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Stimulation.of Genetic Recombination among Lambda-Bacteriophages
by Ultraviolet Radiation: the Mechanism and the Relevance of

.DNA Repair Processes

ABSTRACT c v

Raymond Milton Baker

The stimulation of genetic recombination amoﬁg b baéteriophages
by UV radiation has been studied in UV-sensitive énd wild type E. coli
Ki2 host bacteria. The UV enhancement of recombination frequencigsvwas
assayed fof all progeny phages ahd for.progeny that contained parental
phage DNA strands labeled by means of host—conﬁfolled modificatioh (HCM) .

The direct stimulation of A recombination By:UV-irradiation of
the infecting phages is eQen greater in excision-aefectiye bactefia,
which are deficient in host cell fe;étivation (HCR) of the phages, than
in wild ﬁybe host cells. The UV lesions that bromote recombination are
répai}éd by HCR with the same.efficiency as are potentially lethal UVi
lesions. | B | .

The dose~-response for UV enhancement of X recombination is the
same in HCR+ recA and recB host bacteria which are deficient iﬁ their
own recombination as in wildbtype REC+ host stréins. However, the UV
surviﬁai of A phages is somewhat lower .in mutant recA cells than in %

wild type host bacteria.

L dl

There is substantial multiplicity reactivation of UV lesions
in phage M. Under conditions of comparable recombinatibn among the

phages, the dose reductions due to multiplicity reactivatibn of UV
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lesions are similar in HCR+ and HCR- host bacteria, but a much greater
survival increase is.evident in the HCR- strains.

The UV-induced recombination of A proceeds'by.breakage and reunion
of parental DNA:strénds.' Light UV-irradiation.of'the infecting phages
caﬁses comparable increases in the frequencies of»récombinants among
all progeny phagés andvamong progeny that contain ﬁCM-labeled-—

A +K12(P1)--parental DNA strands. | -

The HCM-labeled progeny recovered from muitipié'infections with
UV-irradiated phages of excision-defecﬁive HCR? (but not HCR+) bacteria .°
contain néarly as many host cell reactivable UV lesions as the infect-
ihgvphages. The HCM-~labeled progeny probably contain mainly conserved
parentél DNA. It is likely that UV-induced HCM-labeled recombinanfs
arevformed by breakage and reunion of infecting phage chromosomes prior
to their replication.

With increasing UV dose to the infecting phéges there is a de~
créased recovery of progeny that retain a parental HCM label. The
possible significance of this effect is discussed. |

Ovéf.inteivéié of the A chromosome thought to differ in the ratio
of physical to genetic length, the UV enhancementfdf recombination fre-
quency varies as the genetic length of the interﬁélg In excision-
defective HCR- host bacteria, the enhancement of_fecbmbination frequency
is proportional‘to a power lesé than one of the éﬁﬁber of functional |
recombinagenié lesions in the phage DNA.

The indirec£ enhancement of recombinationuaﬁong unirradiated A
phages caused by heavy UV-irradiation of the host bacteria was also

examined. This effect is less marked than the direct enhancement



caused»bi'ifradiation of the phage DNA itself.‘ The indirect enhance-
ment is apparehtly due to increased recombinatiénAby breakage and re-
union of all phage ggndmes ﬁhroughout the infection. It is observed
for lower UV doses to excision-defective HCR- host cells than to HCR+
bacteria. This étudy élso furnished information céncerning Uv- |

inactivation of the host capacity for A phage.

The experimental findings are considered with regard to.possible

mechanisms by which UV lesions might stimulate recombination. The

préferred hypothesis is that UV-induced structural defects in DNA léad
to>an increésed efficiency of pairing among chrom&sbmes precédentsﬁov4
-recombinétiOn by breakage and reunion. No evidence was found to imply
that the UV-induced recombination is directly aésééiated with any.mode

of DNA repair.

-
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I. INTRODUCTION

I-A. Rationale and Summary

Genetic recombination is the phenomenbn‘in;ﬁhich cﬁro@osomes con-
taining homologous genetié material "mate" to yiéldlnew, intact chromo-
somes with associations of genes different from that of either parent.
Recombination is obéerved among the complex chromosomes_of higher,
eucafyotic, cells after both meiosis and mitosis; it is the exclusive
mechaniSm of genetic reassortment. among the single DNA molecules thét
constitute the simple chromosomes of procaryotic cells aﬁd viruseé.

Natﬁral frequenciés of geneﬁic recombinafion in micro-~organisms
can be.enhanced by exposure of their genétic sub§tance to ultraviolet
light (UV) and numefous other agents that produée specific lesioné in
DNA (115, 117, 243a). The molecularvmechanism.bjr which these agents
stimulate recombination is unknown. There is now conclusive_evidence
that most natural recombination emong Eaéteriai;viruées_occurs by break-
age and reunion of the mating chrdmosomes (158,.222);'on the other hand,
iﬁ was.long felt that severéi peéuliar genetic characteristics of UV~
induced recombination were best explained by theories postulating "copy~-
choice" of the mating molecules‘(ll7, 1kk, 87). |

A variety of strucfural defects in'DﬁA; including lesions induced
by UV, ¢an be repaired in bacteria by enzymic systems that act to ﬁre—
serve the integrity and viability of the primary genetic material (186,
89, 1025. Such processes include the excision of phdtoproduéts, with

replacement of the defective regions in the DNA strands before duplica=-

“tion of the chromosomes (195, 176, 104), and replication-bypass of phqto¥

products followed by pbst-replication’repair of any consequent defects

i



in the daughter chromosomes (192, 26, 109). It has been proposed that
some of the enzymes which participate in DNA repair may also be involved
in genetic recombination (104, 38, 109). Moreover, the concomitant in-

duction of recombination and repair events in UV-irradiated genomes sug-

gests the possibility that these phenomena may be not only responses to 4

a common stimulus but also mahifestafions.of the same series of events
at the molecular level. |

- The expériments described in this report.were undertaken with a.
view to establishing the mechanisﬁs by which UV-induced recombihation Qf
the dependent bacterial virus A is stimulated and executed, with‘partic-‘
ular:referehce to the possible relevance of DNA repair processes mediated
By the host bacterial cells. The principal tactics directed to this end .
were the utilization of host bacteria knoﬁn to be defective in DNA repair
and of parental A bacteriophages whose DNA strahds;were biologically

labeled by means of host-controlled modification. -

Ultravioiet-induced damage.to A bacteriophages can be corrected in
wiid type E. coli host baéteria by a process known as host cell féactiva-v
tion (HCR), which is closely related,vpérhaps identicél, to the excision-
repair process that operates upon the bacterial DNA (67, 187, 183). In
order to ascertain whether the UV-induced recombination among )\ phages
is associatéd with excision-repair processes or whether, on the con-

trary, the recombination-promoting UV lesions are susceptible to repair

by host cell reactivation, genetic crosses of UV?irradiated'phages were

LS

performed in wild type (HCR+) and mutant, excision-defective (HCR-_)-host'
strains: and the results were compared (section III-A.1). It was found
that the UV enhancement of phage recombination is even greater in the

HCR- than in the HCR+ host strains.. The recombination-promoting lesions
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are repairéd by host cell reactivation ﬁith the same efficiency as are
potentiall&:lethal uv lesions, indicating that_the stimulation of re-
combinaﬁiqh is due to unexcised but host cell reaétivable uv photb—
producté in the phage DNA.

The UV enhancement of M phage recombination ﬁas also examined in
REC- host bacteria (section III-A,2), which are défecﬁivé in functiéns
necessary to recombination and repair of their owh'DNA although they

retain capacity for host cell reactivation (38, 37); it has been pro-

posed that certain REC- bacteria may be defective in post-replication

v repair that proceeds by a mechanism of UV-induced recombination (109),

The dose-response for UV‘enhancement Qf % phage recombination was found
to be essentially the same for rec+, recA; and recB host bacteria, On
the other hénd, the recA gene does make a small but significant contri-
bution“to the repair of potentially lethal UV lesions in the )\ phage

DNA. It is possible that fhe recA allele affects a secondary, perhaps
post-replication, repair mode in the UV-irradiated phages without signif-

icantly influencing the stimulation of phage recombination by unexcised

. UV photoproducts.

The multiplicity reactivation of UV-inactivéted phages in multiply-
infectéd host bacteria is believed to be effected by recombination among
the irradiated phage genomes (150, 183). 1In oﬁder to clarify the rela-
tion of this phenomenon to the UV enhancement of phage recombination,
the multiplicity reactivation effect was aléo aséayed for the crosses
of UV-irradiated M phages in wild type and repair-deficient host cells
(gection III-B). The principal UV sfimﬁlation of phage recombination
wég apparent at substantially lower doses thgn was multiplicity reacti- .

vation. The survival increase due to multiplicity reactivation is much
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more evidsnt in excision—defective HCR~ thaﬁ in HCR+ host strains, but
in all hosts multiplicity reactivation caused comparable reductions in
the\effeéfive UV dose under conditions of compafablé phage recombina-~
tion. These results suggest that the multiplicity reactivation is due
in large part to UV—inducéd recombination and dempnstrate that host cell
reactivatidn and multiplicity reactivation are not sequential processes.
In 6rder to investigate whether the UV-inducedvrecombination'oc—
curs by a‘mechanism involving breakage and reunioh of the DNA strands

of the parental chromosomes, crosses were performed in which the DNA

of the infecting'l phages was labeled by means of hos@-controlled'modi—

fication (HCM) (6, 111), and the recombination frequencies among the
HCM~labeled progeny phages were assayed. Characteristics. of the HCM-
labeled recombination of unirradiated parental chromosomes were defined

in extensive control crosses (Appendix II) The results from crosses of

UV-irradiated HCM-labeled phages imply that for relatlvely low UV doses

the UV-induced phage recombination in both HCR+ and HCR- host strains is

due almost exclusively to>breakage and reunion of the psrental DNA strands

of conserVed and semi-~conserved ihfecting chromosomes (sectioﬁ IV—B)‘
Moreover, it appears that multiple'UV-induced recombinations often occur
. in the course of a single mating of two phage genomes. For higher UV
doses, in an excision-defecfive HCR- host, recombination between unre-
-paired parental DNA and the newly synthes1zed genomes contributes sig-
nificantly to the enhancement of overall recombination.

| The HCM label also permits assay of host cell reacsivable‘UV
iesions'retained in parental DNA which is recovered from infections of
the host bacteria with UV-irradiated A phages (section IV-C.1). The

HCM-labeled progeny phages from an HCR+ host do not retain any host
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cell reactivable UV lesiohs. Howevér, the HCM?labéledvprogeny from
'cfosses in an excision-defective HCR- host strain'exhibit almost as many
potentially lethal UV lesions as do the infecting phages, a slight dis-
crepancy being attributablé to residual HCR. This'finding supports the
view that UV photoproducts are removed from the irradiated phage DNA dur-
ing host cell reactivation, and further suggests ﬁhat.the HCM-labeled
progeny from crosses of UV-irradiated phages contaiﬁ principally conservéd 
parental DNA; |
Thé relativé recovery of HCM-labeléd progény phages decreases
markedly with increasing UV doée to the labeled infecting phages (sec-
tion IV-C.2). While the causes of this effect coﬁid not be conclusively
identified, it is possiblévthat a pfimary'compohént‘of the décrease is
due to nuclease degradation of semi-conserved paréhfal phage DNA.  In
light of previously reportéd characteristics of the phenomenon known as
UV-reactivation (183, 168), this interpretation wouid suggest that muéh
of the normally observed UV-inactivation of xvphagés is caused by an in-
terference of excision and degradative pfocesses ﬁith a post-replicati§ﬁ
repair proéess, each.acting upon defects in sémi—cOnserGed §aiental DNA
which result from replication-bypass of UV phoﬁoproducts (Appendix III).
With a view to elucidating the nature of the stimulus which UV

lesions provide to recombination (section IV-D), the enhancément of re-
combination was assayed over intervals of the )\ chromosome,that differ
in the ratios of their physical to their genetic lengths (120). The UV
stimulation of recombination was proportionél to fhe genetic, rather
than the'physical, lengths of the intervals beﬁween marked loci. In
addition, there are indications thst ﬁhe stimulation of.phage recombina;

tion in an HCR- strain is proportional to a power less than one of the
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number of unexciéed recombination-promoting lesions in the pérental phage
DNA. Téken fogether, these observations suggest that the UV lesions may
exert a diffuse recombinagenic effect, which is propagated with diminish-
ing intensity along the irradiated DNA. This interpretation is consist-
ent with kinetic equations which can be appliéd to describe the data..

Thevéxperiments outlined above concern the "direct" enhancement
of recombination among lightly UV;irradiated X.phages in unirradiated
‘host bécteria. A small "indirect” enhancemehflof recombination fre-
quenéies occurs for crosses of unirradiated » phages in heavily UV-
irradiated host bacteria (130). The characteristics of this indirect
enhancement effect were investigated, utiliiing wild type and excision-
defective host bacteria and HCM~labeled parental phages. The principsl
objectivt'wés to determine to»what-extent this phenomenon is comparable
to théldirect stimulation of recombination by irradiation of the phage
DNA itself. | |

For crosses of unirradiated phages, with inéreasing UV dose to the
hbst bacteria the frequency of exchanges by bfeakége and reunion among
béth parental'and newly synthesized phage genomés increases up to about
fivefold the level observed in unirradiated host cells (section V~C).
" The indirect enhancement of phage recombination occurs at lower doses
in the HCR~ than in HCR+ host bacteria, implying that the indirect
stimulation is also due to unexcised but host ceil reactivable UV lesions,
in this instance located in the bacterial DNA. - Bbfh direct and indirect
enhancements of phage recombination occur in crossés of 1ightly w-
ir-radi..atedv.phages infecting irradiated HCR+ bacf'eria (section V-D). The .
competifive inhibition of residual excision caused by UV-irradiation of

the HCR- host bacteria further'increases the enhancement of parental

-t



" phage recombination induced directly by UV photopréducts in the phage
DNA. -

Results obtained in'these»experiments also ihdicate that the
capacity of the excision-defective HCR~ host cells to support A phage
growth ig less sensitive to lethal UV da@age in therbacterial,gendme
than is the _capacity of HCR+ hosts (section V-B)."- lFurthermorev, for both
HCR+ and HCR~- host bacteria, as the capacity fdf”l.phages is inactivated
in héavily UV-irradiated cells there is a failure of multiplicity re~
activation, as well as host cell reactivation, 6f UV~-irradiated infecting
.phages. ‘Wifh increasing UV dose to the host bécteria the initial replica-

tion of an increasing fraction of the infecting phage genomes is apparently

blocked because of the inactivation of a reqﬁisite host factor.

' The ﬁrincipallconclusions of this study with specific regard to
"~ the direct enhancément of gehetic recombinatioh‘among UV~irradiated X_
bacteriophages are: A) The UV stimulation of recémbinatiqn is dué to
unexcised‘UV photoPeructé in the ﬁhage DNA that are repairable by host
-céll reactivation with the same effiéiency as are potentially lefhal uw
‘lesions. B). The UV-induced recombination of A phégeé proceeds by a
mechanism of brgakage'and reunion of parental DNA strands and at low to
moderate déses occurs primarily among conserved and semi-conserved in-
fecting ﬁhage chromosomes, early in the infection.- C). The stimulation
of recomfination is proportional to the genetic rather than the physical
length of the intervals between loci in the chromosome; the UV-induced
stimulus to recombination is most likely diffused along the.chromosome.‘
vThese results are quitev compatible with a> model that explains the

uv stimulatioh of recombination as due to an enhanced efficiency of the
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pairing betweén homologous DNA molecules which'is'pferequisite to their
recombination (190, 41). The mating of chromosomes would be facilitated
by the ﬁresence in the DNA of UV photoproducts, including intra-strand
pyrimidiﬁe dimers (228, 191), which increase the susceptibility of the
irradiated molecules to local denaturation (153). No evidence was found
in these experiments to indicate that the UV-stimulated recombination
event itself differs in any substantial respect frbm the breakage and
reunion of chromosomes that is characteristic of recombination among un-
irradiated \ phage genomes (157), or to imply that the UV-induced recom-
bination is directly associated with any mode of DNA repair.

' The results for indirect enhancement of phage recombination by
irradiation of the host baCtefia offer an intereéting counterpoint to -
those for the direct stimulation of recombination by irradiation of the
phage DNA itself. The findingsbare consigtent with an interpretation
that the irradiated bacterial DNA can serve as a catélyst to mediate an
enhahced.efficiency'of pairing_among all phage genomes during the infec-
fion. The indirect stimulation may proceed by essentiaily the same
mechanism envisioned for the direct stimulation of mating observed for
UV-irradiated infecting phagés.

One would anticipate that the explanation advocated for the stimu-

lation of genetic recombination by ultraviolet radiation might be gener-

alized to account for the effects upon recombination of some other agents

which produce specific repairsble lesions in DNA. In order to inquire

into this possibility, genetic crosses of A phages exposed to nitrogen

mustard (HN2) have been performed in wild type HCR+ and excision-defective

HCR- host bacteria. The results suggest that phage recombination is

stimulated by HN2-induced intra-strand guanine~-guanine crosslinks which

(1
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are excised in HCR+ but not in the HCR- host bacteﬁia, whereas the prin-
cipal lethal HN2-induced lesion is an intgg-straﬁd crosslink (139a; 139b).
These experiments will be réported in detail elsewhere (10, 13p--see also
remarks in section VI-C). . This finding supports the notion that the
salient property ofvone class of recdmbinagenic lesions is the introduc-
tion of a iocal’distortion into the secondary structure of the DNA, R
which facilitates local denaturation of the molecule and pairing of

homologous chromosomes.

A brief review of principal background material to the experiments
discussed in this report is presented in the following section (I-B).
Portions of the work described in Chapter III have been reported

previously (12, 11, 89, 13a).
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I-B. BACKGROUND REVIEW

I-B. 1 lBacterigphgge A

Escherichia coli bacteria are the natural hosts of A bacterio-

phage. M is a temperate virus--capable of existing not oniy as a free
infectipus particle or vegetative agent within theuhost cell But also
as a "prophage,” its genetic substance integratéd into the host chromo-
some. In the latter case the potential for vegetative phage development
is conferred as a genetic trait to the progeny fof'the host, which is
referred to és "lysogenic"; "induction" of the prbphage'to an éctivev
vegetative state can be effected by exposur; ofvﬁhe lysqgenic cell to
various perturbing agents such as UV or HN2. The physiélogy and genetics
of A lysogeny and vegetative growth have been extensively investigated
(reviews: 116, 18, 199, 5k, k9). |

As a free particle, A consists of a tail lﬁOQ A in length attached
to a héad'of 540 A diameter whicﬁ COntains a singlé 1inear double-étranded
DNA moleculeAOf‘molecular weight ca. 30 to 33 X'lO6'daltons>(ca. 5 X th
' nucieotide_pai;s) (126, 35). One would estimate”fhat this complement
should encbde sufficient information for about 30 to 40 distinct poly-
peptides; about 25 A genes have now been distinguished and the functions
of many 6f these have.beenlidentified (éh, 49), Consistent with ifs |
relatively limited genetic complement and its potential for lysogeniza-
tion of the host, A behaves as a dependent virus (206, 87): X dées not
destroy the host genome in'the course of vegetative development, as do
"aﬁtdnomous" T-even coliphages, and throughout the phage infection the

capacity of thé host to Support the growth of L is more sensitive to

destructivé radiation and chemical treatments than its capacity for
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the larger, autonomous coliphages (206, 208), Tne dependence of A im-

plies that many functions required for the developmént of the phage in
addition to the metabolic machinery nécessary to protein synthesis may
be provided by genes residing in the host genome. o
After adsorption of a free A phage to the host and injection of
its DNA genome into the cell, the infection may follow either a lytic
or a temperate course, apparently depending upon the outcome of a com~
petiﬁibn between processes of duplication ana répression of the in=
fecting genomes (117). In the latter case, vegetative development of
the phage is curtailed by the éction of a repressor protein for which
the phage itself carries the genme (113, 177). Physical integration of
the phage genome into that of the host in lysogenization—-and excision
of fhe phage genome in induction--is accomplished by a site-specific

recombination event between the c¢ircular bacterial chromosome and a

circular form of the A DNA (33, 199). In the case that the phage in-

fection follows a lytic course, synthesis of the phage DNA proceeds
directiy aftef infection and within about 25 minutes the first infectious
progeny phages appear within the cell (229). Lysis of the host usually
occurs about 50 minutes after infection (this interval is referred to
as the "latent period"), with the liberation of around 100 progeny phage
particles per cell.

Lambda DNA passes through an intriéuing sequence of molecular con-
figurations in the course of vegetative developmeht. Short complementary

stretches of single-stranded DNA extend beyond each end of the linear

double-stranded molecule found in free phage particles, and soon after

entering the host cell the phage chromosome forms a circle which is

stabilized by hydrogen bonding between these cohesive end segments
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(92, 20). One of the single-strénd gaps present in this structure is
then closed by the formation of a covalent bond to complete one of the
phosphodiester backbones; later,'after the introdﬁction of a quaternary
" coil conformation into‘thercircular DNA molecule, the remaining single-
‘strand-gép is closed (20, 169, 133). The actual. vegetative replication
of the phage DNA appears to take place while it is in a circular form
with a single-strénd break (171). There is also evidence for concatenates
of vegétative . DNA considerabl& longer than a single chromosome, which
may represent structures generated in the course of replication or re-
combination, or intermediates in the conversion of vegetative to mature
phage DNA (234, 250). The significance of these various chromosomal

configurations is not yet understood.

The genetic map of M bacteriophage (Fig. U4 below) is a éingle
linear linkage group with a genetic length of about 15 recombination
units or probably around 0.7 Morgans (where 1 rec0mbination>unit cor-
responds to 1% recombination among the progeny from a genetic cross,
end a Morgap is the interval within which thére is i recombination in
the ancestry of the.average progeny {11k, 122, 2)). Genetic recombina-~
‘tion is more rare among ) phages than among the autonomous T-even
coliphages. This limited level of interchange is primarily attributable
to the occurrence of few mating events during vegetative development
within the host cell--around 0.5 to 1. matings in the ancestry of the
average L genome cémpared to 5 to 10 for a T-even’genome (2hy, 122)--
and might be in part related to the frequency of coiled forms of intra-

cellular ) DNA,
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In general, the kinetics of recombination émdng A phages follow
the pfedictions of the Visconti-Delbruck theory, which assumes that
recombination events occur during pairwise matings that are random
with respect to time and partner (227, 2iL, 122), A progressive in-
crease in the frequency of recombinant phages is observed from the
time the first infectious particles appear intracellularly until lysis
of the cell-(2hh). There is no positive interference of recombinations
between A phages; rather, there is a low generalized negative inter-
‘ference~~a slight but significant tendency for M chromosomes to undergo
more than one, statistically independent, recomﬁination in a single '
pairing of the parental genomes (122). A high, localized negative inter-
ference is observed over short lengths (ca. 1500 nucleotides) of the
chromosome (2). As for T-even phages, the reciproéalvproducts.of A
recombination are not recovered with comparable frequencies from in-

dividual host cells (122, 115).
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I-B.2 DNA Repair

Structurél defects induced in DNA by a variéty* of_lethal and
mutagenié agents can be repaired in bacterialvcells. The best charac-~
terized repairable lesions are intra-strand cyclobutane~type pyrimidine &
dimers (Fig. la) induced by UV (228, 191) and di(guanin~7-yl) cross-
links (fig; 1b) formed by the bifunctional alkylating agent nitrogen

mustard (138, 149). The first repair process to be characterized bio-

- chemically was photoreactivation, a highly specific in situ cleavage of

UV-induced pyrimidine dimers in an enzjme-substrate complex activated

by visible light (190,'183). Of concern in this report are thé more
general repair phenomena‘that occur in the absence of exposure to visible |
light and are therefore termed "dark repair,"” including processes of
excision-repair and post=-replication repaif of lesions inauced byAUV
radiation (reviews: 183, 192,.209, 89, 193, 102).

