‘1ncrease observed in w1ld—type strains is due to the 1nduct10n of recA—’., .
dependent functlons. The decrease in the formatlon of‘dupllcatlon :
observed in thelRecA_‘stra1n‘cou1d be explalned:hy'the 1nduotion of
repairepathways which are error-free'(ercision repair involvinglpglé)
,vand_oompete with theugggéfdependent pathway.for snbstrate,‘UV—damaged
DNA (Witkin, 1976). ” o
In a PolA strain most of the UV—induced danage is repalred via
recA—dependent pathways (Witkln, 1976), so the hlgher level of
induction seen in the PolA~ strain, SWlB}‘is consistent with repair

pathways being a major factor in the UV?indnotion of duplication.



SUMJARE. "

Fféquénqy of formation of é»genetic duﬁlicatioh:in Sél@oneila '
tzﬁﬁimurium is 1oweredvin:stréiﬁs wiﬁh the’gggé_ﬁgtation 9 timeé
1ower)‘6r the Rglé_mutatiohv(Z times lower)} Lack of an,éﬁéolute 1oss
of duplication fqrmétion>in ﬁhé RecA strain guggéstsvthaﬁ_thoughrthe
majérity of fhe gene dﬁplications are deﬁgﬁdéﬁt éﬁ'ﬁggéfptOmoﬁed' |
recoﬁbinatibn, other pathway(s) could be involved. Loss of duplicatioﬁ'_»
was eliminatéd:in a ReCA;‘étrain; .ifvis iikely that the two-fold -
lower freqﬁeﬁéy of duplication formation observed for thisvstrain’Wasv
‘due to enhanced loss of the duplication. Possibly the higher rate of
duplication loss is due to the loss of fhe erfor—free repair pathﬁay
and reliance upon recA errof-prone’repair.

UV—irradiation enhanced dﬁplication fbrmatioﬁ in wild-type énd

"PolA” strains but there was no enhancement in the RecA~ strain,
indicating dependenée of UV-induced duplication formation Onlzggéf~
\dépéndent, errdf—prone repair. The.enhanced‘rate‘of,UV-induced

' duplication fofmafioh in the PolA~ strain.over the wildétype is
compatislg with thé cbhcépt of shifting reliance from error-free to .

error-prone repair.
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GENETIC DUPLICATION IN SALMONELLA TYPHIMURIUM
by
 Suzamne L. Winfield

 (ABSTRACT) B

‘A gene duplication occurs in Salmonella typhimurlum which involves
ebout SOA of the genome. The frequency of formation and loss‘of this.
duplication was determined in a RecA strain and a PolA™ strain and 3
»compared to that of a RecA PolA strain., The frequency of formation.
was found to ‘be reduced in both RecA and PolA strains. Loss of. the
duplication was elimlnated in the RecA strain while the frequency of
loss was found to be greater in a PolA--strain.than in the PolA strain.-

. The effectvof:UV‘irradietiOn on the formetion of»duniicationnuas
~also conparedAfor thevthree strains. There.is an increase in the
freduency of fornationvin both the PolAf RecA+'and'folA7; RecA strains;
the increase being greater in the PolA strain.‘ The frequency of |
formation is reduced in the RecA strain. It is postualted that recA—v ‘
5dependent repair pathways are 1nvolved in the formation of the

duplication, but there is at 1east one other pathway available;
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