~ The concept of excision-repair is founded upon“three*principéi
types of evidence. JFirst; many microbial mutants héve been isolated
that Ere excéptionally sensitive to radiation and:chemicél mutagens;
the sensitivity of these mutants is axtfibutable to a deficiency in
their capacity to effect enzymatic repair of damage in their DNA (182,
183, 209). Second, in many microbial strains UV-induced pyrimidine
dimers in the DNA are excised during a period immediately after irradi-.

ation and appear in the soluble fraction of the cells (195, 23b, 193).

Tﬂé category of known repairable defects includes lesions induced
by Mitomycin C (2la), X-rays (156, 24b), decay of incgrporated P32
(170), methyl methane sulfonate (209, 23a), nitrous acid (104), nitro-

- soguanidine (242), acridine dye-sensitized photoeffects (86, 68),

thymine starvation (77, 40), and mild thermal treatment (27), in addi-
tion to UV-induced pyrimidine dimers and di-guanyl crosslinks produced
by nitrogen and sulfur mustards.
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Some rédiation-sensitive mutants fail to remove these photoproducts from
their DNA, Third, regions of localized non-conservative DNA synthesis
are observed in the chromosomes of UV-irradiated micro-organisms (176,
77). This synthesis is referred to as '"repair réplication" and is bé-
lieved to represent the replacement of damaged segments of the DNA ¥
strands. |

On the basis of such evidenée, several models of excision-repair
have béen prbposéd (Fig. 2) (253). According to the "cut and patch"
model, the repair is envisioned as proceeding in four discrete steps:
1) excision of a lesion from the DNA by means of single-strand cuts
that bracket the defect; 2) local degradation of the interrupted strand;
3) reéynthesis of the.degraded strand utilizing the complementary strand
as template; and L) rejoining of the phosphodiester Backbone of the re-
paired strand by formation of a covalent bond acroés theiremaining single~-
strand break. In an alternative "patch and cut"vséheme,fthe first step
is conceived as a simple incision, introducing.a-éingle-strand cut ad-
jacent to the lesion, and steps 2 and 3 (above):ére envisioned as con-
comitant, the original damaged strand being peeled away from its comple-
ment in the face of an adﬁancing point of_repairfreplication,

Although these models of the excision-repair brocess no doubt repre-
sent oversimplifications, enzymatic activities consistent with each of
the postulated repair steps have been demonstratéd in in xiﬁgg systems.

Extracts of M. lysodeikticus and E. coli exhibit an endonuclease activ-

ity that introduces single-strand breaks preferentially into UV-irradiated
DNA (210, 182, 215, 75). The number of breaks approximates the number of
dimers present in the DNA (193), and the endonuclease activity is absent

in certain UV-sensitive mutants of M. lysodeikticus (75). The extracts
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also contain an exonuclease activity that releases thymine dimers pref-

erentially from the damaged DNA (36, 215, 75). These endonuclease and

exonuclease activities have recently been purified extensively and their . -

specificity confirmed (12L4). The E. coli DNA polymerase of Kornberg has
a specificity similar to that required for repair-replication type syn-
thesis.with concomitant exonuclease digestion of the defective segment
(178, 135). Sealasé/ligase enzymes that close single-strand gaps in DNA
have been isolated from E. coli (179, 70, 1kl, 186).

| It is presumed that the excision-repair procesé is a general one,
since the sequence of repair steps outlined above could account for the
correction of a variety of defects, and striking_éorrelations have been
observed in the sensitivities of microbial mutants to diyers in#ctivating
agents "(_101:;, 209, 89). The fact that some mutants are relatively sensi-

tive to one type of agent and resistant to another may be taken to indi-

cate either a) that the repair sequence has been blocked at a pbint that

allows correction of one type of defect but not the other, b) that dif-
ferent "recognition" enzymes are initiating repair of the different
lesions, or c) that different modes of repair are operating to correct

the lesions.’

A second mode of "dark repair" involves bypass of a UV-induced
photoproduct in the course of DNA replication followed by post-

replication repair of the defective region in the daughter chromosome.

Contemplated in theory for some time (22, 242), this mechanism of repair

has recently been demonstrated in UV-irradiatedlg. coli that are de-
ficient in excision-repair (184, 26, 109). These mutants are capable:

of surviving a UV dose that is calculated to induce on the order of 50



potentially lethal pyrimidine diﬁers.per chromosgmé. Post-irradiation
DNA replication proceeds at a slightly reduced rate in these cells, and
énalysis'of the éyerage éingle strand molecular weights of the newly
synthesized DNA suggests ﬁhat the daughter strands‘contain gaps caused
by the bypass df'UV photoproducts; these gaps disappear upon subseqﬁent
incubation of the cells (184). Immediately after replication in the
course of bacterial conjugation,vpyrimidine dimefé'remaining in the
parental DNA strand transferred from the donor to the recibient bacter-
ium are susceptible to repair by photoreactivation but not by excision
V(109). Since excision, but not photoreactivatidﬁ, requires a double=
 stranded substrate (182, 249), the gaps in the newly synthesized strand
are most 1ike1y located opposite the dimers in the template strand. Post-
replication healing of these gaps might not occﬁr:ih a doubly mutant
exciéion-defective recombination-deficient straih (see section I~B.3
below), for which a single pyrimidine dimer in the chromosome may prove
: lethal.(lOB). In an excision-defective recombinafion-pggficient strain
the.byﬁaSsed pyrimidine dimers remain in viable progeny DNA and continue
to induce mutations for several generations (é6). .

Howard~-Flanders and collsborators suggesﬁ that the post-replication
repair of double-strand defects resulting from bypass of photoproducts

1

proceeds by a mechanism of "sister-strand exchanges,' which by re-
distributing the lesions among the strands of the daughter chromosomes
could serve to restore information in defective regions (184, 109).
Other-poésibilities are that the gaps are filled in by a relatively élo -
.possibly random--polymeriZation of nucleotides oﬁposite the démaged
template (2L42), or that the gaps are closed by a type of "copy-choice

repair replication” utilizing an intact strand from another daughter



_chromosome as template (28). 1Infidelity of this repair mechanism may
be responsible for the UV induction of mutations (2k2, 28, 243b).

The poéﬁ-replication.repéir of géps caused by replication-bypass
of UV photoproducts may be accomplished by the‘same_pathway'that effects
a pre-reﬁiication repair of lesions due to such agents as X-réys (102,
243a). This would account for the X-ray sensitivify of those bacterial
mutants thought to be defective invthe post-repiication repair of UV ..
damage. Failure of the mechanism involved in post-replication repair .
could conceivably render single-strand gaps from whatever source more |
v'susceptible to destructive nuclease attack. Tt is not vet c;ear.to
what e#tent the enzymic processes necessary to'excision-repaif and post-
repliéétibn repair (and/or repair of Xéray damage) might overlap (ef.,
10k, 125, 23a). | |

A simplified categorization of the genotypes and phenotypes of -
those radiétion—sensitive mutanfs.of E. coli K12 discﬁssed in the present

report is presented in Table I.

DNA repair phenomena are also observed in bacteriophage infection.
Here one must again distinguish between autonomous and dependent types
of phages. The UV-sensitivities of the T-even.group of autohomous
_bacteriophages are not affected by the repair proficiency of the host
cell (56), but at least two genes in the T4 phage itself--v and x--are
known to affect its UV survival (79, 81). The ¥ gene controls excision
of thyﬁine dimers from irradiated phage DNA (193); endonuclease and
exonuclease activities consistent with excision-repair have been found
in extracis of Th-infected cells (215). It is reported that T4 mutants

defective in the genes for DNA polymerase and polynucleotide ligase are
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Table I - A simple categorization of the radiation-sensitive'strains

of E. coli K12 bacteria discussed in this report.

(Abbreviations: R = resistant; S = sensitive; + = present;
- = absent; i or + = intermediate.)

CLASS

Wild

type'

HCR

i EXRH

REC

Radiation . .
LOCUS Sensitivity Recombi-  HCR of UV-R  Reference
nation A of A '
UV X-rays :
- R R + + +
" uvra S R + - + (106,154,
uvrB S R + - + 209)
uvrC S R + - +
uvrD S i + - + (168)
lex S S + + (104,102)
rech S 5 - + -
| ( 37,241,
recB S S - +
' 57,168 )

recC S S - o+
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also more sensitive to UV (17).--In general, the intrinsic UV-
sensitivities of the other autoﬁomous coliphages ére similsr to that of
the Thx mutant~-and significantly greater than that of dependent coli-
phages such as T1 and A (206, 183). |

UV damage to the dependent ) phage can be repaired in wild type

host bacteria by a process known as host cell reactivation (HCR), which

is thought to be similar--probably identical--to the excisioh-repair of
UV-damaged bacterial DNA (67, 129, 187, 183). The host celi reactivation
of A appears to depend completely upon the excision enzymes of the bac;
terial cell,tovremove UV photoproducts from the ?hage DNA, for all host
strains that are defective in excision (the uvrA, uvrB, and uv;C mutants

of Table I) exhibit an HCR-~ phenotype (106). Recently isolated bacterial

strains that are mutant at a uvrD locus are HCR- even though=-~in contrast

to uvrA/B/C mutants--they are able to introduce single-strand breaks and

extensively degrade irradiated phage DNA (168, 197). All other repair-

deficient bacterial mutants exhibit an HCR+ phenotype. It is conceivable

that some of the funcﬁions required to complete excision-repair of :

phage can be provided by the phage itself. Alﬁefnatively, the four uvr

loci may define the entire repair system that operates in excision-repair .

and HCR, a different repair mode being affected'in other radiation-

sensitive bacterial mutants (125, 209).



I-B.3 Mechanism of Recombination; Relation to DNA Repair.

Historically, two'general-hyPothéses have been advanced to account
for the mechaniém of genetic recombination: |
é) Recombination by breakage and reunion (164, L2, 157, 87); According
to this model, homologous chromosomes come togétﬁer and pair élOng cer-
 tain iegions, the specificity of the alignment presumably being dictated
by the nucleétidé sequences within the DNA of homologous genes. The
paired strands are then broken at homologous sites, and the broken ends
rejoined crosswise so that récombinént chrbmosomes are produced.
b) Recombination by copy choice (16, 90, 1k, 87). This model envisions
recombination'as occurring during the'réplication of paired DNA molecules.
Thus, it is suggesﬁed that a replica being synthéSized on one chromosomal
tempiate might somehow be switched to a template on the homoloéous chromo-
some, so that the ﬁewly constructed DNA molecule contains genetic informa-
tion derived from each of the ﬁaired.homOIOgues.' Although originally
conceived‘in terms ofvé conservati#e duplication of the genomes, a tenable
copy-choice model must now incorporate the concept of semi-conservative
DNA replication (ef., 87). A hybrid version of the breakage and reunion
 and copy-choice models, known as "break and copy,"lenvisions the recom-
bination as involving resﬁoration of a chromosomsl fragment through
replicati@n that is extended ogto a template provided by a paired
homologous chromosome (160). | | )

An impressive amount of genetic evidence héé-been arrayed to sup~
- port one or the other of'thése hypotheses or their variants (158; 87,
212). Evaluation of thig evidence is rendered all"the more difficult
from the present étandpoint because of the potehtial intervention of

DNA repair processes to generate pure recombinant chromosomes by the
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repair of internally heterozygous molecules (EEQE 12552)_ However, two
fundamental distinctions may be drawn between these categories of recom=-
bination modeis. First, s copy choice 6r break and copy scheme redquires
that reéombinafion be associated.with DNA replication, whereas recombina-
tion by breakage and reunion could occur entirely in the aﬁsence’of noimal
DNA replication. >Second, only a recbmbinant formed by strict breakage and
reunion would be composed mainly of DNA derived from both strahds of_each
parental leecﬁle. It is on the basis of these.distinctions that the
breakage and reunion model of recombination has pfevailed in'recént years.

_ Meselson and collaborators, working with prelabeled A phages,'have'
established that some recombinant phage chromosomes are composed almost
entirely of parental DNA and that there is a correspondence between the
amount of DNA and the extent of genetic information that a parenfal.phage.
contributes to a recombinant (160, 131, 157) (see also discussion in sec-
tion IV-A.2). More receﬁtly, Tomizaws and Anraku have used labeled
parehtal Tl phages to stuﬂy the sequence of events in the formation of
recombinant T4 chromosomes (22&, 3; 4, 222), They have demonstrated:
1) that the first step in recombination is the formation of a "joint
molecule” consisting of overlapping components of the parental DNA mole-
cules united end to end by means of hydrogen bonds; ii) that these joint
molecules are then transformed into intact recombinant molecules in which
the components derived from different parental structurés are covalently
bonded; and iii) that, while prior protein synthesis is required for
the formation of Jjoint molecules and very limited DNA synthesis is neces~
sary for the transformation of joint to iecombinant molecules, the en~
tire process can occur in the absence of detectable DNA replication.

These experiments provide conclusive evidence that natural recombination

w
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among Babteriophages»can préceed by a mechanism‘quitevclosely related
to simple breakagé and reunion,

DNA repair pfocesses may be relevant to the phenomena of genetic
recombination in three ways. First, recombinatién accordihg to a
mechanism of breakage and reunion would seem to fequire certain steps
that are topologically indistiﬁguishable from those enviéioned for
excision-repair. Second, DNA repair might be invoked to account for
certain unususal génetic phenqmena, such as gene conversion and conceiv-
ably even high, localized negative interference; which are related to
recombination but are not easily explained op'the.basis of a simple
breakage and reunion model. . Third, it is possiblé that the process of
post-replication repair proceeds by a mechapism involving a form of re-
combination, or at least enzymic steps which are also necessary to

recombination.

Howard-Flanders and Boyce have proposed that the terminal steps of
recombination by breakage and reunion include stépé also involved in
excision-repair (103, lOQ). Thus the primary steps of recombination
could be viewed as: 1) pairing of homologous DNA molecules, followed
by the introduction of single-strand breaks and the association of
complementary single strands from the two parenﬁs‘in a manner such that
a "joint molecule" of the type depicted in Fig. 3.? "H" is generaﬁed;
2) degradation of unpaired single strands to.éliminate the regions of
overlap between the recombined components (Fig. 3 - "I"); 3) repair-
replication‘to £i11 in any sihgle-strand gaps in_the recombinant mole-
cule; and 4) the rejoining of the pﬁosphodiester backbones of the

molecule so that the recombinant components arefunited by covalent bonds
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Figure 3. A hypothetical scheme for genetic recombination, illustrat-

' ing various conceivable roles of repair processes in the
‘breakage and reunion of DNA molecules. The sequence A
through H is an adaptation from that proposed by Whitehouse
in his "polaron hybrid" DNA model of crossing over (236,

237). H is a form suggested by Tomizawa and Anraku for the

T4 "joint molecule" (224). The steps in the transition from

H through J are those proposed by Howard-Flanders and Boyce
(104). J is the structure suggested by Meselson for the A
recombinant molecule (157). Note that the intact recombinants
contain regions of structural heterozygosity (HRl and HRQ),

in which the complementary strands are of different parental
origin. The»schemé depicted here also results in a region
of gene conversion (GCR), or non-reciprocal recombination, in
which one of the parental genés is iepreseﬁted on three strands
and the other on only one strand bf the two recombihant mole=-
cules. Subseguent repair ofvmismatched bases due to genetic
heterozygosity in these regions could lead to the elimination
of one of the parental alleles.

N\
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(Fig. 3‘F'"J"): This répair sequence would be consistent with the ob~
served progression'from a hydrogen-bonded joinﬁkmolecule to an intact
cova,lentiy' bonded récémbinant molecule in Th Iﬁhage (222). Moreover,
there are indications that recombination in phage A may be accomplished
by the removal and resynthesis of small portions of the molecule, such
as would result from répair in the region of overlap connecting tﬁé re-
combined co@ponents (157). |
The possibility that the excision enzymes themselves might be
‘essential to recémbination was eliminated by fhe finding that bacteriai'
mutants'thét are defective in excision are able to support normal re;
combination (104). The principal evidence in suppért of common pathways
in DNA repair and genetic recombination has beeh the isolation of "REC-"
mutants of bacteria, which are both deficient in recombination and ex-
tremely sensitive to UV and X-rays (38). Severai varieties of REC~
mutants have been found in E. coli (Table I); they exhibit somewhat dif-
ferent phenotypeszcorrespondﬁwgtb_mutétions at threg (recA, recB, and
recC) or more loci on the bacterial chromosome (37, 107, 226, 2k1, 57).'.
Tt was at Ffirst thought thaﬂ:ﬁhefRECAmnnﬁantS'might be defective in

an enzymic process commoﬁ to excision~repair and recombination, but sub-
sequent studies have tended to contradict.this interpretation. The REC-
strains apparently are capable of substantial excision-repair; a rech
mutant, for example, successfully. repairs approkimately 95% of UV-induced
"pyrimidine dimers even though relative to the wild_type it is nearly 200
ﬁimes as sensitive to UV and its efficiency in reéombinant formation is
only about 16"" (39, 104). This type- of mutant retains the ability to |
excise (39), repair replicate (175), and heal single-strand breaks in \

DNA in vitro (69) and in vivo (2hb); moreover, recA bacteria are capable
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of liquid’holdiﬁg recoverj (66)--an enhancement of survival following
UV-irradiation which is thought to derive from prb;onged excision~repair
during én interval of suspended gréwth in non~-nutrient medium (83).

The defect in the REC~ strains may involve control of single-étrand
‘breakdown (39, 102). Mutants at ﬁhe recA locus exhibit a high degfee of
DNA turnover even when they hgve not been irradiated, and recB mutants
show less than normal bNA turno#er (104, 57). These observations raiée
the question of whether the concomitant occurrence of radiation~sensitive.
and recombination~deficient phenotypes might not be a pleibtropic effect
due to the disruption of essentially independent enzymic processes.

_ Thére are several lines of evidence that fhe recA‘mutation may in-
#ctivate a8 mode of DNA repair other than exciéionarepair. First, doubly
mutant uvrArecA bacteria are gbout 4O times mdre sensitive to UV than
the singly mutant wuvrA cells, a difference toovgréat to be attributed
to a simple neutralization of fesidual excision aétivity (108); Strains

carrying multiple uvr- mutations to excision-deficiency are no more than = -
two to three times more sensitive to UV. than single uvr- mutants (106,
168). Second, the extensive DNA degradation observed in recA mutant
strains following UV-irradiation is not dependént upon the excision
‘capacity of the bacterial cells (108). Rather, the sites most sensitive
to degfadation may be adjacent to the replicatingipoint'in the irradiated
DNA (101). Third, W mutagenesis—-which is thought to be associated with
replication-bypass of UV photoproducts (242, 28)--is sﬁppressed in recA
mutant bacteria (163, 243b).

Howard-Flanders.and collaborators have suggested that'ﬁhe uv=-
sensitivity of recA and recB bacteria is due to a deficiency in post-

replication repair of defects caused by replication-bypass of UV
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photoproducts, and further contended that the post-replication repair
normally proceeds by a recombinational mechanism'invblving sister-~
strand exchanges among the daughter chromosomes to reconstruct a &iable
genome (184, 109, 108). While there is convinéing evidence to support
theiformer'interpretation, the latter view is obén‘to‘question on the A
grounds that a common failure of recombination énd the post-replication |
repair in REC- Bacteria need not indicate that these phenomena pfoceed

by closely analogoﬁs mechanisms. It is not clear that the usual enhanced
recombination of semi-conserved irradiated DNA (Xigg infra) is a re-

sponse to defects caused by replication-bypass as bpposed to the UV

photoproducts themselves.

The possible relations between recombination.and repair are also
under serutiny in bacteriophages.v The Thx mutant is 70% moré sensitive
to UV fhanﬁthe-wild typé“Ih7§79)?W§pd_r?ggmbi?gtion frequéncies are re-~
duced about threefold in érosses of Tl where both ?arents carryréhé X R
mutation (81). However, the nature of the altered fﬁnction is unknown.
T4 phages mutant in genes 43 (DNA polymerase) and 30 (ligase) are sig-
’ nificantly more sensitive to UV (17), but the relevance of these genes
to recombination is not yet clear (222, 179, 17). 

Distinct mutants of bacteriophage A have been isolated which are
defective in general vegetative recombination--ired (53, 201, 200)=-~-and - .
in site~specific recombination of the type implicéted in inﬁegration
and excision of the prophage--Aint (73, 55, 199). To date, the red
mutants have been classified into tﬁree complemenfation groups, two of

which relate to the gené for A exonuclease and the third to the gene

encoding B, of unknown function (200).
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Essentialiy norﬁél lévels of vegétative recoﬁbination are ob-
served among Ared+ phages in a recombination-deficient bacteiiai host
(226, 36)} Vegetative recombihation among Ared phages is reduced ap-
proximately tenfold in a REC+ 6r recB bacterial host and falls to 1/30
to 1/1000 the normal level in a ;écA host (53, 201). There are thus at
least three distinct recombinaiion systems operatiﬁg in the course of -a
M phage infection‘(viz., Rec, Red, and Int), and the bacterial recombin-
ation systen is able to provide for a limited améunt of recombinafion
among the dependent phages.

"The Ared mutants are slightly more UV-sensitive than thevkred+
when assayed on ﬁvfnﬁ or recA host bacterié.and about 30% more sensitife
 than the Ared+ on.a doubly mutant uvrArecA host (53). It is clear that
the lambda Red system has some inflﬁence upon repaif of the.phage DNA
in repair-deficient host cells, although this effect is dwarfed by the
approximately sixfold difference in UV4sensitivity‘of A phage on uvr+t

(HCR+) and uvr- (HCR-) host bacteria.

A phenomenon relevant to both recombination and repair is the internal

heterozygote, in which a region of the chromosome carries information for

different alleles on the complementary DNA'stréﬁds (91, 143, 130, 189).
The genefation‘of heterozygotes is probably a natural consequence of
recombination by a breakage and reunion mechahism (Fig. 3), and in fgct ,
most bhage chromosonmes éontaining internally heterbzygous regions are
found to be recombinant for outside markers (143, 130). Tt has been
~demonstrated that in some circumstances internal héterozygotes of phage M
can be repaired by excision énd correétion of mismatched bases (233, Qh,v

L7~~see also 205)., Variation in the efficiency of this type of repair
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might account in part for the widely differing frequencies of hetero-

zygotes found among various kinds of phage.

The phenomenon of gene conversion (146, 162b,_100; 61) could also
be accpunted for by the action of DNA repair precesses on recombiﬁants
(see 205 for a contrary hypothesis); Most extensively studied in fungi,
gene cbnﬁersion is classically exemplified by aberrant segregation at a
heteroallelic locus in meiosis so that a 3:1 ratio of alleles‘is ob-

served among the prbducts rather than the usual 2:2 Mendelian ratio. -

Such a meiotic "conversion" is often accompanied by reciprocal recombina-

tion for outside markers.

- Holliday_has suggested that gene conversion may be attributable to
the refair ef inﬁernal heterozygotes that arise through the'péiring of
heteroallelic parental strands (e.g., Fig. 3-"J") in breakage and re-
union _recombinants'(96 , 100). Moreover, an appai'ent non-reciprocel
recombinatioﬁ of closely linked markers: that is not.correiated with
recombination for outside markers could be generated by fepair of bie-
matched bases_iﬁ gfansientiy paired perental strands (e.g.,;Fig.-3-"F").
If the ﬁarental molecules_were to reanneal rather'than censummate the
reCOMbination, the result would be introduction 6f'an internal heterozy-
gosity into each of the reconstituted parental molecules, Further re-
palr of the newly formed heterozygotes could W1th 509 probability con-
vert one parental allele to the other, the net effect being an information
transfer unaccompanied by an exchange of physical substance (96, 89, 61).

Mutations to radiation-sen81t1v1ty in Ustllaggrmaydis have marked effectsv

on mitotic recombination and possibly gene conversion (99).
'Whitéhouse has advanced a rather elaborate model of recombination
and gene eonversion that implicates DNA repair processes also in the

formation of the initial "joint" recombinant molecule~-as in Fig. 3 =
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"A" through "H" (236, 237, 238). He has also pointed out that, in a
recombinant molecule from a multi-factor cross of closely linked markers,
random fepair of internal heterozygotes could result in an apparent

clustering of recombination events, i.e., a high, localized negative

interference (see 100). However, this hypothesis may be inconsistent

with the finding that in yeast conversion events thbught to result from
heterozygotévrepair involve the incorporation of information from a single
parént ovef a relatively extended portion of the'chromosome, 500 to 1000

nucleotides (61).
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I-B.} Stimulation of Genetic Recombination

The frequency of genetic recombinants formed in a'cross of hohol-

ogous chromosomes which differ at geneticélly markgd loci ié é.méasure B
of the geﬁeticflinkage of the loci, or their tendency to segregéte to=-
'gether in the products bf a randomly occurring genetic exchange; Any
tfeatmenf that serves fo increasé the number of effective recombiﬁation
events'or to disrupt the physiéal continuity df_éhromosomes should de=~
cféage_genetic linkages. Many lethal and mutagenic agents which intro-
duce lesions into DNA have been found to be recombinagenic as well (117,
2L43a). The best characterized of these effects is. the UV enhancement of
recombination. | | _ |

Ih 1955, Jacob and Wollman (115) reported that 1ight‘UV—irradiation
of A phages before, or immediately after, infectioh of the host bacteria
causes é marked increase in phage recombinatidn frequencies. Their de-
scription‘of the principal features of this effect may be summarized as
folldwé: a) The UV enhancement of recombination'frequency is linear
with dose until attainment of either genetic.eqﬁilibrium>(50%‘recpmbinant_:
progeny) or, for UV doses which inactivate abou£'70%‘or more of the in-
fecting ﬁhages, a plateau of maximal enhancement at a level about five
times the ﬁormal recombination frequency. b)‘ The‘slope of the enhance-
ment response and the level of maximal enhancement vary with the genetic
linkage between the markers crossed. ¢) The UVvenhancement of recombin-
.ation is photoreactivable. a) Thevinduced recombination eveﬁts occur
during the early part of the latent period. e) Thé UV-stimulated re=-
combination includes a large number of seemingly non-reciprocal double
crossovers. f) For crosses in which only one of the parental phage

genotypes is jrradiated the enhancement is about‘half as'great as when
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both phage type’s are irradiated, and the iriadiai;éd parent appears to
- serve as a donor of genetlc fragments to the unirradiated phage type.
g) The UV-1nduced increase in recombination frequencies is accompanied
by an increase of around 100-fold in the frequency of internal phage
heterozygotes (189, 231), from a.round.lO—b'% to aboﬁ_t 1% (115, 130).
Further»studies have demonstrated that UV-ifradiation also enharnces
recombination among T-even phages (59, 62), increases P22 and Adg phage
transduction frequencies (67, 15h), decreases the linkage beﬁween éenetic
loci in bacterial conjugation,(ll?, 24o), indUceé hgploidization and re-
combination'between the exogenote and endogenote in partially diploid
bacteria (41), and stimuiatés mitotic recombihation and gene conversion
in fungi (119, 181, " 98). In each'in;té.nce the characteristic features
of the UV-induced recombihation are consistent with those déscribed by
Jacob and Wollman for UV-induced A phage recombination. |
The mechanism of the UV enhancement of recémbihatidn is unknowﬁ.
Originally, it was proposed that the characteristics of UV-induced
recombination might be most easily explained in terms of a copy-choice
model, ﬁith UV lesions in the parental DNA strands envisioned as provok-
ing switches of a replica back and forth between'mating'templates (115,
206). Considerable doﬁbt is cast upon this inter?retétion by the recent
accﬁmulation of evidence that microbial recombination proceeds mainly
by breakage and reunion.type'mechanisms, and that various anomalies
associated with recombination might be accounted for by DNA repair (sec-
: tion I~B.3 above). Thus while it could be argued that at present there
is no unequivocal expérimenta; évidence excluding all possibility.that

UV-induced recombination might occur by a semi=conservative copy-choice -
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-meéhanisﬁ, such an hypbthesis now seems neither necessary nor warranted
by anyﬁcollateral.evidence.

On the other hand, it is by no means certain that the UV-indﬁced
recombination i; gccomplished by breakage aﬁd reunion of‘éhromosomest
anaiogous to that observéd for Qegetative recombination amohg ﬁnirradiated
A phages;. In addition‘to (a) simple breakage and reunion, other possible
mechaniéms which might be ccnsideréd for the UV-induced recombinationb
are: (b) a variety of non-conservative cépy-choice DNA synthesis dﬁring
repair-of single-strand interruptions (28, 2h3a); (¢) exchanges of singlé;
strand segments among the mating chromosomes (109, 2L0), pefhaps thfough
a mechanism related to‘that whigh effécts singlefstrand recémbihation
of donor and recipient DNA in bacterial transformation-(63, 21,-172a);
(a) informétional exchanges through repair of internal heterozygotes in
transiently paired strands from differént chromosohés (96, 98).

For.héuristic purposes it is heipful to‘distinguish between the
mechanism by which:thé UV-induced recombination.may be eXecutéd and fhe
recombinagenic stimulus‘whichEUV-ihduced lesions furﬁish to initiate
genetic exchanges. Thus éne may considér an independept éategbrization
of the ways in which UV lesions might lead to recombination: 1) By in-
troducing slight structural deformities into the irradiaﬁed DNA, UV
lesions promote the development of regions of local denaturation (153).
Such an effect might facilitate the pairing of strands from homologous
chromosomes (190, 41), which otherwise could be a rate-limiting step of
recombination (221). 2) UV lesions might facilifate recombination by
presenting impédiments to DNA replication, aﬁd thereby prolonging the
time a#&ilable for péiring of homologﬁus chromosomes in close proximity
and/orfé particularly favorable conformation (98, 97) or otherwise in-

duecing a metabolic state conducive to recombination (96, 100).
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3) Excisibn-repair of UV photoproducts, with concémitant introduction
of singlé-Strand interruptions and uhpaired single strands, might facili-
tate the:mating and recombination'bf DNA strands from different chromo-
sbmes (106). 4) The introduction of single-strand gaps in DNA as a
consequence of repiication-byfaés of UV photoproducts could stimulate:
pairiné or even set in motion a specialized recombinational system‘to
effect post-replication repair (109, 100). Post-replication repair
might occur by a mechanism of cdpy-choice repair replication (28) or single-
strand exchanges (184) (ef., above), which could lead to recombination
among chromosomés of different genotype as‘well:as_among the replication
préducts of the same chfomosome. Howard-Flanders and collaborétors have
suggeéted that UV-induced bacterial recombination is primed by double~
strand defects caused by replication-bypass; théy have shown that post-
replication repair of DNA transferred from an ifradiated donor in bac-
terial conjugation does not occur prior to UV-induced recombination with
the recipient genome (109, 2L0). |
An indirect effect of UV to increasé X rééohbination.frequencies,
apparéntly distinct from that discuséed above, is observed when unirradi-
ated phages are crossed in very heavily UV-irradiated host bacteria
(129, 130). Such a procedure can lead to & two-I to five-fold increase
in recombiﬁation frequencies and a more than 100-fold increase in the
frequency of internal phage heterozygotes. This”effectvhas been pro-
visionally attributed to prolonged mating among the parental phages as
a result of inhibited replication and maturation df the phage DNA'(130); :
A'number of other agents in addition to UV have been found to '
stimuiate recombination orvdeéreasé genetic linkages in microbial
genetic systems. Among these agents are X-ra&s (78, 152), decay of
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incorpofated P32'(1i7), thymine starvation (65) and 5-fluorodeoxyuridine
(60, 65), nitrous acid (252,'251)5 nitrosoguanidine (251),‘bifunctional
(but not monofunctional) alkylating agents (165, 248), and mitomycin C
(95). Most of these agents havé also been found té'induce‘the de&elop-
ment of prophage in lysogenic bacteria. While ail of them_éffeét DNA
synthesis to some extent, a more striking and cbﬁsistent-correlation
among them ié their éommon induction of repaifable lesions_in'the DNA.

One would hope that an elucidation of the mechanism of UV stimulation

of recombination might provide some indication as to a general mode of -

action of these recombinagens.
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II. MATERIALS AND METHODS

II-A. Bacteriophages

| ké67,.Xc68, and Ac7l are clear~plaque mutants, isolated by A. ﬁ.
Kaiéer, thaﬁ afe\defective.invthe_cIII,chI, and‘cI cistrons respectively*
(123). AsusBl, AsusG9, Asus029, AsusP3, xsusQ73; and XSusRé are
suppressor-sensitive mutants iso;atéd by A. Campbell (32). The approki-
mate 1ocati§n‘of these markers on the genetic map is shown in Figure L.
Samples of the Ac mutants and strains of E. coli C600 lysogenic for the
farious'Xsus mutants were obtained from Kathérine Brooks.

_ Mulﬁiple A mutants carrying the ¢71 and one. or more sus harkers
wefe prepared by‘crossing UV-irradiated single mﬁtants in E. coli AB1886
(uvrA-). Tt will be seen from the results presented below in Chapter III
that this procedure yields g high frequency of‘phége recombinants. The
desired genotypes were selected from the progeny of these crosses by

means of complementation tests of individual pickéd pladgues.

Plkc phage (142) utilized in the preparation of Pl lysogens was
obtained from Neil Willets. Lysates of Pl were prepared by the confluent

lysis technique (1).

The c¢I, ¢II, and cIII cistrons affect repression, and the phages
mutant in these functions show greatly decreased freqQuencies of lyso-
genization relative to the wild type (123). AsusBl, AsusG9, and AsusR5
are mutant for late phage functions. The B cistron product is necessary -
for the conversion of freshly synthesized phage DNA to an infectious '
form, and the G cistron function is required for the production of func-
tional phage tails (232). The R cistron codes for the phage lysozyme
(3%). AsusQ73 is defective in a cistron that supplies a general inducer
- of late phage functions, while AsusO029 and AsusP3 are mutant in functions
~essential to vegetative DNA replication (29, 48, 121).
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Figure 4. The genetic map of vegetative A bacteriophage, showing
the location of markers discussed in the text. The c '
and c26 loci referred to in Chapter IV are situated near

c7l. Relative genetic distances are based on data from
several sources (2, 120, 123, 31, and this report) and
are expressed in crossover units normalized according to
the mapping function of Amati and Meselson (2). The
relative positions of these markers on the genetic map
correspond roughly to their physical location on the
bacteriophage chromosome, except for a distortion intro-

duced by the high ratio of physical to genetic length in
the susP3-susQ73 interval (94, 120).
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II-B.  Bacterial Strains

The characteristics and'sburces of the E. coli K12 bacterial
strains employed:as hosts in these studies are given in Table II. All
bacteriél(strains were re-isolated shortly before their use in major
‘experiments. | |

Derivatives of strains C600, W3350, ABliB?, and AB;886 lysogenic
"for phage Plkc were prepared as follows.. A high titer suspension of
Plkc, prepared by several cycles of growth by confluent lysis on the
strain to be 1ysogehized, was spotted on a lawn of soft agar seeded
.with that strain; After overnight incubation, cells were scraped frqm
_the resulting zone of confluent lysié, washed, and plated out for iso-
lation of individuél colbnies. Colonies were screened for lysogenicity
by selecting those that produced lysis when replica plated onto a lawn
.of AB1157 indicétor and examining their properties of host controlled
restriction and modification of A phage. By thesé_criteria, approxi-~
mately 1% of the clones derived from the original zone of confluent
lysis wefe classifiéd as Pl lysogens.

| The concentration of bacterial cells in a 1iquid suspension was
routinely'estimated by measuring'the relative abSOrbance at 520 mu
- (for tryptone broth cultures) or 450 mp (for éuspénsions in simple
‘media), using a Bausch & Lomb_Spectronic'EO of:a Zeiss spectrophoto-

meter.,
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Strain

C600
W3350
AB1157

AB1884
AB1885 -

AB1886

AB2470
B2494%¢)
JC1557

JC1569

C600(P1ke.)
W3350(P1ke)
AB1157(P1ke)

AB1886(P1kc)

Characteristics(a)

F-,Thr-,Thi-,Lac-,T17,T5T, Pmt .

F-,gal-1,gal-2,Pm-. .

F-Arg-,His-,leu-8,pro-2,
thr-4,ara-14,gal-2,lac-1,
mtl-1,xyl-5, Thl ,T6 Smt,
Pt (B).

Same aﬁ AB1157 except uvrC-34,
Pt (D). |

Same ai AB1157 except uvrB-5,

Same as AB1157 except uvrA-6.

Same(a AB1157 except recB—21;

Pmt \D

F-,His-,leu-8, &/or thr-4,

’ met B,pro 2,gal(2jxyl 5,

SmT, lex-1,. Pmt\D

F—,leu—2,his—1,arg—é,met—1,
lac-1,4, T1T,Sm%¥, Pm+.

Same as JC1557 except recA-1.

Source Reference

D.Freifelder

n

P.Howard-
Flanders

-n

A.J.Clark

on

on

from C600 by

(5)
(32)
(105)

(106)
(106)

(105,106)

(104,57)

(104,102,
110a)

(39)

(39,241)

lysogenization..

from.W3350 by

lysogenization.

from AB1157 by

lysogenization.

from AB1886 by

lysogenization.
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Footnotes to Table II - Bacterial Strains Employed

(a) The bacterial strains utilized in these studies are described
in terms of mating type, auxotrophic and fermentative markers, resist-
~ance to T coliphages and streptomycin, and radiation sensitivity.
Symbols beginning with an upper case letter refer to phenotypic prop-~
erties; symbols beginning with a lower case letter refer to genotypic
characters (43). The following abbreviations are used: F- = non-donor
in conjugation, thr = threonine, arg = arginine, his = histidine, leu =
leucine, pro = proline, met = methionine, thi = thiamine (B,), lac =
lactose, gal = galactose, ara = arabinose, mtl = manitol, x¥l = xylose,
T1¥, T5T, T6TY = resistant to T1l, T5, T6 coliphage respectlvely_ Smf =
re51stant to streptomycin, Pm = permissive for Asus mutants, uvr- = UV~
sensitive, rec- = recombination-deficient, lex- = x-ray sensitive.

(b) The strains of AB1157 and AB1886, obtained from Howard-Flanders
in 1964, are permissive for all Asus mutants tested. Strains of AB1157
(des:.gnated ABL157N), AB1884, AB1185, and AB24T0 obtained in 1966 were
found to permit the growth of some Asus mutants but not of others, e.g.;
AsusG9. It is thus likely that the strains obtained in 1964 and 1966
differ with respect to alleles at one or more of the suppressor loci.

In all other respects the characteristics of the Strains were as re-~
" ported in the literature.

~ (¢) The AB2LOL strain was found to be quite slow-growing, with a
doubling time of around an hour in tryptone broth (all cells in the cul-
ture were viable). A spontaneously occurring mutant of this strain with
‘a somewhat faster growth rate was isolated for use as a host for phage
crosses and as an indicator for plating phage. The UV-sensitivity and
host cell reactivation properties of this substrain are identical to
those of the original AB2494, and control crosses indicated that the UV
enhancement of phage recombination is comparable in the two strains.

Note that aside from the lex-l allele the AB249L strain is not
isogenic with the lex+ AB1157 strain utilized for control experiments.
AB2L9k is an argtuvrA* - recombinant from a cross of AB2UTh (uvrA6, .
lex-1) with Hfr J2, where AB2LUTL is a nltrosoguanldlne—lnduced mutant
of AB1886 (uvrA6) (110a).
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II-C. Media

-The'standard medium used for growth of bacterial cﬁltures and
incubation of'phage‘crosses was tryptone broth: 1% tryptone +:O.5% ,
NaCl in distilled water, with 10 ug/cc thiamine h&droéhloride added
‘after auto;laving." This.medium was supplementea‘with 1% Difco agar for
phage assay plates and with 0.65% agar for top agaf. Dilutions were
garried'out in M9 or in a‘éolution consisting of 0.01 M KH2POM’ 0.01 M
KéHPOﬁ, Q.OOl M. MgSOu, O.QOOl M CaCl2 in distilled water. Purified
phage stocks wére kept at L°C, in a storage mediu@ composed of 0,5 M -
NaCl, 0.001 M. MgCl,, 0.01% gelatin, 0,01 M. Tris o 7.8 in distilled
water. The samples of anti-k.serum used in theée.studies were kindly *

provided by Mark Achtman.,
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II-D. Preparation of Phage Stocks

ﬁV inductions of A lysogens were performed according to the fol-
lowing procedure. The lysogenic bacteria werévgrcwn to a concentration
of about 2 X 108 cells/cc in tryptohe'broth, coiieéted by centrifuga-
.tion or millipére filtfation;'iesuspended in 3/h'volume éf Q.Cl M MgSO), ,
and starved for an hour at'3750. with vigorous aeration. The suspension
.was then exposed, in a thin layer and with agitafion, to about hOOvergs/
mm? of UV radiation. One-quarter volume of 4X concentrated tryptone broth
was added and the culture incubéted with vigorousvaeration until lysis was
complete, as judged by a minimum in the absorbancé §t 520 mu..'The lysed

‘culture was sterilized by addition of 0.5% - 1.0% CHC1l, and clarified by

3
centrifugation or passage through celite and a millipore filter.

'. 'Stock of X phages carrying_a clear plaque_mﬁtatioh'were prepared
by vegetative growth on E. coli C600 or C600(Plkc) host bacteria. The
host strain was usually grown to a congenﬁration-of 1.5 X 108 cells/cé
in trjptone broth and then seeded with phage to a concentration of
6 x 107 phage/cc. After allowing the phage to. adsorb for 15 minutes,
the culture'volume.was:doubled by addition of broth. The culture was
then incubated-with vigordus aeratioh to 1ysis,‘usualiy about 3 hours,
steriliied, and clarified as above.

| vThese procedures cOuld be scaled to final volumes ranging from.
20 ce to 6000 cc. Thé'yield was usually 1 = 3 X 1010 phage/cc in the
'clarified lysate. A New Brunswick'Microferm Ferﬁenter was utilizéd for
incubation of UV induction cultures and vegefative growths carried out
ih large volumes. ‘In order to insure maximum génetic homogeneity of phage
preparations, lysogens or clear mutants were subjected to several serialx

single colony or single plaque isolations to obtain the inocula for growth

of 1arge stocks.
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Large stocks éf the A phages to be used'ihvfhe e#periments de-
scribed beiOWwwere purified and préserved by a_sliéht modification of
a procédure_obtained via David Freifelder: Afternétefilization and
clafification of the lysate, the phége were preciﬁitated by ddditioﬁ 6f
30% wt/vol '(mu)zsoh. The prec‘ipitate which settled out at kec. was '
collected by cenﬁrifugation atllo,OOO X g for 60 minutes and resuspended
in 60cc-_90cc of phage storage medium. This ﬁ)hage' suspensi_on -was then
Spbjécted:to two cycles of alternate cehtfifugations at l0,0CO X g fof
10 minutés~to.remove debris and at 52,000 X g for 120 minutes to pellet
- the phage. The final phage péllet was allowed to resuspend in several
‘cc of Phage storage medium and banded overnighﬁ in CsCl (p ~ 1.5 gm/ce)
at 100,000 X g. The band was collected, dialyzed against three changes
of storage medium, and diluted to a 5cec-10ce volﬁ@e for storage. The
total humbér of viable phage present in such a ?urified stock was.ap-
prokimately 50%_ that present,in_the;prigingl clar;fied lysate,

Highly purified A phage stocks are unstable at concentrations
below about 5 X 10ll phage/cc in‘simple media, but they can be stabilized
by addition of a low concentration of protein to fhe storage-medipm.

This sf&bilization.can also be effected‘by gelatin,which has the advantage
for these studies of an insignificant UV absorﬁtion at 254 mp. Hence all.
phagé stocks were stored, diluted, irradiated, etc., in the phage storage
medium described in sectipn III-C,'whiqh contains 0.01% gelatin; no decay
of viable titer was observed at any phage concentration over a period of

several years.
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II-E. Ultraviolet Irradiations

Most ultraviolet irradiations were pérformed with an 8-watt GE
germicidal lamp, emitting primarily 2537 A radiation (118), at a dose
. : , 2 ‘ _
rate_of approximately 10 ergs/mm./sec. Aliquots of phage, suspended in

the storage medium at a concentration of L X lOlO/CC (0.p. ~ 0.2)

, 254mu
or less, were irradiated in a layer 1-2 mm deep (2-3 ce) in a 10 em

glass petri dish. (Phage prepared in this way ébuld be stored indefin-

_ itely in screw cap.tubes with no changé in'viable.titer or recombina-
tion proberties, so that the same phage suspensions could be ﬁtilized in
a series of experiments in different bacterial host strainé over a period
of weeks or even months.) The‘UV irradiations‘fdf‘bacterial survival
curves ﬁere performed in a similar manner,.with.the cells suspended in
~dilution medium at a concentration of 5 X 106/50.'

v Irrédiations of bacteria to be used as hosts in phage crosses
(Chapter V) were performed with two 15-watt GE germicidal lamps at a dose
rate of approximately 4O ergs/mmz/sec. (The UV dose scales in the data
concerning irradiation of hoét cells have been adjusted to correspond to
the 10 ergs/mm?/sec dose rate.). Ten cc aliquots of starved cells, sus-
pended in 0.02 M MgSOu at a concentration of L x 108/cc, were irradiated
in 10 cm petri dishes wiﬁh vigorous mechanical agitation.

Thé UV sources wefe calibrated by potassiﬁm;ferrioxalate actinom-.
étry (118). All experiments suscéﬁtible to phofdfeactivation ﬁere‘per-

formed under dim or yellow light.
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II-F. Phage Titrations and Complementation Tésts

All phage stocks and samples were routinely titrated on AB1157 or ‘
AB1886_indicator bacteria in order to determine tbtai ﬁhage titers. Asus *
mutants and Xsus cross lysates were titrated on W3350 .indicator to moni-
tor the levels of Asus+ revertants and determine fhe titers.of.k++ re-
combinants respectively (see section iI.H). Titers were usually based
on counts of'at legst»two, usually three, plateé at dilutions yielding
50-L400 plaques/plate (a linear range). In rare cases-a greater number
of plates were counted in order to score 50-100 plaqﬁes of phage present
at low concentration in the_samplé. |

Cultures of indicator_bacteria were prepafed by h-Slhouré aera-
tion of unaeraﬁed overnight cultures in tryptone broth. For most UV
survival assays the phage were mixed on the plates with top agar seeded
- with the indicator strain. For all other assays the phagé were routinely
preadsorﬁed to the stationary pﬁase indicator bacteria--approkimately
2 x'lo9 cells/ce in broth--for 15-60 minutes at room temperature before
plating. (This preadéorption'facilitated plate-counting and increased
the efficiency of plating (EOP) of the phages on AB1157 and AB1886 by
approximately 20%; preadsorption did not affect the EOP on W3350 indi-
cafor nor did it significantly affect the results of UV survival assays
exeeptffor very low doses.) The plates were scored after at least 14 hours'
incubation at 37°C.

Tests for intercistronic complementation among Asus mutants were
conducted according to a modification of a procedure obtained from K.
Brooks. The two phagés to be tested were spotted together--~for each

phage ca. 0.02 cc of a suspension at 108'phage/cc-—on a lawn of top agar
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_seededeith stationary phase W3350 nonpermissive indicator, allowed to
dry, .and incubated. Confluent lysis, in contrast to a small number of
plaques dﬁe to Asus+ revertants or A++ reCOmbinants, indicatedvcomple-
mentation. This procedure was adapted té test.fér complementation be=-
tween phages initially present as prophagés in separatellysogeﬁs by

ispotting éa. i06 log phase cells of each lysogen 6n the lawn and exposing
the platé to an inducingAdosé of UV before incubation. Similarly, comple-
ﬁentation_between a free phage and a phage initially present &8s a pro-

fphage:céuld be tested by introducing the free phége'aftef induction and

several hours! incubation of the lysogenQ
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II-G. Phage Crosses

Equal numbers of‘the phage mutanﬁs to be crossed were mixed to a
final concéntration of 4 x lOlo phage/cc in phage storagé’medium and
aliquofsvof this suspension were UV-irradiated as described above., The
host bapteria were.grOWn to a concentration of 4 X 108 cells/cc in
trypténe broth with vigorous aeration, removed from the growth medium by
mi;liporé filtratioﬁ, resuspended in 0,01 M or.6.02 M MgSOh, and starved
for about 60 minutes at 37°C. (122, 64). The éoncentration of starved
cells was then adjusted to approximately b b4 x 108vcells/cc* (O'D‘h50mu
~ 1.0). For each cross an 6.9 cc aliquot of the cell suspension was in~
, fected‘wifh 0.l cc of a phage preparation, to give a multiplicity of about
5 of eéch parental phgge type per cell. The phagéé were allowed to ad-
sorb for.20 minutes at 37°C. Unadsorbed vhage were éhen heutrélized by
addition of anti-A serum to a final k ~ 0.5-1.5 (1), as required, and
inbubatidh"for‘é*furthéf”20 minutes.”’(This;treatment*reduced the back-~ - -

3- to lOu—fold to

ground'levelvof unedsorbed infecting phage particles 10
a conééntration 0.02% - 0.5% that of the-infected cells.) The infected
qells were diluted 100~ to 1000-fold into tryptone broth and a 10 cc
aliquot was incubated for 90-120 minutes in a.125 ml Erlenmeyer flask
with vigorous agitation. The cross was terminated by incubation of the

lysate with 0.5% - 1.0% CHCl,, after which semples of the lysate were

3
diluted into phage storage medium for later titrationm.

* e viable titers per 0.D. wnit of JC1569(recA-1) and AB2MT0 (recB-- -
21) suspensions were 0.60 and 0.25 respectively those of the JC1557 and
AB1157 controls, because a large fraction of the cells in such Rec- cul--
"tures sre not viable. The concentration of these Rec~ strains was adjusted
to the same 0.D. (rather than viable titer) as their controls in order to
preserve a constant multiplicity of phage particles/adsorbing cells.
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At the appropriate times during this»procedure, samples were taken
in’ofdér to aésay_the concentration of viable cells ihfected, the per-
centage of phages unadsorbed to'hqst cells, thé titer of phage un-
neutralized by anti~-serum action, and the concentration 61‘ ‘infz.ected
complexés'in'the‘cross. Unadsorbed and un-neutralized free phage were
.assayed ésvthé titer 6f>plaque-forming'uhits (PFU).femaining after in-
cubation 6f the samplg with 0.5% CHCl3 in phage.storage medium. A
sample'of known titer was assayed as a control on CHClBVinactivation of
the free. phage, which was occasionally significaht.

By performing the various steps of this procedure consecﬁfively
_fof different crosses (staggering the various ad#brptions, diiutioﬁs,
.eté.) it was ﬁossible to perform from 12 to 36.érosses in tandem util-
izing;fhe same ﬁreparations of host bacteria ahd'virtually identical
.experimehtal conditidné. A sihgie experiment ﬁhen yielded complete data
éurves for variatiohs'of phage recombinétibn freqﬁency,.etc., and sur-
vi&al of multiply-infected cells as PFU (i;e., active iﬁfected complexes) -
as a funcﬁion of dose to infecting phages or to:Ceils. This tactic
eliminated scatter that woﬁld normally be ékpected from da& to day varia-
tions in the conditions of the crosses. The curvés presented in the
text for recombination and mulﬁiplicity reactiﬁation of AsusBl + AsusG9
phages in AB1157 and AB1886 hosts (Figs. 7, 9, 16, and 17) represent the‘
results of sevéral séries éf crosses ﬁefformed'on aifferent days but
randomized with respect to the UV‘dbses ﬁo ihfecting phages., All other
curves represent results derived from a single cioss series,

‘Phage adsorption in these experimehts was usually 75% - 90%

.except for a somewhat reduced adsorption to the JC1557 and JC1569 strainé.
For example, adsorption of unifrqdiated AchHT + Xc68 phages to‘the various

host strains was assa.yed’as: AB1157 - 87%, AB1886 - 96%, AB1885 - 90%,
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AB1884 - 93%, AB2WTO - 88%, AB2LOL - 75%, JC1557 - L2%, JC1569 - L8%.

' Control experiments indicated that UV-irradiation of the phages or of
the host gells did not significantly affect phage adsorption. The
burst size was approximately 30-50 for crosses of AsusBl and AsusG9 and

approximately 70-140 for the other crosses considered.
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II-H. Determination of Recombination Frequencies

.Xsus mutants grow on the permissive indicator strains AB1157 and
AB1886, but not on the noh-permissive indicator W3350. Asus+ revertants
(present at freqﬁenciés from 107 to lO"br in a typical Asus stock) énd
A++ recombinants from crosses of‘ks&é mutants grown on both types of in-
dicator. The'recombination frequency among'the progeny from a cross of
Asus mutahts was measured by dividing the lysate titer on W3350 by the
lysate-ﬁitér on AB1157 or AB1886 to obtain the ratio (titer of A++ progeny):

(titer of total progeny phages). In general‘the resolution of this assay
©is limitedvto 0.0I% FiO,I% by intercistronicvcomplementation among a mix->'
ture of Asus mutants on the non-permissive indicétor.

>Wild.type A++ recombinants from crosses of Ac67 and Ac68 form very
turbid plagues, while the plaques of the parentai ahd Ac67c68 recombinant
phageé aie relatively clear}' Lysatés from these crosses were plated on
AB1157 and the recombination frequeﬁcy (£iter of A++ progény):(titer of
total_ﬁrogény phages) was measured'by divi&ing the number of turbid
plagues by the total number of piaqﬁes. A'sufficient ngmperan p;aqugs
was counfed'to insure the scoring of at least 100 recombinants from
erosses of irradiatedvphages and 25-50 recombinants from the zero point

crosses of unirradiated phages.

‘Unless specified otherwise in the capﬁion,’the bfackets or indi-
cated errors on the reqombination frequencies réported in the data
describe ﬁhe range of frequencies obserQed from single titrations of
duplicaté;phage crosées. (The duplicate crosses wéfe aiways berformed

on the same day under identical conditions; however, the duplicate cross
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'lysates ﬁere rdutinely titrated on different‘days using different prep-
~ arations of inéicator bacteria.) The results wgré not significantly
affected by increasing the sample through additidnal»crosses or titra-
tions. Note that the recombination fréquencies”feﬁorted iﬁ the data re~

fer to only.one of the two recombinant phage genotypes.

»
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II-I. Indicator System for Assay of HCM-labeled Parental Phages

In many of the phage crosses performed in this stﬁdy the parental

phage DNA strands were labeled by means of host-controlled modification

(HCM). " This label allows the superposition of a selectim for DNA strands
derived primarily from parental phages upon the assays for total and re-
combinant progeny phages of a cross. The basis of the HCM label is dis-

cussed in detail in Section IV-A. The K12-K12(Pl) indicator system

-~ .

utilized for assay of the various phage types from these crosses is de-
fined in Table III, in terms of the efficiencieé'of plaéing (EOP's) of
the phages on the various indicator strains.

Since the K12(P1) lysogens éegregate nonriysogenic cells at a
significant freqﬁency upon serial passage, KlE(Pi) indicator cultures
- were inoculated from recently re-isolated single colonies. The re-
striction character of these cultures was routinél& monitoféd in order
to insure EOP's for MK of 1 to U4 X ].O"5 in the-titrations of HCM—labeledi

cross progeny.
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Legend to Tablé III: EOP's of Phage Types Regoveréd from a Cross of.
' Asus BP and Asusy+P in Type K-HCM Host Bacteria

A phages synthesized in nonlysogenic strains of E. ggli K12 (A+K)
plate with 100% efficiency on those K12 straing-but:afe restricted to an
EOP of about 2 X lO-5 on K12 strains lysogenic fbr bactériophage Pi. By
contrast, phage grown in a K12(P1) strain (A+P) plate at 100% efficiency
on both_KlQ(Pl) and K12 hosts. When the progeny of a cross of Asus°P
phages in a nonlysogenic K12 host are plated on .K12(P1) indicators, the
permissive (column 2) and restrictive (column 3) characters of the in-
dicators allow a selection for total or recombinéﬁt progeny carrying the
parental-HCM specificity. (The +/- symbols in the table refer to the
ability of the phage to plate on a host with the ﬁermissive or restrictive
characters, respectively, of the indicator; the numbers‘represent the

resultant efficiencies of plating.)




Table III

EOP OF PHAGE TYPES RECOVERED FROM \susf3-P x \ susy-P IN TYPE K-HCM HOST BACTERIA

X-p
Parental-HCM phage types

DN ¢
Progeny-HCM phage types

Infecting parental

genotypes Parental genotypes
y o AsusB-P AsusB-K
Indicator bacteria Asusy -P A susy K -
h Permissive character: | Restrictive character: and ) and
EOP of Asus EOP of A- K Recombinant genotype | | Recombinant genotype I Recombinant genbtypel Recombinam genotype 1l
Strain EOP of A* EOP of AP AsusBsusy - P Attt AsusBsusy -K APk
AB 1157 [HCR'] ] Pm’* Ry e +4 ++ .
AB 1886{HCR] 1.0 1.0 1.0 1.0 1.0 1.0
Pm™ Ry - + + -+ ++
W 3350 [HCR'] ~1075 1.0 ~1075" 1.0 ~107%" 1.0
AB 1157 (P1)[HCR']\ | Pm’ R, ++ +e T T
AB 1886 (P1)[HCR] 10 ~107° 10 10 . ~107° ~1075
R - —+ -+ - = + -
W 3350 (P1)[HCR"] Pm Re - : i
~107% ~10" ~107%* 1.0 ~107'0" ~10”

AB 1157
W 3350

Titer on:

-— Total phage

— Total \** recombinant phage
AB 1157 (P1) ——= Total parental-HCM phage
W 3350 (P1) ~—= Parental-HCM X' recombinant phage

- DBL 696-4716

£9
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IIT. RECOMBINATION AMONG UV-IRRADIATED LAMBDA BACTERIOPHAGES

IN UV-SENSITIVE HOST BACTERTA

III-A. UV Enhapncement of Recombination Frequencies

" In a consideration of the possible relevénce of host.céli DNA
repair processes to the UV enhance@ent of M phage recombination, two
questions of primary interest are: 1) Can the UV 1esiohs that promote
A recombination be repaired by host cell reactivationé and 2) Afe host
cell repair enzymes involved in the UV-stimulated recombination event?
The most direct approach to these questions is to éxamine the UV stimu-

lation of A phage recombination in host bacteria that are known to be .

defective in DNA repair.

III-A.l HCR+ and HCR- Host Strains; Host Cell Reactivation of

~ Recombination-Promoting UV Lesions

The UVVsurvival curves for a A phage mixture.plated on‘two piinf
cipal baéﬁerial strains utilized in these studies are shown in Fig. 5.
AB1157(uvr+)3 is a wild type, HCR+ host strain. 'T_he HCR- AB1886(uvra)
strain ié mutaﬁt at a genetic locus controlling excision of structural

defects from DNA and is unable to remove UV-induced pyrimidine dimers

(105, 23b). The difference in phage survival on the two bacterial strains

"is due to the fact that poténtially lethal UV photoproducts in the phage
DNA are repaired byAhbst cell reactivation in the.uvr+ host but not in
the uvrA host strain.

It is thought that the phenomenon of host cell reactivation is
analogous, perhaps identical, to excision-repair of bacterial DNA (183);

All bacterial mutants that are known to be defective in excision-repair




Figure 5. 

Figure'6._
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UV survival curves for a mixture of AsusBl and AsusG9 plated
on ABllS7(uvr+) and AB1886(uvrA) host bacteria. For each
1nd1cator strain, the surV1val curve of each phage type plated
separately is the same as that for the mlxture of the phage
types. In this figure, the brackets on the data points
indicate the standard deviations of the survivels assayed

for the same phage sample in three separate platlngs on
different days.

uv survival curves for a mixture of'kc67 and Ac68 plated
on the HCR+ AB1157(uvr+) and on HCR~ AB188LU(uvrC3h),
AB1885(uvrB5), and AB1886(uvrA6) host strains. The UV
survivals of Ac67 and of Ac68 assayed_separately‘on.the
AB1157 and on the AB1886 indicators are the same as those
of the mixture of phage types.
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alSO»eXhibif a diminished capacity for host céll reactivation (Table I).
Mutations responsible for inabilify to perform the initial e#cision step -
of excision-repair map at one of three widely separated loci on the bac-
terial chromosome--uvrA, uvrB, and uvrC (106, 225,_168). The HCR- |
phenotype of uvrB and uvrC mutants is evident ih_Fig. 6, which showé the
UV survival curves of another A phage mixture on the host strains ‘ |

AB1157(uvr+), AB1886(uvra), AB1885(uvrB), and AB188k (uvrC).

The varidtions of phage recombinétion frequency with UV-dOSe that
afe observed'hpon crossing UV-irradiated AsusBl and AsusG9 phages in the
uvr+ and uvrA hosts are shown in Fig. 7. At zero dose, the phage re-
cbmbination frequencies in these two hosts aré eséentially the same.

In the uvr+ host the recombination frequency fisés linearly with dose
to a plateau at a level about ten times the initial frequehéy."These
kinetics are similar to those originally described by Jacob and Wollman
(115), The result is quite differént when crosseéiof irradiated Phages
are performed in ﬁhe uvrA host. Thé initial rate of increase ih recom-
bination frequency'is abouﬁ five times greater in this repair-deficient
host.v:Furthermore,fin'the uvrA host the proportion of A++ recombinant
progeny continues to rise with UV dose, at a redﬁcedvﬁut constant rate,
beyond‘the level at which it reaches a plateau in the ﬁvr+ host.

In order to determine whether this same’baitern of UV-enhanced
recombination is exhibited in HCR- hosts mutant af other loci, crosses
of irradiated 267 and Ac68 were performed in ABllS?(ﬁVr+), AB1886(uvrA),
'ABlB85(uVrB), and AB1884(uvrC) host strains. The results,; shown in
Fig. 8, confirm the findings diécussed above and indicate that the kinetics
of recombination enhancement are essentially the same in all three

excision~defeective HCR-~ host strains;



Figure 7. Dose-response curves for the UV enhancement of recombina-
tion frequency in crosses of XSusﬁl with AsusG9 in AB1157
(uvr+) and AB1886(uvrA) host bacteria. . The crosses were
carried out by multiple infection of the host cells, ac-
cording to the procedure described in section II-G, with
‘the same irradiated phage mixtures whose viability in
single infection is shown in Fig. 5. Unless specified -
‘otherwise, the brackets on indicated recombination fre--
 quencies will always refer to the range of values detér—

mined from single titrations of two replicate crosses.

Figure 8. Dose-response curves for the UV enhahcement of‘recombina-
. ‘tion frequency in the cross Ae6T X Ac68 in AB1157 (uvr+),
 AB188U4(uvrC), AB1885(uvrB), and AB1886(uvrA) host bac-

teridé-for the same phage preparétions that are described
in Fig. 6. l |

68 -
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:‘UV?irradiation is more effective in stimulating recomﬁination
amohg-x phages in the HCR~ hoSts;' In Figs. 7 and-8 the dose-~response
curves for crosses in the uvr- host straiﬁs lie éVefywhere above the_‘v
corresponding éﬁrves for the uvr+ host. One iﬁféfs that some of the
UV lesions promoting recoﬁbination are repaired b& excision in thé uvr¥

but not in the uvrA, uvrB, and uvrC strains.

It is important tb ascertain whether the reco@bination-promoting
lesions are repaired by host cell reactivation with the same efficiency
as are ﬁotentially lethal UV lesions. The curves presented in Figs. 9
and 10 indicate that they are, ét least in the.lbw dose range.. In
order to construct these figufés, the UV dose écgle has been eliminated
between the dose-response curves for UV inactivation of the infecting
phages (Figs. 5 and 6) and for UV stimulation of recombination frequency
(Figs..7_and 8, respectively). Thus, for eachrcross and UV dose, the
phage recombination fréquency observediin a particular host strain is
plotted against the Survival of ﬁhe parental phéggé in single infection

of tha£ hoét. The distance from the‘origin alonéufhe survival axis is
directly proportional to the average number of léthal."hits" per phage
parficlé.* It is thought that lethal hits are unrepaired s;ructural
defects in the DNA (88, 192, 102). The purpose of Figs.9 and 10 is to
present the recombinationvfrequencies in the vafiéus.hosts as a func-
tion of the number of unrepaired UV lesions in tﬁe_phage DNA rather than -

as a function of the initial number of lesions as in Figs. 7 and 8. This '

change of variables effectively eliminates any'differenceg in phage

" : .
Assuming a Poisson distribution of lethal hits among the population

of UV-irradiated phages, the surviving fraction N/N = Exp(-H), where

H is the average number of hits per phage.
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Figure 9. The UV enhancement of recombination. frequency from the
crosses of AsusBl with AsusG9 in AB1157(uvr+) and
AB1886(uvrA) host bacteria, plotted from the data in
Figs. 5 and 7 as a function of the fraction of 1nfect1ng
phages which survives in single 1nfect10n-9f the host.

Figure 10. The UV enhancement of recombination frequency from the cross‘b
Xc67 X Ac68 in AB1157 (uvr+), A}3188u(uvrc), AB1885(uvrB), and
AB1886(uvrA) hosts, plotted from the data in Figs. 6 and 8
as a function of the fraction of 1nfecting phages viable in

single infection of the host bacteria.



Figure 9

Recombinatio'n frequéncy (% A\ progehy)

+

Recombination frequency (% A  progeny)

Figure 10 .

60

IS
o

30

20

10}

® AB 1157 (uvr’®) host

'.‘!—.—4
- ot

H' . O AB 1886 (uvrA™) host
ol | | | Lo ] |
1 102 10¢ 1078
. UV survival of infecting phage (N/N)
‘ . DBL 675-1620
20 T T f

-
>

-
N

o

v

Acg; * Negg , S IR i

O AB 1885 (uvrB~) host
O AB 1886 (uvrA~} host

. A AB 1884 (uvrC™) host ) . é/ N

[ T S

v ~— -
5 [/ . [
AB 1157 (uvr ) host
/ i
é . .
L l I | l
1 10t 1072 03 . w0 10-°

UV survival of mfecuhg phage {N/Np) DBL 696.4719

AB1x A\G9' R

72




73

recombination frequencies that correlate with’the;differing capacities
of the host strains to reactivate potentiaily lethal UV lesions in
singly infectihg phage chromosomes;

It is clear from Figs. 9 and lO‘thatifor the phage survival range
in which UV-stimulated recombination rises to é plateau ih the HCR+ host,
and in which ﬁhe initial primary increases in:recombination occur in the
three HCR- hosts, the recombination frequencies aré the same.function of
the number of phage-lethal lesions in the HCR+ and HCR- host strains.

The differences in phages survivals are accompanied by corresponding
differences in phage recombination frequencies. .These fesults prove

vthét in this survivael range the recombination-promoting and the poten-

tially ieﬁhal UV lesions have the same sensitivity to ekcision.' A
oorollary of this conclusion is that excision is not involved in either '
the stimulation or the execution of the UV-induced recombination. This

| finding is consistent with the possibility that tﬁe recombination-
vpromoting and potentiaily lethal lesions are invfact identical. .Since
both typéé of lesion.afe photofeactivable, they.aie presumed to be~-or

to derive from--UV-induced pyrimidine dimers in the phage DNA (247, 193).

For phage survivalo below 10-1, the phago:récombination fre-
quencies in the HCR+ host remain at ploteau levels of maximal enhance-
ment, with perhaps a slight decline at quite low phage survivals (Figs.
9 and lO).v In the HCR- host strains, however, fof the lowér Phage sur-
-vivals thefe are further, secondary, enhancements of phage recombina-
tion fréqﬁencieé at reduced efficiencies. 1In order to clearly delineate
the several possible sources of such secondary énhancements in the HCR- -

hosts, it is necessary to distinguish between the results obtained in
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the croééés of AsusBl with AsusG9 (Fig. 9).énd_th§3e from the crosses
of Ac67 with Ae68 (Fig. 10). | |

For the crosses of-XsusBl with XéusG9, UV-<irradiation of the ih- o
fecting phages causes an increase in tﬁe recombihation frequencies from
. about 2 h% for unlrradlated phages to a plateau level near 25% A++
progeny. Addltlonal stlmulatlon of genetlc exchanges among the vegeta-
tive phage chromosomes notwithstanding,; further increases in the ob-
. served récbmbination frequenciés, such as that found in the HCR- host
for phage survivals below 1073 (Fig. 9), should be preéluded'by the
generation of equal numbéfé of the two parental and two recombinant
genotypes in the pool of recombining genomes;* By contrast, the question
of genetié equilibrium is not pertinent to the levels of UV-induced re-
combiﬁation in the crosses of Ac67 with Ac68. In this case the natural
recombination frequency of about‘0.85% is enhaﬁced to a plateau level of
8.5% in the HCR+ host'éin ‘the HCRé-hoéfsfthe recombination frequencies
continue to increasé for~’ phage survivals below 10 l,,but do not exceed
20%- for the hlghest dose assayed (Fig. 10).

vThe secondary enhancements of’phage régombinatioh frequencies in
- HCR- hoSt strains thus pose two distincf problems for consideration:
1) Why do the recombination frequencies for crosées of AsusBl with
- M8usG9 in the HCR- host sppear to increase past the level of genetic

3

equilibrium for phage survivals below 10 -2 and 2) Why do the recombina-

tion frequencies for the more closely linked ¢67 and c68 loci continue

It is a moot Question whether the plateau for the crosses of AsusBl
with AsusG9 in the HCR+ host is due to attainment of genetic equilibrium
or to saturation of the enhancement just short of equilibrium, The ob-
servation that the recombination frequency between the more closely
linked c67 and c¢68 markers is enhanced with analogous dose-response
kinetics suggests that the latter interpretation is correct.
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to increase in the HCR- sﬁrainé'for phage-survivalévbelow lg:i whereas
a plateau leyel is attained in the HCR+ host?

It isllikely that the secondary increose”injthe_susBl-susG9 re-
combination frequency ih the HCR~ host is an artifoct, attributable to
the progressive UV~inactivation of'complemeotatioh‘amongIthe quasi-
defeotive Asus mutants and the selective growth advantage of the A++
recombinant when there is but one functional parental phage genome'per
infected complex. Evidence to support this interpretatioh'is presented
in Appendix I. This explanation accounts nicely for the facts that in
Fig. 9 the percentage of A++ recombinant progeny appears to reach a
plateau before increasing a second time at very low phage survivals and
that if then rises past the conventionally défiﬁed level of genetic
equiliorium.
| There is no reason to.expect that the A+ recombinént genotype
should haﬁe any selective advantage in crosses of heavily irradiated
Ac67 and A68. The secondgry’enhancement of recombination freouency be-
tween these two loci in tho HCR- hosts (Fig. lO) is probably a true
indication of an increase in the number of intracellular mating events.
A likely explanation is that this secondary'enhgncement is due to re-
combination late in the phage inféction between.parental and newly
. 'synthesized phage chromosomés,éétimulated by ﬁnexcised recombination~-
prompting UV lesions in parental phage DNA strands. This type of ex-
change would occur mubh more rareky in an HCR+ host due to continuing

excision-reéair of the UV photoproducts (sée secfion IV-D.1 below).
Hence one observes a plateau in the HCR+ host, preéumably due to maxi-
mum UV stimulation of recombination early in the'phage infection, where-~ -

a8 the UV enhancement of overall recombination continues at a reduced
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rate with increasing dose in the HCR- strain.

It is also conceivable that a secondarj eﬁhancement 6f recombina~ -
tion frequencies at low phage survivals could be an artifact of multi-
Plicity reactivation. This possibilitvaill\be considéred in section

IIT-B.1l below.

In both the HCR+ and HCR- host bacteria, the primary UV stimula-
tion of A phage recombination occurs in the doseirange for which there
is at least 10% survival of the infecting phages (Figs. 9 and 10)=-i.e.,
less than an average of about 2.3 lethal hits pér phage. From informa~
tion in the literature it is poésible to estimaté the range of initial
w photoproducté per phage‘in which this primary enhancement occurs.

The UV dose rate in these experiments was approximately 10 ergs/mmg/gec
at 253754. Setlow and Carrier have determined that 1 erg/mm2 of 2650 A
UV radiation induces approximately 1.0 X 1076 pyrimidiné dimers per
nucleotide in E. coli DNA in solution (196). Action spectra for inactiv-
ation ofvg. coli (118) and.for inactivation and cross-reactivation of
T-even phage (166) imply that irradiation at 2537 A induces at least
75% as many pyrimidine dimers/erg/mm? as at 2650 A. The DNA of A phage
contains approximately 1 x'105 nucleotides (35), with overall base coﬁ-
position and neareét neighbbr frequencies virtually identical to those
of E. coli (213). Assuming that the conformation of the phage chromo-
some withinh the protein coat does not significantly affect the yield of
photoproducts , one would theh estimate that undei the experimental

conditions here:
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1 sec UV = (10 ergs/mm?)(0.75 X 10-6 dimers/hucleotide/erg/mm2)

x (1% 10° nucleotides/\ phage chromosome)

n

0.8 pyrimidine dimers/\ phage chromosome.

From the dose-response curveé shown in Figs. 7 éndi8 one can then conclude
that the UV enhancement of recomﬁination in the HCR+ host occﬁrS'for doses
up to approximately 90 initial pyrimidine dimers per phage and the primary
enhancemént in the HCR- hosts for doses up to appfbximately 18binitial
pyrimidine-dimers per phage.

The results of this calculation may be restated from another view-:
point: even in the excision-defective uvr~ host ‘bacteria, the rétio of.
initial pyfimidine dimeré to lethal hits per infecting phage is arouhd 8
over the first decadé of UV inactivation. (The vélue_of this ratio does
‘not decrease by more than 1/3 on the exponential portionvof the survival
| cur#e, at higher UV doses to the phéges.*) Since one or two unrepaired
UV-induced defects mighf suffice for an inactivating hit (88, 183, 102),
one is led to anticipate that there may be substanfial "residual HCR"
activity in the uvr- mutant host bacteria (80, 84) or that some type of
replication bypass of UV-induced photoproducts--perhaps analogous to that
observed in irradiated E. coli éhroﬁosomes (26;‘18h)--can_be effected in
irradiatea A phage chromosomes. Of couise, these;alternatives are not

mutually exclusive.

The UV survival curves of A on both wild type and uvr- indicator
strains have a slight shoulder (see ref. 129); the exponential segments
of the inactivation curves extrapolate back to intercept the ordinate
at values ranging from 1.2 to 2.0 in different experiments. On the ex-
ponential portions of the survival curves (e.g., for surviving fractions
of 10-1 to 10-3), the calculated ratios of initial pyrimidine dimers to
phage lethal hits are approximately 35 for the AB1157(uvr+) host (compared
to about LO over the first decade of inactivation) and about 6 in the uvr-
strains. : : : '

The comparable values of the ratios of initial pyrimidine dimers to
phage lethal hits for various T4 phage mutants (pp. 13, 19) are -
Thvix+: 13; Thve-x+: 6; Thv-x-: 3 (190, 183, 81, 246, 188), where the ex-
perimentally determined values for thymine-containing dimers have been
arbitrarily adjusted upwards 25% to include all pyrimidine dimer photo-
products (196). ' ' .
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If the recdmbination-promoting uv leéioﬁs,in the A phage'DNA are
repairable by HCR, aé concluded above, and substantial-fesidual HCR
activitj isApresent in the exéision-defective uvr- host bactefia; the
recombination frequency of lightly UV-irradiated A phages in uvr- host
cells should be further enhanced under conditions in which the residual
excision activity has been inhibited. The results of experiments dis-
cussed‘in Chapter V, in which uvrA host bacteria were themselves UV-
irradiated'in order to inhibit residual excision, fulfill this predic;
tion. The data impiy that unirradiated uvrA host cells retain sufficient
reéidual HCR activity to correct, in multiple infectiéns, about 70% - 80%
of the potentially lethal and recombination-promoﬁing lesions induced by
a 5=-second UV dose to the parental phages (cf.; also, section IV-D.1,
Fig. 28). This amounts to repair of around 3 pyrimidine dimers per phage
chromosoﬁe or perheps as many as 30 dimers per infected complex. While

furnishing further evidence for §he conclusion that the recombination-

promoting UV lesions in A phage DNA are repairablé by HCR, this result
indicateé that residual HCR could account in large part fof the fairly
high ratio of initial pyrimidine dimers to lethal hits for the UV-

inactivation of A phages infecting even HCR- host bacteria,

III-A.2 Recombination-Deficient Host Bacteria

‘The REC- mutant strains of g; coli bacteria are quite sensitive
to UV and deficient in their own recombination (38, 37), yet they are
able to excise UV-induced pyrimidine dimers and host cell reactivate
UV-irradiated A phage (39, 226). The recombinatidn of unirradiated

wild tybe A phages is about the same in REC+ and REC- hosts (226, 30),
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since the'ggg recombination‘system encoded by tﬁe‘phage genome itself
is normgily the principal mediator of vegetative phage recombination
(53, 201). However, the host cell Rec recomblnatlon system is capable
of supportlng a s1gnif1cant amount of recombination among Xred (recom-
blnation-deflclent) mutant phages (53, 201)

The survival and recombination of UV—irradiated Ared+ phages in
recA-1. (39, 241) and recB-21 (104, 57) host bacterla have been examined
in order to determine if the REC- mutations that impair host cell re-
combination and DNA repair also affect UV-1nduced phage recombination.
The results indicate that the UV enhahcement of phagé recombination ié
essentially the.same in the REC+ and REC- host baéteria. On the other
hand, the UV survival of the A phages is somewhat ldwer iﬁ the recA
than in thé rec+ or recB host cells. It is possible that the recA muté;'
tion affects a secondary modéuof repair in the UV-irradiated phages
without significantly influencing tﬁe stimulatibn of phage recombination -

by unexcised UV-induced photoproducts;

‘The UV survivals of ) phages on the wild type AB1157(rec+,uvr+)
and the recB mutant AB2470(recB-21,uvr+) host strains are shown in Fig.
11; it is clear that the UV survivals of A plated on these two indicators
are idéntical. 'The recB mutant is known to have a.reduced capacity ﬁo
degrade its DNA'following UV~ or X-irradiation (10&, 57). By contrast,
recA-1 mutanf recombination-deficient bacteria exhibit extensive degrada-
tion of their DNA foilowing irradiation and an:ébnormally high rate of -
DNA turnovér even in unirradiated cells (39, 10L4). -The curves in Fig.

12 describe the UV-inactivation of M phages plated on ﬁhe JC1569(recA-1,

uvr+) and the wild type JC1557(rec+,uvr+) host strains. The phage
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Figure 11 Figure 12
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Figure 11 (left). UV survival curves for a mixture of Ac67 and

Figure 12

Ac68 phages in single infection of AB1157(rec+) and

AB2L70(recB-21) hosts.

(right). UV survival curves for a mlxture of \c67 and
Ac68 phages in single infection of

JC1557(rec+) and JC1569(recA-1) host strains.. On each
indicator the two phage types have the same UV-szensitivity.
The identical irradiated phage preparations were used for
the experiments described in Figs. 6, 8, 10, 11 through

15, and 18 through 20.



. survivals on the fecA and recA+ indicatorévdiﬁérge'substantially for
low UV doses; the recA strain can be phenotypiéélly‘classified as HCR+,V
however; because the survival of UV-irradiated Phages is'much greater
on this host than on a uvr- strain (compare Figs. 8 and 12) and be-
cause the slopes ofvfhe phage survival curves bh_the recA and recA+
hosts are the same for moderate to high UV dosés,:
| Thé’UV enhancements of phagexrecombination:frequencies for
crosses:of.kc67 with Xc68bin the recB, recA, and wild type host bac~
teria are:shown in Figs. 13 énd 14. The dose-response kinetics for
vthe‘enhancement of phage reéombiﬁatidn are essenﬁially the same in
vtﬁe two REC~ strains as in their respective REC+ controls. The
plateau of enhancement for the recB host appearsvto be slightly higher
than that_fdr the recB+ strain; in severél different.experiments it
was obserﬁéd that the phage recombination freqﬁencies in the recA
host are often slightly, but not significantly, lower than those ob-
servéd for the same UV dose in the re§A+-host sfféin.
These daté indiéate that the host récombiﬁation functions
that are defective in the recA and recB mutant_ﬁécteria are not
required fo? the UV stimulation of Xred% phage recombination. This
result is consistent wifh the possibility that the UV-stimulated
recombination as well as vegetative recombination among unirradiated
A phages ié mediated principally by the phageé"ggg fecombination

system, which is known to effect genetic exchanges by a mechanism of



Figure 13 (top). Dose-response curves for the UV enhancement of
-+ recombination frequency in the.cross Ac67 X Ac63 in
AB1157(rec+) and _AB?h?O(recB—21) bacteria. -
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Figure 14 (bottom). Dose~response curves for the UV enhancement of
recombination frequency in the cross AcH7 X Ach3 in
JC1557(rec+) and JC1569(recA-1) host bacteria.
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breakage and reunion of the phage chromosomes (160, 157, 53, 201).
(The results of experiments concerning the UV enhancement'of recombina-
ﬁién among mutant Ared phages, which are being conducted'in other

laboratories (198), are not yet available.)

| The dose-respénse cufves describing the UV enhéncemeﬁt of A
phage recombination are essentially the same fqr ﬁhe reéA and recA+
' hosts'(Fig. lh); whereas there is a substantial difference between the
UV survival curves of the infecting phages on these indicators (Fig. 12).
These data suggest that there is little or no corrélaﬁion between the
effects of the recA mutation in the host bacteria upon the viability .
and upoﬁ the enhanced reéombination of UV-irradiated A phages, con-
trary to the result expected if the function whicﬁ is mutant in the
recA bacteria ié involved to comparable extents ip the UV-stimulated
phage recbmbination and in repair of the irradiéted phage DNA.

:The recomﬁination frequencies observed in the recA and recA+

hosts. are plotted in Fig. 15 against the survival of the infecting

* Experiments similar to those described here in Figs. 13 and 1k
for A have recently been reported for coliphage S13, a small dependent
phage containing single-stranded DNA of molecular weight ca. 2 X 10
daltons that encodes only about 7 polypeptides (202). This phage is
dependent in large part upon the host cell recombination apparatus;
the principal mechanism of recombination among S13 phages is blocked
in a recA, though not in a recB, mutant host strain (218, 219). Extra-
cellular UV-irradiation of S13 phages leads to a 20-30 fold increase
in recombination frequencies from crosses in a rec+ or recB host, but
there is no enhancement of the residual recombination in a recA mutant
host strain (219). That the recA function is necessary to the UV en-
hancement of S13 recombination frequencies is consistent with the idea
that no significant influence of the recA mutation upon the UV enhance-
ment of A recombinationswas observed here because of the presence of
functional red genes in the phages. It is also noteworthy that the
principal mechanisms of natural and UV-stimulated recombination in S13
may share at least one common step and could be the same (219).
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phagés on their respectivé hosts. As a function'ﬁf lethal hits to the
infecfing phages, the slope of fhe initial recombination enhancement in
the recA¥ strain is about three times that of the recombination enhéncé;
ment in the recA host. :For sufficiently low phagévsﬁrviQals, however,
the phage recombination frequency is sustained at thé samé plateaﬁ level
in both host strains. The curves in Fig. 15 imply that, in'contrasi; to
the case for the excisionéaefeétive uvr- host stréins (Figs. 9 and 10),
in the recA host some of the unrepairedF-or perhaps incompletely
repaired--potentially lethal UV lesions in the phage DNA do not contri-
bute to an enhanced frequency of recombinants among the progeﬁy'phages‘
recovéred from the crosses.

The data described in Figs. 14 and 15 husfnbe qualified in one
particular; In contrast to the case for multiply infeéted recA+ host
bacteria (ingluding the recB mutant), fewer recA host cells yielded
progeny phages from crosses of even lightly vairtadiated infecting
phages than from identical crosses of uni;radiétedvphages (seevseéfion
iIi-B below,vre Fié. 20).- For'examplg, there werevonly about 55% as
many active recA infected complexes for a cross 6f.phages irradiated for
60 seconds as for a cross of unirradiated phages; while for comparable
crosses in recA+ hbst strains there were the same number of activé in-
. fected complexes for these cases. The extént of UV-enhanced recombina-~
tion among the phages in the inactive recA compiexés is not reflected
in the data described in Fig. 14. Since the subpépulation of iﬁfected
bacteria which gave rise to the UV-induced recombinants'from the recA
crosses éould have been significantly enriched for those complexes able
to support successful fepair (and éossibly also UV-induced fecombination)

of the irradiated infecting phages, it is conceivable that the_UV—induced
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the cross AcHT x Ac6b8 in JC1557(rec+) and JC1569
(recA-1) bacteria, plotted from the data in Figs.
12 and 14 as a function of the fraction of infect-
ing phages which survives in single infection of
the host bacteria. '
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Figure 15. The UV enhancement of recombination frequency from
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recombination among A phages in the recA host strain may be somewhat
less efficient relative to that in the recA+ host than is implied by
the curves in Fig. 1k.

. On the other hand, the result indicated in Fig. 15 is not

qualitatively affected by taking this reservation into accoi_mt. ey
the curves in Fig. 15 are corrected for a hypothetical bias due to in-
active recA infectéd.complexes-—by altering the phage survival scale
to show thé relative sﬁrvivals fof singie (Fig. 12) versus multiple
(Fig. 20) iﬁfections of the host or even to indicate the relative sur-
vivals Of the infected cémplexes themselves (Fig. 20)--th¢ initial
slope of the curve for crosses in the recA+ host. is nevertﬁeless twice
as great as that of the curve for crosses in the recA host strain.

Most generally, one might infer from Fig. 15 that in fheirecA
mutant bacteria the excision-repair of UV lesions in the phage DNA is
impaired at abstep subsequent to t?atrvhich effectively neutraiizes the
recombinagenic stimulus of a photoproduct or that a secén& modejofVDNA”
repair {s gffected which can reﬁair potentially lethal but not recombin-
ation~promoting UV lesions (these poésibilities are not mutually exclu-
sive). Since the recA and recA+ bacteria are known to have similar
capacities to excise pyrimidine dimers (39), either interpretation sup-
ports‘the idea that the simple removal of photoproducts from the UV~
irradiated DNA suffices to curtail their effect upon recombination
whether or not repair of the damaged segmeﬁts ofrthe genomes is suc-
cessfully completed. These results do raise the question of whether
the recA and recA+ bacteria differ only in their ability to support a

step of HCR other than excision or whether the recA mutation might af-

" fect a post-replication repair mode in A phage. -
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IIT-A.2 (cont.) The possibility of replication-bypass of UV photo-

products in A phage; post-replication repair

Althoﬁgh the increase in vasensitivity of A phages on recA.mu;'.
tant strains* is slight compared to that obsérQed,on qu-v(HCR—) host
strains, it is‘éf particular interest here because it probably reflects
the samé'aberration in DNA repair proceéses acting upon the irradiated'v
phages that islresponsible for the UV-sensitivity of the recA bacteria
themselves. The efficiency of excision-repaif;(HCR) may be reduced
somewhat in recA mutant: bacteria--perhaps as a résult of impaired control
of single strand breakdown following the exci;ioﬁ of photbproducté from -
irradiated»DNA.**' This possibility iS'underscorgd”by the fact that
' there'ig little or no residual HCR (8&) activity.for low UV doses to
doubly mutant uvrA6,recA-13 bacteria (108)--in contrast to the case for
s1ngly mutant uvrA6 cells (sections IV-C.1l, V-B, D below) ' However,
there is some evidence that the UV—sen31t1v1ty'of the recA strains is
due principally to inactivation of anothér»moae‘of DNA repair in frra-
diated:ba¢teria1_genqm¢s (108, 66). m

.It_has been proposed that the recA—depehaent repair mode con-

sists in the post-replication healing of gaps preSent in newly synthesized

UV survival curves of A that are quite similar to those compared
in Fig. 12 with respect to the recA-l mutation of the host have recently
been reported for recA-13 (53), 152rec- (68), and rec-42 (168) mutant
host stra;ns also.

** It is not clear to what extent the extensive degradation of DNA ob- .
served in recA mutant strains might be non-specific--deriving, for example,
from an increased susceptibility of single-strand breaks in the DNA, from
vhatever source, to nuclease attack. In any case, the extreme nature of
the defects in these REC- bacteria is attested by the fact that about Lot
and 75%, respectively, of the cells in log phase cultures of the recA-1
and recB-21 strains were inviable as colony-forming units and unable to
host a successful infection of even unirradiated A phages.
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DNA strands as a result of replication-bypass of v photoproducts in
irradiated template.Sfréhds (184, 109). An extended version of this
hypbthesis wouid attribute the post-replication fepair to éxchanges
among the sister strands of the daughter chromosbmes_in recombinatioﬁ
events which are induced by the double~-strand defects resuiting from 7 | -
bypass (109, 2&0)2 These ideas ére outlined above in the intfoductory
review--sections.I-B.Z, 3, 4., While the naturelof the invoiveﬁent of
"UV-induced" recombination in éost-replication fep@ir is open to que$tion,
there can scarcely be any doubt théﬁ replication—bypass of UV photoproducts
does occur in E. coli bacteria (26, 109); ana, while bypass is observed

in singly mubant excision-defective cells, this mode of coping with UV
damage is apparently ineffective in doubly mutant uvrAyredh and probably
uyrB;récB bacteria (109, 108).

Thefe is presumptivé evidence to support ﬁhe:view that an analogpﬁs,
although probably less vital, bypass/post-replication repair mode exists
for UV-irradiated A phage;.and that the post-repli§ation repair mechanism
is depéndent on the function provided by the recA gene of the host bac-
téfia»br arred gene of:the phage itself. Data feported by Echolsvand
Gingery (Fig. 3 in réf.v53) shows: that mutations to either redll in the
phage or recA-13 in the host bacteria combine wiﬁh a uvrA mutation in
the host to exert additive effects upon the UV-sensitivity of A phage.
Furthermore, this data also indicates that the red.and the bacterial
recA mutations interact synergistically to increase the.ﬁv-sensitiVity
of the phage on the HCRf host by about 30%. These observations suggest |
that the phagé's red and the host's recA genes prqvide'functions that
partially'Qverlgp'not-only in support of vegetaﬁive phage recombination,

but also in participation in a secondary DNA repair mode distinct from
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excision-repair. A'mutation;in either one of these genes alone causes
an increase in only the initial slope of the phége‘survival curve, as
exemplified by the data in Fig. 12 for Ared+ phage on the recA-1 and
recA+ host bacteria; this effect could be attriboted to the preferential
survival as plaque-forming units of those infectedﬁcomplexes in which
the non-mﬁtant gene is able to sustain optimal function of the red-recA
dependent repalr mechanlsm. H

The fact that even in HCR- host bacterla around 6 to 8 pyrimidine
dimers per infecting phage chromosome are requlred,to induce a phage-~
lethal hit (section III-A.l) is consistent with the notion thet some‘
form of replication-bypass of UV photoproducts cen occur ih phage .
Such bypass might well necessitate a post-repllcatlon repalr of defects‘
in the daughter chromosomes analogous to that whlch is thought to occur
in the bacteria. Thus it is reasonable to tentatlvely identify the red-
recA dependent repair mode in A as post-replication.healing of gaps
present in semi~conserved parental DNA as a resultiof'replication—
bypass of UV photoproducts. For either‘HCR+ or HCR- hosts, the increase
in phage survival that results from presence of the red+ and recA+ alleles
(op. cit., 53) could correspond to bypass, with sﬁcceSSful post-
replication repair, of around 30% of the potentially lethal photoproducts
initialiy induced in' the infecting phage chromosomes, in addition to the
repair effected by conventlonal (or residual) HCR.

,t The plausibility of this hypothesis is supported by the recent
findipg that UV-induced mutation of elther the bacterial or an 1nfect1ng
A phage genome is suppressed in recA mutant E. coli K12 strgins'(163,-2h3b)5
in apparent accord with theories that UV-induced mutetion is usuelly'

associated with post-repiication repair of gaps caused by bypass of the .
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‘mutagenic photoproducts (243a, 28). Furthermore, there is evidence that
lesions induced in either E. coli bacteria or infecting A phage by dye-
sensitized photodynamic action can also be repaired,by a recA dependent

mechanism that operates independently of HCR (86, 68).

On the basis of this indirect evidence, it will be adopted as

a wofking hybothesis here that a bypass/post-replication repair mode,
analogpué to that in the E. coli host.banteria, normally funcfions to
alleviaté UV damage in M phage. While a more definitive formulation of
this concept surely must await further studiés, the presumption of a
_bypass/ﬁost-replication repair mbde for A phége_is significaﬁt for a
géneral interpfetation of $everal experimental results discussed in
the present report (e.g., sections IV-D.l; 2 and Appendik III). Of
course,‘this assumption is also obligatory in order to entertain the
suggestlon that UV-stlmulated recomblnatlon mlght be an 1nter-molecular
manmfestatlon of post-repllcatlon repalr, consisting in 81ngle-strand
exchanges prlmed by double-strand defects which result from replicatlon—
>bypass of WV photoproducts (184, 109, 240).

In the context of these ideas, the results-fresented in Figs. 12,
14, and 15 above may be reappraised with regard to the possibility that
the UV;induced-phage'recombination_is associated with post-replication

¥* . .
repair of semi-conserved parental phage DNA. Because the exact

The point at issue here is not whether UV-induced recombination
can occur between genomes which contain irradiated DNA in semi-conserved
form, but whether UV-induced recombination occurs principally among semi-
conserved parental genomes as a consequence of the priming action of

double-strand defects caused by replication-bypass. Given that replica- ~

" tion-bypass of UV photoproducts is possible (26, 184) and that unexcised
UV photoproducts promote recombination (section III-A.l above, 104),
one would expect to observe recombination of semi-conserved irradiated
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natures.df the defective funétions iﬁ REC=- baéferiél strains are not
undefStoddvat presentg it is diffiéult to assess‘whethér the concomitant
inactivation of bacferial recombination and post;replicatibnvrepair in
récA mn#ant cells might signify'an‘intimate felation betwéén the overall
mechaﬁisms of these phenomena. If analogous processes occur in thé de-
pendent A phage, this difficulty might bévcircumyented by fbéusing con-
sideration upon the "sectors” of UV-induced recombination and post-
replication fepair,in'the phage which are sustéined by the recA gene of
the host as opposed td a red gene of the phage itself. The data in Figs.

12, lh,:and 15 prdvide the felevant information concerning survival and
recombination of.UV-irradiated Ared+ phages in recA and recA+ host
bacteria. |

. s nétéd in previous‘discussion,vthe curves for UV enhancement

of'x‘phage recombination as a functidn of_phage?lethal hits in the recA
and recA+ host strains (i‘ig. 15) imply that in the recA mutant either
a) the excision-repair of uv lesions'in_the‘phage DNA is impaired at a
step subsequent tp the removal of the recombinagenic photoproducts, or
b) another mode of DNA répair is affected, with tﬁe consequence that

for a given UV does there is an increase in the number of effectively

genomes induced by unexcised, bypassed photoproducts regardless of the
nature of the recombinagenic stimulus. ' Such recombination may account
for meny of the exchanges induced by high UV doses to A phages infect-
ing excision-defective HCR- host strains (Fig. 10 and elsewhere, below).
It is now obvious that the enhanced recombination induced in bacterial
matings by irradiation of the donor cells (117) is caused by unexcised
UV photoproducts in the male DNA which have been bypassed during repli-
cation associated with chromosome transfer in conjugation (109, 230).
The UV enhanced recombination of single-stranded @X174 and S13 phages
(219) probably occurs between double-stranded molecules (185) follow-
ing bypass of UV photoproducts (151) during synthesis of the initial
double~stranded replicative form from an extracellularly irradiated
phage.
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lethal lesions with 1ittle or ﬁo changevin thé number of recombinagenic
1esions?{or ¢c) both. If the main effect of,thé.recA mutation upon the
uv survivai'ofiinfecting X phages is to impair therpost—reélication
heéling of:gaps caused by replication-bypass, these résultslwould suggest
that thévUV-induced phage recombination is substantially less dependent
upon the.function provided by the host recA gene:than is the presu@ed
post-replication repair modg. The conclusion would be that in A phage
the phenomena of UV-induced genetic recombination and postfreplication
repair areiprobably not intimately related. Moreover, if the mechanisms
of natural and UV-induced A phage recombinationvare'esséntiélly the same,
this interpretation would bg consistent with indépendent daﬁa (53) indi-
cating that the vigbility of UVeirradiated X:phages is somewhat more de-
pendent upon the recA allele of the host bacteria' than upon a red allele
of the phage itself while the red gene mediateé aiound 90% of the re-

combination among unirradiated phages.

III-A.3 Other UV-Sensitive Host Strains

The UV stimulation of A recombination héé also been examined
briefly in a host étrain mutant at the lex locus.v The AB2LgL(lex-1)
mutant strain is HCR+ but UV- and X-ray-sensitive; it exhibits excessive
YDNA degradation aftér UV-ifradiation and somewhat less efficient récom-
'binatién than the wild type, andlcould be defective in a single-sfrand
breakdOanassociated with repair (104, 102). ThévUV-sghsitivity'of A
phages seems to be slightly increased in the lex-1 mutant host strain,
but even’for high UV doses to the phages the surviving fraction on
AB249L(1lex-1) is about one-half that found on the lex+ AB1157 host

(Table IV).
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The lex locus of E. coli K12 may bevanaiogous to the exr locus

- of E; coli B, The lex-1l and exr (Bg.1/Bg_o) mutations map in the same
region of the bacterial chromosomes, and the K12 and B mutants share
those radiation-response phenotypes that have been examined in both
strains, but the identity of the loci has not been eStabliShed (155,
102, 243b). It is known that both the E. coli K12 lex (as well as recA)
mutants and fhe E. coli B exr mutants are stable against UV-induction
of mutations (242, 243b), possibly as a consequence of a defect in post-
replication repair pfocesses (243a, 28), and there is some indication
that the multiplicity reactivation of T1 phages ﬁay be suppressed in an
exr- host (see section III-B.2 below).

In order to determine whether ﬁhe lex lééus significantly affects
natural or UVfinduced‘X phage recombination, several crosses were per-
formed in the AB2LOL(lex-l) host strain. The results are shown in
Table IV, in comparison with dats for the lex+ AB1157 host from the
same experiments. For a given UV dose, the phagé recombination frequencies
were enhanced by approximately the same factor in the mutant lex host and
in the wild type strain, although the absolute recombination frequencies
from crosses in the lex strain were usually somewhat lower. No signifi-
cance can be attached to the slight variations in A phage survival and
recombination in the AB249h(lex~-1) and lex+ ABi157 host strains, since-~
the lex locus aside--these strains are not strictly isogenic (see Table Ii.
and accompanying footnote, section II-B). The A32h9h(1ex-1) bacteria

usually yielded smaller bursts of progeny phages from the crosses.

Another radiation-sensitive host strain that might yield signifi-.

cant results concerning the UV stimulation of recombination is the uvrD



Surviving Fraction of Phage

CROSS , UV dose (in single infection) . Recombination Frequency (% A+ Progeny)
L to  ABR494(lex-1) 1lex+ AB1157 = - ' '
phages - Indicator  Indicator A32494(1ex-1) host  lex+ AB1157 host
AsusB1 x AsusR5 | 0 - - - - . 2.8+ 0.5 (4) 4.7+ 0.2 (3)
Acb7 % ncb8 0 1.0 1.0 0.4 (1) 0.84+ 0.08 (4)
' : - 60 0.28 0.38 2.8 (1) 6.5 + 0.4 (4)
120 0.053 0.093 4.9 (1) 8.4 + 1.4 (4)
240 0.0059 0.014 6.1 (1) 8.4 + 0.7 (4)
360 0.00033 0. 00064 - - - -
Asus029 x AsusR5 0 - - - - - 0.79 + 0.14 (4) 1.7 + 0.2 (3)
ASusQ73 x AsusR5 0 - o ©0.42 + 0.03 (2)  0.47 + 0.03 (2)
: 180 - - - - 4.2 + 0.7 (2) 3.1 + 0.2 +(2)

Table IV - UV survival of A phage and UV enhancement of A phage recombination frequencies. in
AB2h9h(lex-l) host bacteria in comparison tc results for the lex+ AB1157 host. ‘
The data for the crosses of different phage types were procured in separate experiments.

Recombination values are based upon the numbers of crosses -indicated in parentheses; the
indicated errors are standard deviations. :
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mutant (Table I) of Ogawa et al. (168). The uvrb strains are probably
.défectiVe in the regulation of single-strand degrédation or repair syn-
thesis associated with host cell reaétivation; tﬁéy-are HCR~- yet are able
to excise photoréactivable UV lesions, degrade irradiated DNA, ahd heal
single-strand gaps in A phage (168, 197). Normal recombination frequencies
are observed among unirradiated A phages-iﬁ‘a uvrD host strain (168),
whichfindiéates that not all of the functions required to complete host
cell reactivation are essential to the formation of viable recombinant
molecules, One might expect the dose~response kinetics for UV stimula-
tion of A recombination in a uvrD mutant host to be the same as those

for a wild type host, since the recombination-prcmoting lesions would be'.
excised:from the irradiated DNA with the same efficiency in both in=-
stances.. This experiment.haé not yet been performed, as the uvrD mutants

became available too recently for inclusion in the work reported here.



III-B. Multiplicity Reactivation of UV-Irradiated Lambda Phages

- UV-damaged bacteriophages that are not‘vidble in single infection -

can sometimes interact in a multiply infected cell so as to produce viable

progeny (150, 129). This phenomenon, known aé.multiplicitylreactivation,
is believed to arise from the generation of a:viable chromosome by'recém—
bination and/or functional complementation among the damaged phages (59,
183). Because the multipie‘infection of a cell with UV—ifradiated A
phages may lead to both UV enhancement of recombinétion and multiplicity
reactivation, it is impoftant to examine the reiétion between these two -

r

phenomena..

III-B.1. HCR+ and HCR- Host Bacteria

The curves in Figs. 16 and 17 show the UV. survivals of a phage

mixture in single and multiplévinfectidh of éﬁe AﬁliS?(uv;;)“andrABi88ék7
(uvra) hést strains; The dashed 1ines representvfhe survivals calculated
for multiply infected complexes in which no multipliciﬁy reactivation
occurs; they are equiv#leﬁt to "multi-target” counterparts of the survival
curves'for phage in single ihfection.* The experimental points in these

figures represent the relative survivals as plaque-forming units of the

¥ These theoretical multi-target curves were calculated according to -
the equation N/N_= 1 - Exp(-MS), where M = the average multiplicity of
infection per cell (measured by dividing the actual number of phage ad- :
sorbed by the number of viable cells infected), and S = the fraction of ~ = =«
infecting phages that are viable in single infection of the host. As-
suming that these viable phages are distributed among the cells accord-
ing to a Poisson distribution, the quantity 1 - Exp(-MS) expresses the
fraction of multiply infected cells that contain one or more phage viable
in single infection. For MS << 1 this expression reduces to N/No = MS.



Figure 16.

Figure 17.
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Multiplicity reactivation 6f UV-irradiéted A phages in the'
AB1157(uvr+) host. Curve A: the UV survival of a mixture
of AsusBl and AsusG9 in multiple infection of'A31157 cells.
The host bacteria were infected with about 10 phages each
in crosses of AsusBl with hsusG9. The data points indicate
the relative fraction of infected complexes which formed
plagues on a permissive indicator strain as a function of
the UV dose to the infecting phages. Curve B: the UV
survival of the same infecting phage mixture in single -
infection of AB1157 (in this case from Fig. 5). Curve C:
the survival curve calculated for the multiply infected
complexes on the assumptions tﬁat eaéh'cell is infected
with 10 phages and that only those cells will lyse which
receive at least one phage active in single infection.

The extent of multiplicity reactivation is characterized
by the parameters dose reduction (DR) and survival increase
(s1). ' '

Mﬁlﬁiplicity.reactivation of UV-irradiated A phages in the
AB1886 (uvrA) host. Curves A, B, and C as in Fig. 16 except
with reference to the AB1886 host. Note that Figs. 16 and

17 (and Figs. 18 and 19 below) are not drawn to the same

scale.
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multiply infectedrhoét‘cells in'the crosses.of'UV-irradiafed'XsusBl and
Xsu§G9, discusséd'above in Section.IIi-A.l. It'is clear.from Figs. l6iand
17‘that“f6r both the uvr+ and uvrA host straiﬁs ﬁhe experimenﬁélly ob=-
served survival of multiply infected complexes isvgréater than woﬁld be
predicted. from the calculated curve. This-enhancea survivél reéulté from

multiplicity reactivation.

"An apparent UV stimulation of phage recombination could conceiv-
ably arise as a conséguenée.of mﬁltiplicity reéctivation. Thus,.when ‘
cells are infected with UV-irradiated phages in a genetic cross, an in-
vcréased recombination frequency among the progeny phages might arise
from a preférential lysis of those infected complexes iﬁ which an unusu-
ally lafgé amount.of recombiﬁation leads to multiplicity reactivation.
(78, i83); It is obvious from Figs. 16 and 17 tha£ such an explanation
cannot account for the primary UV enhancement of A récombination fre-
quencies. In the phage survival range where thiéiinitial increase in
recombination occurs (Figé .9 z.a.‘nd. 10), all of th’e xﬁultiply infected
cells‘of'bothvuvr+ and uvrA host strains continﬁé'to produce viable
progeny phage;. This conclusion is further supported by the data shown
iﬁ Figs. 18 aﬁd 19, deséribing the relative sufviVal éf the multiﬁly
infected complexes in érésses of UV-irradiafedecG? and Ac68 phages in
the uvrA, uvrB, uvrC, and uVr+ host_strains. | | _

At higher UV doses that do cause inactivation of the multiply
ihfectéd éomplexes the behavior of the phage reéombination frequencies
\is differént in the uvr+ and the uvr~ host strains. The recombination

frequeﬁciés in the uvr+ host have reached the ﬁléteau level and do not



~Figure 18.

Figurg 19.
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Multiplicity reactivation of UV-irradiated A phages in the
AB188k4(uvrC), AB1885(uvrB), and AB1886(uvrA) host strains--

~with data points from the survival of infected‘complexes in

the crosses of Ac67 with Ac68 at a multiplicity of about 9
phages adsorbed per cell. Otherwise, curves A, B, and C

as designated in the caption to Fig. 16.

Multiplicity reactivation of UV-irradiated A phages in the
AB1157(uvr+,rec+) and AB2470 (uvr+,recB-31) host bacteria--
also with dats points from the'survival of infected com~

plexes in the crosses of AcH7 with Ac68 at a multiplicity -
of about 9 phages adsorbed per cell. Othefwise, curves A,

B, and C as designated in the caption to Fig. 16.



Surviving fraction of plaque-forming units

. ) | [ ] ] | )
5
A\A
107" - _g
3 107!
U) B
=
£
_2 St ~500x ..“2
3
T
1]
© 1072
k)
e
107° _] S
°
~c Z
o
c
> 1078
. > .
107* : - 5
& AB 1884 (uvrC™) host ' _
D AB 1885 (uvrB~) host ® AB 1157 (uvr*rec®) host
O AB 1886 (uvrA™) host ' » O AB 2470 (uvr®recB-21) host: B
10-3 | | } } 107* | | 1 :
0 30 60 90 120 0 120 240 360 ' 480
UV dose to infecting phage, seconds ‘UV dose to infecting phage, seconds
DBL 696-4723 _ S o DBL 696-4724

Figure 18 , Figure 19

Lot



102

increase further (Figs. 7 through ld); In the uvr- hosts, the secondary, .
slowef; inereases in recombination freQuency betweeh the e67 and c68
Amarkers commence at a doée for which there is_s;ight inaétivation of .

fhe infected complexes (Figs. 8, 10). One cannoﬁ completely eliminafe

" the possibility that this secohdary increase in recombination beﬁween

the Xc phagee is accentuated by a slight selection for recombinant-
produeing infected complexes, but such an effect is rendered unlikely

by the fact that a comparable selection for recembinantéproducing com-
plexes does not occﬁr in the uvr+t hbst-strain even.at much higher rela- -
- tive doses.. The preferred hypothesis, discussed above in secﬁion IIIeA.l,.
is that this.secondary increase in reédmbination'frequencies observed

in the uvr- hosts is due instead to the continﬁed stimulation of vegeta-
tive phage recombination by uneicised pyrimidine'dimers.

It has also been argued (see Appendix I) fhat the secondary in-
crease in the proportion of A++ recombinant pregeny from crosses of
AsusBl and AsusG9 in the uvrA host (Figs. 7, 9)vresulte from a progres-
sive failure of functional complemehtatien‘among heevily UV-irfadiated
phages; That secondary increese in recombinant pfegeny occurs for the
'seme renge of UV doses that cause inactivation’of_the multiply infected
complexes. Since no'significant.dimunition of the extent of multiplicity.
reactivation_is observed as the dose is increasedv(Fig.vl7), one can
conclude that functional complementation does not contribute to the

multiplicity reactivation of A observed here.

From Figs. 16 through 19 it appears that there is much more
multiplicity reactivation in the uvr- than in the uvr+ host strains.

Let us consider this difference in terms of two parameters, defined
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as follows. - Survival increase (SI) is the ratib; at a given UV dose,

of the experimentally observed survival of multiply infected cbmplexes-v
to the calculated survival expected in the absenéé'of multiplicity

reactivatibn. Dose reduction'(DR)vis the difference between the UV

dose that corresponds to an observed survival of‘multiply infected
complekes énd the dosgcalculated to.giQe that‘survival'in the absence
of multiplicity reactivation. These parameters ére illﬁstrated in the
‘figures of this section for comperable UV doses--at which the survivals
of the infecting phages are similér, the primaryiﬁv enhancement of re-
combinatibh among the infeéting phagés has been'saturated, and the
extents Qf multiplicity redétivation are near the equilibfium values
thét accémpany‘exponential inact;vation of the,infected compléxeé.b,lt '
is evideht that the survival increases are abouﬁ-SOvtimes greater in
the uvr- host strains (Figs. 17 and 18) vﬁhan in the uvr+ host (Figs. 16
andvl9),”whereas the extents of dose reduction in the strains differ Ey'v
no moré'than around 30%. | |

These observatiéns may be interpreted.in fhe'following way:
1) The doSe'reductions that can be attained throﬁgh multiplicity
reactivation are similar in the uvr- and uvr+ host strains. This fact
suggests that similar numbers of recombinatioﬁ-events'among the parental
phages féllOWing infection may effect the neutraiization’of'apprqximately
équa; numbers of initial.UV 1esi6ns ih.the uvr- and uvr+ strains. Since .
the mﬁltiplicity‘reactivation is observed ét ﬁigher dose levels than
those necessary to evoke the full primafy enﬁanéements bf phage recom=-
bination, it is iikely ﬁhat most.of fhe recombination associated.with
multiplicity reactivatioﬁ is in fact that_which:has been stimulated by

the UV lesions.
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2) . The éufvival increasesiattainable:through mﬁlﬁiplicity reéctivation
are much.greater in the uvr- host strains thdnrin the uvr+ host. This
fact suggesté that similar numbers of recbmbinaticﬁ events can effect
the neutiélizétion of more phage-lethal lesions'(i.e., potentially .
lethal lesions that would hoﬁ'otherWise be repaired) in the uVr-.straiﬁs
thah iﬁ the uvr+ host. Some of the recombinatidn that effects multi-
piicity reactivation may enter an irreversible staée (though it is con;.
ceivable that it need not be consummated) while potentially iefhél
lesions in the parentél'phages are still subject;té'exciSion-repair.'
Yetvit;is obvious that the recombination can oécur after the initiatioh

of exc1s1on-repalr since the recomblnatlon-promotlng lesions are sensi-

tive to excision. In each infected complex then, host cell reactivation

by excision-repair and mult1p1101ty reactlvatlon through UV-stimulated

recombination occur during the same time interval; they are not sequentiai

processes, as has sometimes been presumed. Not only is excision-repair
antagonistic to recombination in the sense that it can eliminate recom-
bination-promoting lesions, but the two processes may "compete" for the:

same class of initial UV lesions.

III-B.2 Other UV-Sensitive Host Bacteria

: On the basis of evidence presented in the preceding section,
it has been concluded thét.éxcisioh-répéir and multiplicity reactiva-
tion of A phage in E. coli K12 host stréins are:hot sequential phenomena.
From observations on the multiplicity reactivation of Tl phage ih E. |
coli B (HCR+) and Bg.j (HCR-) hdst strains, Saverbier has drawn precisely
the opposite conclusion (187). His data show that, for comparable UV

doses to the infecting Tl phage, similar survival increases are obServed
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in the B and Bs-l hosts but thé dose reduction is about five-fold less
in the Bguj strain.

The source of this contradiction could rest either in a differ~
ence in the physiology of A and Tl bhages or in ﬁhe difference in the |
genetic constitutions of strain Bg.j relative to B on the one hand and
the K12 uvr- strains relative to the uvr+ strain on the othér. The
latter alternative seems, a priori, more likely; iﬁ'is now known that
By_; is a double mutant of strain B (155),‘wherea$>the.K12 uvr- strains
are single mutants of the control uvr+ strain (106).  The Bs_i-strain
carrieé both an her- mutation, analogbus in map-iocation and phenotype
to the uvrB mutation in E. coli K12, and an exr- mﬁtaﬁion to X-ray
sensitivity that may correspond to the K12 lex-1 mutation (see section‘
III-A.3). On the other hand, A and Tl have similar phenotypes with re-
épect to recombination, multiplicity reactivation, and host cell reactiv-
ation in wild type host strains (206)--although they do differ in their
behavior on rech mutant.hoét bacteria (134).

in view of the similar dose reductions observed for mﬁltiplicity
reactivation of A in HCR+ and HCR- host strains, the diminished dose
reduction for Tl in the hcr-exr- host Bs,i could cénceivably indicate
an effect of the exr~ mutation to impair multipliéity réactivation by
suppressing the UV Stimulation’of phagevrecombiﬁétion. .One would then
expect to observe little or no UV enhancement of recombination frequency
among Tl phages in an exr- bactérial hoét. The possibility that an analc-=
gous effect might be observed in the A-K12 system was briefly investigated
by performiﬁg crosses éf M phages in the AB2h§h(leX-l) host strain. As
discussed in section IiIaA.3.above, a UV—ehhance@ent of phagé recombina-

tion frequencies does occur in:this host, and a slight multiplicity
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reactivétion of'UV-irradiated phages is élso:obséfyed in the lex-1
strain. From an experiment in which ABZMQh(léx;l)'bacteria_were in-
fected with an avérage of 6 Ac phages each, a muitiplicity reactivation
lplot énélogpus to those shown in Figs. 16 and l9,f6r the‘AB1157 host
indicates a dose reduction of approximately 60 seconds and a survival
-increaég of 3X, |

| Although further experiments ﬁtilizing‘a.uvr—lex- double mutant
host mightvbe of value in confirming these results;,it can be tentatively
concluded that the lex mutationvdoes not significéntly affect the UV
stimulation of recombination or multiplicity reaétivation of A. The
éXplanafion of the apparent contradiction betweén the findingé reported .
here ana those of Sauerbier then probably involves eithér_a differénce
between . the physiology of Mand Tl or a distinctiqn between the functions

of the exr and lex loci.

Thé mulﬁiﬁiicity reactivation bf_UV-irradiated Ac phages in recB
and récA ﬁﬁtantiﬁacteria is shown in Figs. 19 énd 20,vin compaiison with
the results in the rec+ host strains; Both Rec?vhost strains support
efficient multiplicity reactivation. The sl;ghtlygggeater dose reduc~
tion apparent for the recB host_(Fig. 19) correlates with the slightly
higher ﬁlateau level of UV;enhanced phage recombination in that strain
(Fig. 13);vthese minor effects may be attributablé to the restrained
degradation of UV-irradiated DNA in the recB bacteria (104, 57).

.It is evident in Fig. 20 that the survival of the multiply in-
fected recA complexes declines even for.lcw o doses to the phages
(though the experimentalvsurvival at low doses is.not less than that

predicted by the multi-target calculation). This observation is
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host strains. The data are from the relative sur-

vival of infected

complexes in the crosses of AcH7

with Ac68 at a multiplicity of about 4 phages ad-

sorbed per cell.

In other respects the curves A, B,

C are as designated in the caption to Fig. 16.
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consistent with the notion that the intéct, overlapping Red function

of the Phage supports repair at full efficiency'in only a subpopulstion

of theﬁinfected cells (section III-A.2). Part of the difference iﬁ ]
surﬁiﬁéls.of the Ared+ phage for single and huit;ple'infectionsvof the
recA host'may be due to a gene dosage effect. Mofeovér, there could
be a slight artificiél enhancement of recombination frequencies from
crosses of UV-irradiated phagés in the recA hoSt>(Fig. 14) due‘to the

selection for progeny of the active complexes (section III-A.2).
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IV. RECOMBINATION OF UV-TRRADIATED PARENTAL IAMBDA PHAGE GENOMES

IV-A.  Recombination of Unirradiated HCM-labeled Parental Phages

The effect of UV-1rrad1at1cn cpon recombination among parental A
bacterlophage chromosomes was investigated by performlng genetlc crosses |
in which the DNA strands of the irradiated infecting phages were labeled
by.meang cf host~controlled modification (HCM), Beforé procceding to
the raticnale and results of these experiments, in sections B thfough D
of this chapter, it is necessary to briefly re?iew the molecular basis
of host-controlled modification and to consider_in.detail the Pproperties
and potential sigﬁificancevof the HCM 1abel in recombinatioh étudies,'as

demonstrated in crosses of unirradiated phages.

Iv-A.1 Host-Controlled Modification

Many bacterial strains impartva biological specificity, or modi-
ficatioh, to their own DNA and to that of the dependentmh bacteriophage
(19, 6). This specificity is inseparably asscciaﬁed with the physical
structure of the modified DNA strands (52), but it is not replicated
with the genetlc information and so is non-heritable. The chemical
bagis of the modlllcation is thought to consist in a pattern of base
methylation at dlscrete and specific sites, applled to the DNA after
synthesis (7, 93, 7& 72) |

DNA derived from cells conferrlng a partlcular type of host-
conﬁrclled,modlflcatlon and 1ntroduced into a dlfferent host strain
nay be. either accepted, its biological activity unimpaired, or re-

stricted, in which case the alien DNA is rapidly degraded and its genetic
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potential destroyed (51, 161). The specificity of the HCM is thus de-

ﬁendent upon two distinct functione: modificationﬁof‘the DNA within

the cell conferfing specificity,'and restriction;of iﬁaﬁprepriateiy
modified DNA within the chelienged hosf; Mutanfs that are deficient

in eiﬁhef restriction (R-) or both restriction and modification (R-M-)
have been'isolated (71, 24s5). At present, it‘eﬁpears that three‘genetic
characters~--r, m, and s~-affect, respectiVely;vrestriction, modification,

and the specmflclty that characterlzes each of these processes (147, 25);

. e e e - p—— RN - e e e e e e

it is uncertaln whether these functlons are all exercised by the same
enzyme complex. The effects of host-contrelled modification and re-
striction upon the viability of A bacteriophages in severa1 different
strains bf E. coli are iilustrated in Table V. |

When X\ phages earrying a pefticular HCM label are'grown on a
host thet neither restricts them nor confers the parental type HCM upon
newly synthesized DNA, progeny phage particles tﬁaﬁ conserve the parental
HCM specificity are recovered atva low frequency,v Experiments in which
vthe pafentel'DNA”hee also been labeled with isoto?es indicate that the
parentel'HCM eﬁecificity isbessociated.with conserved and semi-conserved -
parental DNA, although the label can be transmitted by somewhet less
than an entire parental strand (8). The HCM sbecificity,is serially
transmissible with either of the DNA strands of a parental phage, indi-
cating thet both strands are modified at each site and that modification

~in either strand suffices to forestall degradative attack (9,_161).

" The K12-K12(P1) system for host-controlled modification of
phages (Table V) (8, 6) was utilized in the experiments reported below.

Pl bacteriophage carries its own genes that confer modification and
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!
Efficiency of plating on E.coli host strains

Phagé type ' Ki2 . ?12§P1) C B
Ryt M Ryc+ Myc+ R-M- Rt M
(RgrMg+ ) Rpi Mot ) ( ) (Rg+Mgt)
AEKIZ (= nK) 1 2x10-2 {1 104
A K12(P1) (= A-P) C 1 o | 10~4
A+ C _' 4x107%  4x1077 4 2x1074

B Lx10~% - 7x1077 1 1

Table V - The host-controlled modiflcatlon and restrlctlon of A
bacteriophages on several E. coli host strains (8 6).
Each phage type is defined | by a dot and -letter indicating
the host strain in which the phage DNA was synthesized.
Relevant restriction and modification phenotypes of the
host strains are denoted by the R and M symbols (245, 71).
The solid box encloses the HCM system utillzed in the
present study. -
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restriction characteristics in addition to those of the host cell (8,
71). 2 bacteriophages grown in an E. coli K12(P1) host (A°P) possess
both K12- and Pl-mediated modifications, and they plate with 100% ef-
ficiency on both K12(Pl) and non-lysogenic Klé bacterial strains} By
contrast, phage synthesieed in K12 strains non-lysogenic for P1 (\°K)
plate ﬁith 100% effieiency upon other non-iysogenic'KlZ hosts but at i;;

an efficiency of only 2 X 10”2 on K12(P1) strains.. In the non-

restricting K12 hosts, both A K and A+P part1c1pate 1n normal vegetatlve

multlpllcation and recombination (8)

The HCM label can be utilized as a marher to distinguish the
genomes containing strands of predominantly parental DNA among the °,
progeny from crosses of phages. Thus the progeny of a cross of A P
phages in a non-lysogenic K12 host include meny'phages with newly syn-
thesized LQK chromosomes and a few percent X'P* pheges, which retain
the.parentalfHCM specificity because they;pontaigAeopservedAo;_semi-ﬁﬂh

conserved parental DNA. The frequency  and genetlc constltutlon of these

progeny A P phages can be examined by assaying the Cross lysate on

* ' '
In the text that follows, phage are designated as A°P (or A-C, ete.)

by either of two quite distinct criteria-~i.e., because they were grown

in a K12(P1) host or because they plate on a K12(Pl) indicator. The A-P

phages used to infect host bacteria in phage crosses were synthesized in
K12(P1) host strains; their chromosomes were thus composed entirely of
DNA carrying the type P host-controlled modification, and they were
naturally viable on a K12(P1) indicator strain. The progeny phages,
from crosses of A*P parental phages in non-lysogenic K12 host bacteria,
that plated on a K12(P1l)indicator are also referred to as A-P because
they retained the parental HCM specificity, but with the implicit reser-
-vation that in order to transmit the HCM label they need only have re-

tained somewhat less than a single continuous strand of parental A-P DNA

(or, more rigorously, a modification in either DNA strand at each site
of type P HCM along the chromosome). The meanlng of the \e P designation
in the text w1ll be clear from the qualification "parental" (infecting)
or "progeny." Attention is sometimes directed by Quotation marks ("A°P")
.to the fact that a particular A-P progeny phage type presumably contains
some DNA synthesized in a type K host cell over a portion of the phage
chromosome. . _
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appropriate K12(Pl) indicator strains, which restrict the growth of the

more numerous. A+K progeny of the infection.

-IV=A.2 Recombination by Breakage and Reunion of Parental DNA Strands -

Aﬁong the progeny of genetic crosses involving unirradiasted A+P
parental ﬁhages in a non-restricting g.'gg;g K12 or C host strain,
genetic recombinants can be detected that retaih the parental AP HCM
specificity (8, 111). For example, when Ahc*P is crossed with Ah+c+eP
in E. coli C, the frequency of hhc+-recombinanté among the progeny that
plate on a K12(P1) indicator is 25% as great as that amoﬁg the total
progeny population which plates on a strain C indicator (111). 1In |
evaluétihg the significance of HCM-labeled fecombination, one must con-
sider both the mechanism by which the parental HCM recombinants are
formed and the criteria bj which the frequency of these recombinants
can beriﬁterpreted as an index of recombination amoﬁg thé infecting

phage chromosomes.

The occurrence of intact recombinant chromosémes-that retain a
parental HCM lébel--as of recombinants that contain segments of an iso-
topically labeled pérental chromosome (160, 131)--indicates that material
from‘ﬁafing parental DNA strands is incorporated intq recombinant‘mole-_
cules. The Quantity of DNA from a labeled parental phage that is cone'
tained in é recombinant‘chromoéome‘is pfoportional to the amount of
genetic information contribufed by ﬁhat parént (160,_131). HCM-labeled
pfogeny phages that are recombinant in the central region of the chromo -~
some are formed at a.significant-frequency only if both parental phage

types carry the HCM 1abeli(lll). Since progeny‘phages that retain the
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HCM label are found to contain, at a ninimum, nearly a compleﬁe strand
of the parental modified DNA, these fecﬁs'imply that at leasﬁ,one strand
of an HCM-labeled recoMbinent‘moleCule is formed.by breakage and reunion
of modified parental DNA strands. Experiments inrwhich.only one of the
parental phage types was isotopically labeied have shown that both
strands of a'parental chromosome can be integrated inio a recombinant'
v molecule (160). One would therefore infer.that natural formation of
HCM-~ labeled recombinants proceeds by a breakage and reunion of chromo-
somes comprised of conserved and/or semi-conserved parental DNA. |

This conclusion has been confirmed by Meselson_s direct demon--
stration of recombination among-k phages by breakage and reunion of
double-stranded DNA molecules (157, 120). Crosses were performed.in
' ﬁhicnsall parental.phages were labeled with heavy isotopes, and the
density distribution ofvthe recombinant particles was determined.
Some recombinants were composed almost entirely of heavy parental DNA;
these recomblnants could have arisen only by breakage and reunion among
the infectlng phage chromosomes. The den51t1es ofrall recombinants werev
consistent with breakage and reunion among conserved, seml-conserved,.
and'newly synthesized chromosomes. Recombinants with density labels
cofresponding to semi-conserved to conserved DNA also retained a parentél
HCM label.' While incidentally confirming that HCMelabeled recombinant
pfogen& are formed by‘breakage and reunion of chromosomes that each con-
tain at least one parental DNA Strand, these results imply that breakaée
and feunion of. double-stranded chromosomes is tne general mechanism of
natural phage recoﬂblnatlon. This conclusion is stronély snppofted by

_the studies of Tomizawa and Anraku with Th phages (cf , section I-B. 3).
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IV-A.3 Properties of the HCM label on parental recombination:

conditions for retention of the HCM specificity

The recombination frequency obsefved among the HCM-labeled progeny
of a cross prbvideé an index of the amount of recombination involving_
parental DNA strands; however, parental HCM-labeled recombinénts need
not neceésarily originaté in Breakage and reunion exchanges between con-
served parental--or even two parental--genomés.' '

Because the parental HCM specificiiy can be'transmitted to a
progeny phage by modified siﬁes in only one étrand'of.the chromosome,
an HCM-labeled recombinant may be formed by breakagekand reunion of any
pair of conserved and/or semi-conserved parental chromosomes. Most
progeny phégés, both recombinant and non—recombinanﬁ, thaf retain a
parental HCM label>éontain semi-conserved parentél DNA (8, 157). 1In
order to determine whether HCM-labeled recombinants formed in a parti-
cular instance, e.g., in crosses of UV-irradiated phages, result from
recombination among conserved infecting chromosomes (or even to confirm
that théy are formedvby breakage and feunioﬁ‘of both strands of each
mating méleculé), it is necessary to ascertain whether uhreplicated
recombinants contéinvconserved parental DNA or whether the recombination
occurs prior to any DNA replication.

'Furthermoré,vsome types of HCM-labeled recombinants may be formed
by recombinetion between a chromosomé containing modified parental DNA
and a chromosome,composéd wholly of newly synthesized and /or unmodified
DNA (8, Appendix II of'this report) . ‘Several lines of evidence bear on
the amoun£ and location of unmodified DNA that may be acceptable in such
a'\P" recombinant‘molecule; and hence upon the extent to which the

~ frequency of HCM-labeled recombinant progeny of a cross may be
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representative of recombination among chromosomés cbntaining only
parental DNAvstrands.. |

| Genetic observations imply thét é fecombinantbchrohdsome rétain—
ing'a paréntal type P HCM specifidity may inciude on its right ehd a 
segment of unmodified DNA that is on the 6rder of lQ% tﬁe total moléc-
ular length (8,.Appendix II-1). "AP" singly recombinant pfogeny are
_ formed in érésses of A+P phage carrying a selected'marker distal to the
right end gdf ﬁhe chromosome with A-K phage éarrying.a selected marker
proximal to and within about - 10% of the rlght end of the chromosome
(Figs. C and D in Appendix II- 1) For crosses of unirradiated lsus»Ph
phéges in a K12 host, more than half of the AsusP3+susQ73+"°*P" recombin-
ant progeny and nearly all of ﬁhe XéusQ73+susR5+"FP" progeny ére formed
by single recombination of chromosomes containing parental A+P DNA with
neWIy syhtheSized A°K chromosomes. However, single recombinants for
two markérs that are situated toward the interior of the éhromosome-~
such as su8029 and susP3--reta1n the AP spe01ficity only if both parental
phages carry the type P HCM label (111, Appendix 11-1). |

A segment of A*K DNA can also be 1ntegrated by multiple recombln-

ation, into the interior of a \°P chromosome without destruction of the
type P HCM specificity. in mixed infections of a restricting Ki2(P1)
host with A+K and AP phages, marker rescue of interior segments of the
restricted A+K genome competes with degradation of the restricted DNA
(51, 216); the length of the rescued segments can be on the order of.lO%
of the genetic map. Moreover, detectable numbers'af recombinant'"X'P"
progeny are recovered from crosses in.non-resfricting host cells of A°K
with AP phages for markers locatea toward the interior of the chromo-

somes or so situated that the A+P specificity is not retained by single

recombinants (Appendix II-2).
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.Thesé geneticlobservétions are obviously related to the number,
activity, and locétion on the A chromosome of the modified sites that
constitute the HCM label, a topic concerning which.there is little
specific informétion at present. Most generally, if can be concluded
that_there are intervals within the A chromosome, of significant length;
that éither do not contain relevant éites of modification or fhat.cén-
tain sites whose activitj is dispensable to preservation of the HCM
labél.

It has been suggested that modification and the primary events
of restriction may.occur at the same specific sites on the chromosonme ,
possibly as alternate activities of the sa@e enzymevcomplex (6, 25);
in Xizgg‘eQidence concerning modification and restriction of the small
coliphage fg support this view (148, 147). If this also holds true for
A, some indication as to the number of HCM sites may be had from in vitro
studies of restriction in ﬁhe.KlE-C HCM system (Téble V). Yuan and
Meéelsqnv(l6l) have found that chromosomeé of \-C phages, which aré re-
striéted'to an EOP of about 10"h on a K12 indicator strain, are degraded
to fragments on the order. of 1/5 the intact molecular weight_in a limit
digest with a purified extract of the K12 restriction enzyme. This
éuggests that ﬁhere may be about five sites Of‘type'g HCM on the M\ chromo-
some. These'authors reporf that a similar restriction enzyme has been
isolafed from_?l Lysogens. One would expect that.X'K phaées, which are
reStricted to an EOP of about 2 X 10-5 on a K12(P1) indicator, lack be-
tween 5 and 10 sites of Pl-mediated modification. That the right 10%
and certain interior segments of the A°P chromosome are unnece#sary to

- retention of the HCM label would then be attributable to the absence.of

modification sites in these intervals.
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IV-B. - Enhancement of Recombination among,HCM-lébéled Parental A

Phages;'UV-Induced Recombination by Breakage and Reunion

The results of &n experimént td characterize_the‘effécts éf-UV;
irradiaiion upon récombination involving HCM-labeled parentﬁl phages
are shown in Fig. 21. A series of crosses was performed by infecting
bacteria of the E. coli K12 host strain AB1886(uvrA) with a mixture
of AsusO29°P and AsusP3°P phages that had been_eXposed to vﬁriouéldosesv
of UV, the'prégeny phages from each cross were éharacterized on‘re—
stricting:hnd non-restricting indicators as described in the figure:
legend and in section II-I.

Such experiments provide-~-in addition to_fhe types of dbse-
response curves for UV enhancement 6f overall reco@binatidn frequéncies
and for multipliciﬁy reacfivatién discussed ih Chapter III--three kinds
of information concerning the particular fate of tﬁe UV-ir:adiated HCM-
l&béled infecting phages: a) the relative recovery as a function of
UV dose of A+P progeny phages; b) the»frequenéy éf genetic recombinants
among the ﬁrogény ﬁhages that retain the parentai*k-P HCM specificity;

. , S
and c) the relative viability on HCR+ and HCR- indicators of the AP
'progeny._ The frequency of genetic recombinants aﬁong HCM-labeled progeny
phﬁges from different types of genetic crosses will be considered in |
this section; the relative recovery and viability of H¢M~labeled'pnogeny
phages from crosses of UV-irradiated phages will;béféxéﬁined in section

IV-C .
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Figﬁré 21.‘ The complete set of data from an experlment in which
AcT71lsus029°P and Xc?lsusP3 P phages irradiated with wvarious
UV doses were crossed in K12 strain AB1886(uvrA) host bac-
teria. The crosses were performed using the identical cul-
ture of host cells and the lysates weie stored for later
titration--as described in Materialsband Methods. The
various phage types among the progeny population were

- assayed as follows: total progeny = lysate titer on per-
missive hon—restricting indicator ABl157; A++ récombinants =
lysate'titer on non-permissive non-restricting indicator
W3350; total A*P on HCR+ and HCR- hosts = lysate titers on
permissive restricting AB1157(Pl) and AB1886(P1) indicators,
respectivelyy A++*P recombinants = lysate.titer on non-

. permissive restricting (HCR+) indicator W3350(P1). (The in-
fected complexes were assayed on AB1886 indicator. Lysate
titérs are calculated relative to the éoncentration of in-
fected complexes in the original infection mixture, prior
to dilutions for incubation, etc.)  This assay system for
distinguishing parental HCM-labeled phages is explained
further in Table III, section II-I.- The asterisk on the
ordinate indicates the approximate titer in the lysates of
infecting Asus°P phages unadsorbed to the host bacteria and
not neutralized by anti-A serum treatment--as determined in
mock crosses. Beéause the pfocedure used in these experiments
would not permit accurate titration of phage types present
at a concentration much lower than that indicated for A++.P
on the HCR+ indicator, it was not feasible to assay the
A+++P recombinant progeny on an HCR- indicator strain. The

- data points shown in this figure represent the average of

the results determined for two replicate crossés.
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The solid dose~-response curves in Fig. é2;descfibe the UV en-
hancement of recombination frequencies in the total and A°P progeny
populations from crosses of Asus029°P with KsusPB'E. It is clear from
these curves that the initiel UVeehhancement of reeombinaht frequency
amongall-progeny accompanies aduitesimilar increment in the frequency of

_recdmbinents amongbprogeﬁy containing parental AP DNA.strands. Thus
While a 12-second W dose to the infecting phageebincreases the re-
combination frequency among.all progeny threefold, from 1.2% to h.l%,a
fifteenfold increase from 0.2% to 3.1% is induced among the progeny
that retain the parental HCM label.

The UV-induced HCM-labeled reco@blnants are attrlbutable to re-

. combinatlon of A+P genomes early in the phagevinfection, leading to the
enhancemen£ of recombination frequeﬁcy observed.emoﬁg all progeny'phages.v
The‘fairly uniform’difference betweeh the'k'P and total recombination
frequencies At low to moderate UV doses is attributable to a constant
increment in recombinants formed by naturelvvegetative recombination
aﬁong newly synthesized chromosomes during later phases of the infection.
(The divergehce of the dose-response'curves at higher UV doses will re-

.ceiﬁe'ﬁote presently.) These results are consistent with the demonstra- .
tion by Jacob and.Wollman (115) that the UV-induced recombinetion occurs -
earlybin the latent period of particular sigﬁificance here is thathCM—
labeled parental DNA is incorporated into UV-1nduced recomblnant genomes,
thls findlng implies that the UV-stlmulated recombinatlon proceeds by a |
breakage and reunion, or closely related mechanlsm.

_Confirmatlon and elaboration of these 31mple conelusibns require
that the potential limiteﬁions of the HCM 1abel.0n recombination_be'

taken into acceunt--e.g., by examining to what extent UV-induced
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Dose~response curves for the UV enhancement of recombinant
frequéncies among éll progeny and among HCM-labeled A°P
progeny in the crosses of Ac71lsus029+P with Ac7lsusP3+P
(Fig. 21) and in crosses of Ac7lsus029°K with Ac7lsusP3°P.
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recombiﬁant A*P phages might derive from matings-of parentai A*P chromo-
‘somesvwith newly synthesized A+K chromosomes. The observations discussed
below support the conclusion that the UV-stimulated HCM-labeled recom-
bination does in fact océur by breakage and reunion of parental DNA
strands, and most likely of both cénserved and.semi-conserved_infecting

phage chromosomes (section IV-C).

In:addition fo the résulté from crosses of AP phége types, data’
from several crosses of UV-irradiated XsusOQ9’§'With AsusP3°P phages
are shown in Fig. 22. The.recombination frequeﬁcy among the A*P progeny
of these crosses seems to increase linearly with’UV dose (dasﬁed curve)
'but-to be significantly lowér than the frequency observedvif both jnfect-
ing phage types carry the type P HCM iabel. The control experiments
presenfed in Appendix II imply that a recombinént formed by bréakage

and reunion of X-Pvand A-K phages in the sus029-susP3 interval can retain

the AP specificity only if a second reéombina%idh océﬁis in an adjacent
ihtervél.soAthat the sus¥-K allele is.enclosed iﬁ a AP génome. The fe-:
sﬁlts shown in Fig., 22 for crosses éf UV~irradiated XsﬁsP3'g ﬁith Asus029*P
and Asus029°K afe conéistent with the'view that the same conditions apply
for retention of the AP gpecificity in UV-induced recombination over
this interval, but that the UV-stimulated recoﬂbination is characterized
by'algréat increase in the relative ffequency of'the double crossovers |
that permit formation of "A+Pp" recombinants'df the AP and MK parental
Phages. The 1atter'point is analogous to the fihding df Jacob and Wollman
(115) that UV enhances to comparable extents the frequencies of single

and double recombinants in the overall progeny ﬁdpulation. That a higher
frequency of UV-stimulated A++P recombinants is observed if both infect-

ing phage types carry the A+P HCM label implies that most of the UV~
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induced HCM-labeled recombinants do contain DNA derived from both in-
fecting phage types and are formed'by breakage and reunion of parental

DNA_strands.

Reébmbination'between A*P and newly synthesized A+K chromosomes

that occurs in crosses 1nvolv1ng UV-1rrad1ated A P infecting phages in
the HCR— AB1886(uvrA) host would necessarlly entall mating of a molecule
containing parental DNA with unexcised UV lesions and a molecule free of
such lesions. Jacob and Wollman (115) have established that in crosses of
an unirradisted with:a-UV-irradiated parental phagé type: the.-irradiated par-
ent acts as-a donor of genetic .segments, e.g., preferehtially contributlng »
the imedian marker .in-doublerecombinants from-three factor crosses. (Th;s could
be understood as due to the stimulation of further recombination by un-
repairéd UV lesions in the portion of a recombinant'moleculé cémposed
of irradiated.parental DNA; The obsérved result‘cdrresponds to marker
rescue of selected alleles from the irradisted Iiareﬁtal phage type.)
One wouldthén anticipate that,.in the present experiments, matings
between X-P phage containing unexcised UV lesioné and newly synthesized
A°K phage would generally lead to fragmentation of the A+P genome by
recombination and destruction of the HCM label. The polarity of the
UV-stimulated recombination would inhibit formation of "\+P" recombinants
containiﬁg a'selected A*K allele; the UV-induced increases in thevfre—
duencies of A++P prggehy shownvin the crosses of Fig. 22 would fhen'be
. attributable exciusiﬁelylto UV-stimulated récombination ahong conserved
and/or semi-conserved parental phages.

This inference may‘be verified by considering the UV enhancement »

of recombinatioh frequencies in the AP and overall progeny populations
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from crosses of AsusP3°P with AsusQ73°P and ofVXSu§Q73-P with AsusR5°P.
Because a segment of type K DNA can be inéorporated on the right end of
a recomblnant molecule that retains the ‘type P HCM- spec1f1c1ty, from

crosses of unlrradlated A°*P phages ‘around 90% of the A+P progeny

recombinant in the susQ73-susR5 interval and about 60% of the A-P prdgeny

recombinant in the susP3~susQ73 interval result from single recombinations

between A+P and newly synthesized A+K molecﬁles (Appendix'II). The argu-
ment of the preceding péragraph predicts that in crosses of UV-irradiated
_X;Pvphagéé there will be a dimunition in the number of "X;P"récombinant
progeny écdruing from matings of A+P with newly synthesized A°*K phages
at the same time that the recombination among ﬁhe A+P phages containing
pafental DNA is stimulated. The dose-respbnse cﬁrves.for the UV enhance-
ment of AP recombination frequencies in the crosses AsusP3°P X AsusQ73°P
and hsusQ73'P X AsusR5°P should reflect a superpqsition of these antég-
onistic effects. - |

The results shown in Figurés 23’apﬁ 2L, for crosses of XsusP3'P
with XsuSQ73'P and of AsusQ73°P with XsusRS'P ' respectlvely, are con-
‘sistent with this expectatlon, in these crosses the obsérved UV enhance-
ment Of recombination frequencies among X'P.progepy is less efficient,
relative to the enhancement aﬁong all progeny phages, than that observed
for crosées of Asus029°P with AsusP3°'P (Fig. 22);'IFor increasing doses
of UV to the infecting phages there is a Clear'abéolute increase iﬁ'the
frequency of A++P recombinant progeny, but in thevmoderate dose range
the slopés of the dose-response curves for A°P récombinétion in the

susP3-susQ73 and susQ73-susR5 intervals are only about 1/2 and 1/3,

¥ The data in Figures 22, 23, and 24 also provide measures of the
relative UV stimulation of overall recombination in intervals character-
ized by differing ratios of physical to genetic length, and are con-
sidered from thls v1ewp01nt in section IV-D and Fig. 29,
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Figure 23 (top). Dose-response curves for the UV enhancement of re-
combinant frequencies among all progeny and among AP
‘progeny in crosses of AcTlsusP3°P with AcTlsusQ73°P in
the K12 strain AB1886. (This experiment was performed
concufrenﬁly with that described in:Figs. 21 and 22,

-~ utilizing the saqe cultures of host bacteria for the

crosses and for the titrations.)

Figure 2u (bottom). Dosé~response curves for the UV enhancement of
| recombinant frequencies among all progeny and among HCM-
lebeled AP progeny in crosses of AcT71lsusQ73°P with
XC7léusR5°P in the K12 strain AB1886, from an experiment
anahdgous to those described in Figs. 21-22, and 23.
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respedﬁively, as great aé thé~sl§pes of the cﬁrvesvdescribing the en-
hancemenf of recombination among all progeny. _By_contrast, for the
cfosses 6f Asus029°P with AsusP3°P the UV-induced increases in récom- _
binatiﬁn frequenéiés among A+P progeny and among all progeny are nearly
the same over ﬁhis dose range, Thefe is thus:an inverse relation bé-
tween the'observéd w enhancéments of AP recombination and the extents
to whiéh recombination of A<P and newly syntheéizéd A°K genomes con-
tributes "AP" recémbinéntiprogeny in the crosses of unirradiated phages
overlﬁhese three intervals. |

This evidence supports the conclusion that UV-induced HCM~labeled
recomﬁinants are not formed by eccentric recombination of molecules con-
taining parental A*P DNA with newly synthesized A°K molecules; rather, |
matings of such chromosomes in crosses of UV-irradiated phages are even
'ﬁore likely to result in destruction of. the XfP HCM label than in crosses
of unirradiated phages (regardless of the interval of recombination ex- -
jamined). The UV enhancement of recombiﬁation ffeéuencies'among the A*P
.progeny from crosses of XSusOE9°§-with AsusP3°P and Asus029°+K with
ksusP3‘g,(Fig. 22) is then attributable.exclusively to recombination of

conserved,and/or semi-conserved parental genomes, and the UV-stimulated

recombinﬁtion must_proéeed by breakage and reunion of parental DNA
strands. Converéely; divergence of the dose-response curves for en-
hancement of fecombination among AP progeny and among all progeny (at
moderate UV doses in Figures 23 and ol and at highér doses in Fig. 22)
‘ma& be attributed to the increasing frequency; with increasing dose, of
UV-stimulated récombinations between ébnserved or semi-conserved parental
.,chromésomes and newly synthesized chrdmosomes;ithe recombinant products

of such events do not retain the A:P HCM label.
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Thé excision-defective AB1886(uvrA) host was used in.therexperi-
ments,réported above in order to determine tﬁe UV—étimulated parental
recombination for a calculable number of unexéiééd UV-inducedvpyrimidine
dimers; to.facilitate'interpretafion of any indications of recombinaﬁion
between parental and néwly synthesized phage chromosomes,vand to permit‘
: assay of any UV lesions remaining in the A*P progeny recovered from the
crosses (cf., section V-D.1 below). An analogous étimulation of recom-
bination among parental DNA strands occurs in an HCR+ strain., The curveé
~in Fig. 25 furnish a comparison of the UV stimulétions of recombinatioh |
frequencies in the A-P and total progeny populatiohs from crosses of
Asus029+P with AsusP3°P in the AB1886(uvrA) and AB1157(uvr+) host
‘strains. The slope of the dose-response curves. is about 1/5'as-great
for the HCR+ AB1l157 host, consistent with excisiqn—repair of the
- recombination~-promoting lesions in this strain as'discussed in Chaptgr
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IV-C. Recovery and Viability of UV-irradiated HCM-labeled Parental

A _Phages

UV-irradiation of the infecting ﬁhages causes a marked.reduction
in ﬁhe‘frequency with which progenj phages retaining a parental A°P HCM
specificity are recovered from crosses in an E. coli K12 hoét.‘ The sur-
vival curves in Fig. 26 show the decrease in rebovéry on HCR+ and HCR-

K12(P1l) indicators of total A°P progeny from the crosses of Asus029<P

with AsusP3°P in AB1886(uvrA) host bacteria, in comparison with the sur-

vivals of the infecting phages on the HCR+ and HCR+~ indicators. Compar-

able results were obtained in the crosses of AsusP3°P with AsusQ73°-P and .

ofIXsusQ73-P with AsusR5°+P., From these data it is clear not only that
the absolute recovery of A«P progeny on the HCR+ indicator falls sharply;
with increasing UV dose, but also that the X?P'prpgeny recovered still.
.retéin potentially lethal léSions wﬁich reduce their viability on the
HCR-‘indiCato;.'The analogou$ aata ffom thghséQerai éfosses in AB1157
(uvr+) host bacteria, plotted in Fig. 27, show that UV-irredistion of
the iﬂfééting phages results in a similar decreased recovery of AeP

progeny from crosses in this strain; in this case, however, the viability

of the HCM-labeled progeny phages is identical on HCR+ and HCR- indicator

strains.

This information regarding the recovery and viability of A:P

progeny phages permits further charascterizationof the HCM-labeled progeny

populations and furnishes several significant clues pertaining to the

nature of UV-stimulated recombination and of concomitant repair processes.

In particular, having established that HCM-labeled paréntal DNA strands

are‘incdrporated into UV-induced recombinant A-P molecules, one may further

ihquire'into: 1) whether the AP progeny which are recovered from the '
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Figure 26 (left), The recovery of HCM-labeled_X'P progeny from crosses
of A+P phages (Ac7lsus029+P X Ac7lsusP3+P) in the K12 strain
AB1886(uvrA), as a function of UV dose to the infecting

phages. The open symbols indicate the relative concentration .

of AP progeny phages in the cross lysates (cf., Fig. 21),
assayed on the restricting HCR+ indicator AB1157(P1l) and on
the restricting HCR- indicator AB1886(Pl). The UV survivals
of the parental phages in single infections of the HCR+ and
HCR~ indicators are shown for comparison (solid symbols).
All theserdata_were obtained using the same titration pro-
cedure, with preadsorption of the diluted phage samples to

the indicator bacteria.

Figure 27 (right). The recovery of HCM-labeled A°P progeny phages from
crosses of AP phages (Ac71lsus029:P X AcT7lsusP3°*P) in the
HCR+ K12 strain AB1157(uvr+), presented according to the
format of Fig. 26. The dashed line labeled "A" represents
'the relative position of the curveffOr recovery (on the HCR+
restricting indicator) of A+P from the HCR- K12 host AB1886

(uvrA) under comparable experimental conditions.
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excision-defective uvrA host bacteria, and which retain potentially
lethalvUV leéions,'dre composed mainly of conserved or of semi-
conserved parental DNA--and hence whether the UV lesions might induce
recombination by simple breakage and reunion of irradiated phage
chromosomes prior to their replication; and 2) whether the reduced
recovefy ofbHCM—labeled progeny from infections witthV-irradiated
parental phages is associated with UV-induced recombination and/or
originates in a UV-induced selection against recovery of a particular

class of phage chromosomes with parental DNA.

IV-C.l Relative viability of HCM-labeled parental A phages recovered

from HCR+ and HCR- host bacteria

The data presented in Figures 26 and 27 are replotted in Fig;
28 to illustrate, as & function of UV dose; the ratios of the viable
titers on HCR- and HCR+ indicators of the AP infecting phages and the
AP progeny from crosses in the uvrA and uvf+ hoét strains. The pur-
pose of this plot is to cancel the effect of the UV-induced decrease
in absoiute recovery of A-P progeny; as meagsured on the restricting HCR+
indicator; S0 thét the relative éurvivals on the HCR- indicator of the |
infectingiphages and the AP progeny phages can bé compared directly.
For si&plicity, the ratio of an HCR- titer to the corresponding HCR+

titer--plotted on the ordinate in Fig. 28--will hereaftér be referred

to as the "viability index,ﬁ and the cﬁrve in Fig. 28 for the infecting |
Phages wiil sometimes be termed the fréference éurve."

For each curve in Fig. 28, the extent of the decrease in viabil-
ity index with increasing UV dose is a linear measure of the accumula-

tion in the phages of potentially lethal lesions which are reactivable
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in the HéR; indicator bacteria but not in the HCR- indicator. The

slope of the curve for the A«P progeny of the ﬁvf+'host strain is Zero;
no host cell reactivable lesions remain in the HCM-labeled progeny fromi

- this strain. The curve for the A-P progeny ffbm the uva strain has a B
siight-shoulder and liés somewhat abovevﬁhe cﬁrve for the infecting
bhages, but for UV doses from 5 to 20 seconds these two cuivés fall at
apprOXiﬁéfely the same rate. The results from éeveral diffefent experi-'Q
ments indiéate'that over the modérate dose range the slope of the curve
for A«P progeny of the uvrA host is at 1east 80% and probably 100% as
great as the slope of the reference curve for the 1nfect1ng phages.

For technical reasons, 1t was not p0351ble to assay the v1ab111ty 1ndex
of the UNTA progeny reliably for hlgher uv doses.

The data pfesented in Fig. 28 shoﬁ that ﬁhe progeny phages re-
taining a parentai HCM label from multiple infegtions of the ABl886(uva)
host contain nearly as many éotentially lethal, host'cell reactivable |
uv 1e51ons as the 1nfect1ng Pphages, whereas HCM-labeled progeny phages =
from the ABllS7(uvr+) host do not retain any host cell reactlvable '
lesions. The uvrA strain is kmown to be defective in the excision of
UVfinduéed pyrimidine dimers (105, 23b); the resu;té reported here may !
be viewed as a direct "biological" demonstration that ﬁhe differencesviﬁ1 
UV survival and UV-induced recombination of A phages:in the'uvr+.(HCR+)

and uvrA (HCR-) hosts are attributable to the féilure of the latter straiﬁ

to éliminate potentially lethal UV-induced lesions in thé infecting phage -

DNA. Furthermore, the fact that the 1nfect1ng AP phages and the A-P
progeny phages from the uvrA host bacteria accumulate potentlally lethal
UV lesions at about the same rate with increa51ng UV dose suggests that
most of the HCM-labeled progeny from these‘crossés_of UV~irradiated }

phageé contain conserved parental chromosomes.

.




137

i Pl

J
il

A\ P progeny from ]
AB 1157 (uvr*) host

AP progeny from

0.3 AB 1886 (uvrA™) host  _

Viable titer on HCR™ host
Viable titer on HCR" host

02 -

Infecting phage (\'P)

01 I P S | s |
0 | 0 . 20 30 109
UV dose to infecting phage, seconds
Figure 28. ¥ | DBL 696-4733

i

. i ,
The viabilities on the HCR~ indicator relative to those on the HCR+
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and 26. Brackets denote the range of values determined for duplicate
crosses. -
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‘Estimation from Fig. 28 of the proportiohs of conserved and semi-
consérvednﬁarental DNA contained in the A*P progeﬁy frém the uvrA host
hingeé uﬁon the relative UV survivals en§isioned.for intact semi-
conSerﬁed and conserved parentél chromosomés on the HCR- indicator.'
Inactivating UV damage is now thought to result from unexcised photo-
products (primarily pyrimidine dimers) in the geno@es that either block
DNA'replication or cause defects in the daughtervchromosomes that are
not healed by post-replicaéion repair processes (88, 193, 102)--and
perhaps sometimes from interference between separate repair events or
repair modes (85, Appendix IIi). Any natural hechanisms for bypass and
post-rgplication fepair in UV-irradiated A genomes are presumébly intact
in the érdéses perfbrmed‘here,* so it must be_assumed that unexcised UV
photopfodﬁéts could be présént in a parental A*P DNA strand opposite a
newly synthesized and intact comﬁlementaiy stra£d in a AP progeny phage
chromosome ., o |

_,As‘between conserved and intact semi-conserved parental chfomo-
éomes, the probability of inactivation 6h the HCR- ihdicator of a AP
progeny pﬁage chromqsome thét carries,2g UV photoproducts randémly dis="
tributed between the two DNA strands should be at least twice as great
as the brobability of inactivation of a chromosqme with N photoproducts
confined in a single-strahd--particulafly for low UV doses where the
lesions would rarely=%e concentrated within the molecule. The Viability
index of pure semi-conserved A-P progeny from the uvrA host should then
decline W1th increasing UV dose at a rete at most half that characterlstlc
of the referencevlndex for the UV-irradiated 1nfect1ng phages. Further-

more, should successful initial replication of a lightly irradiated

See discussion of this point in section III-A.Z2.
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parental genome suffice to insure that further replication of a semi-
conservéd pérental molecule will usually yield at'least oﬁe viable
daughter éhromosome-—whether because the succeséfully replicated parental
DNA strandvtonﬁains no unexcised UV photoproducts or because all of the
réemaining UV lesions can be bypaSsed-~the slope»of the curvevfor AP
progeny with exclusively semi-conserved parental chromosomes would be
zero.* |

Some of the AP progeny may contain recombinant genomes with
segments of conserved and semi-conserved parentél DNA in different re-
gions, and these would exhibit an intermediate viability index. But
since the observed rate of decline in viability index of A*P progeny
from the uvrA host is about as great as that for the infecting phages

over the moderate UV dose range (Fig. 28), it seems clear that the A°P

progeny contain mostly conserved parental DNA.

* Unfortunately, there is no direct experimental evidence, concerning
the viebility of "heteroduplex" A DNA molecules with UV photoproducts in
only one strand, by which to support this reasoning. However, the plaus-
ibility of the comclusion may be argued from the facts that the single-
stranded DNA phages ¢xl7h and S13 are not susceptible to HCR when UV-
irradiated as extracellular particles, although when irradiated in their
double-stranded replicative form (RF) they are repairable by HCR (182,
2L9). This finding has been interpreted as indicating that successful
excision-repair requires a double-stranded substrate. It probably also
reflects that the viability of RF containing UV lesions in only one DNA
strand is not significantly affected by excision-repair of those lesions;
the facts that UV inactivates $x17h4 viability at a rate fivefold greater
than it reduces initial synthesis of RF (151) and that UV enhancement of
recombination is observed for these phages (219, 185) suggest that UV
photoproducts are successfully bypassed at an appreciable frequency dur~
ing generation of the initial RF (202) from an irradiated single-stranded
chromosome. Perhaps a single undamaged template strand in the initial RF
insures that semi-conservative replication will produce at least one vi-
able daughter RF. An enalogous situation might well obtain for the double-
stranded A phage, so that the viability of a chromosome containing semi-
_conserved parental DNA from a UV-irradiated infecting phage would also be-
little affected by HCR. In the present case, A'P progeny Phages from the:
uvrA host which contain semi-conserved parental DNA would exhibit viabil-
ity indices near 1.0--in marked contrast to the experimentally observed
result (Fig. 28).
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Two factors could contribute to ‘the small shoulder, the fairly
uniform lateral displacement, and any slight divergence of the uvrA
curve from the reference curve in Fig. 28. First, there is' convincing

evidence that a small number of initial UV lesions per infected complex

can be repaired by residual HCR (80, 84) in excision-defective host bac- -

teria. The results of.experiments to be described in sections V—B,'D
(Figs. 31-b and 33-b), in which residual éxcision of UV lesions in the
Phage DNA was competiti#ely inhibited by prior UV-irradiation of the

uvrA host cells themselves, imply that about 70% - 80% of the potentially
lethal and recombination-promoting lesions induced in phages by a 5-
second UV dose are excised from the phages in the multiply infected'
unirradiaped uvrA host bacteria. This extent of repair may represent

the maximum capacity of the residual HCR; the cdrresponding shift in
viabilitj indices would account virtually quantitatively for the gap be-

. : *
tween the uvrA curve and the reference curve in Fig. 28. Analogous

The displacement of the uvrA curve from the reference curve in
Fig. 28 corresponds to excision-repair of the number of initial UV
lesions induced by a dose of around I seconds, or about 3 pyrimidine ,
dimers (ef., p. 77)per infecting phage chromosome, independent of the
dose to the multiply infecting phages in the 5 to 20 second UV dose
range. The fairly uniform extent of this "dose-reduction" could reflect
a saturation of the residual excision activity of the uvrA host cells or
could indicate that this particular uvr- mutation (uvrA6) has an effect
upon the excision-repair function that mimics non-competitive, rather
than competitive, inhibition of HCR.

UV-irradiation of the uvrA host bacteria does cause & slight shift
in the viability indices of the A+P progeny which corresponds- roughly to
the gap in Fig. 28 between the uvrA and reference curves. In a separate 4
experiment from that described in Fig. 28, A*P progeny from multiple in-

fections of uvrA cells with AP phages UV-irradiated for 16 seconds were a

found to exhibit a viability index of 0.26 * 0.0l when the host cslls had
themselves been UV-irradiated for 210 seconds (about 2100 ergs/mm‘), com- .
pared to an index of 0.41 + 0.06 for progeny from unirradiated cells.
However, this particular effect, although necessary, is not sufficient
evidence in itself for attributing to residual HCR the enhanced viabil-
ity indices of A+P progeny from the uvrA host bacteria; UV-irradiation

of the host bacteria not only inhibits HCR but also evidently blocks the
replication of some infecting phages (sections V-B, C) and so would also.
reduce the relative frequency of HCM-labeled progeny phages containing
semi-conserved parental DNA.
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results have been reported by Harm (80) for the UV survival of A phages

1

in single infection of the "K12S her-" strain. He found that the UV
survival curves of A phageé on. unirradiated indicator cells and on in-
dicator bacteria heavily UV-irradiated theﬁselves lie in relative po-
sitions analogous to those of the uvrd curve and ﬁhe reference curve,
respecfively, in Fig. 28. |

Sécond, of course, a subpopulation of X°P_progeny phages that
contain éemi-conserved parental DNA would also contribute to enhanced
viability indices. However, because of the magnitude of the effect
attributable to residual HCR and the fact that the.slopes of the uvrA
and reference curves are Quite similar over the moderate UV dose range,
the amount of semi~-conserved parental DNA in the progeny A-P genomes
must either be small or diminish with increasing UV dose to the infect-
ing phages. For crosses in the uvrA host of phages UV-irradiated for
20 seconds, a reasonable estimafe is that the HCM-labeled progeny phages
which plate on an‘HCR+.indiéator strain COnﬁain no more than 20%--and

conceivably not any--semi-conserved parental DNA.

Straightforward experiments by several other investigators (8,
157, 120, 128)--with procedures and multiplicities of infection compar-
able to those for the work reported here--clearly indicate that from
_infections with unirradiated A phages about 70%.4'90% of the progeny
that retaih a parental HCM label contéin semi~-conserved parental chromo-
somes. In those studigs, host bacteri% were ihféé£ed %i£h phages that
carfied both a density and an HCM labeI, and the qensity digtribution
of the HCM-labeled progeny population was aeterminéd; it would be of‘.

interest to ascertain quantitatively by this method the association of
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a parental HCM label with cohserved and semi-conserved parental DNA as
‘a function of UV doée to the multiply.infecting phages. If the A-P
progeny from crosses of UV-irradiated A+P in the AB1886(uvrA) host con-
. tain mainly conserved parental DNA, as suggested by the foregoing analy-
sis of the data in Flg. 28, there is evidently a selection with in-
crea51ng UV dose against the appearance qf seml-conserved parental DNA
in -progeny phage particlés that retain th parental'HCM specificity.

A decrease in the relative frequency of semi-cbnserved'parental
chromosomes would be expected, nay prediqted, if the significant factor
in the lethality‘of UV=-induced photoproducts in A were their potential
to irrevérsibly block the complete replication of the irradiated infect~
ing phage genome;b If,'on the other handQ there exists an efficient
méchanism for replication~bypass of UV-induced photoproducts in A phage '

DNA (with any necessary post-replication repair of defects in the daughter

chromosomes),'a selection—against-recovery.of semi=-conserved HCM-labeled . __ _ .

parental DNA could also reflect a preferentlal destruction within the

host cell~~by nuclease actlon or by UV-lhduced recomblnatlon--of repli-
cated infecting genomes or of their parental HCM specifiéity.' The
characteristics of the decrease in total recovery of A*P prbgeny from

the crdéses of UV-ifradiated Phages are also consiétent with an elimina~
tion of semi-conserved_parental‘chromosomes from the HCM-labeled progeny -
populaﬁion; the matter is considered further from that standpoint in

the following section (IV-C.2). t

t

| | |
For crosses in the AB1886(uvrA) host of A*P phages UV-irradiated

with doses up to at least 12 seconds, the enhancement of recombination

: fréquehcy among the AP progeny corresponds. quantitatively to that
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observed among the overall progeny populatioh (section IV-B, Fig. 22).

The HCM-labeled progeny from these cfosses appear to contain mostly con-

served parental DNA; if some of the UV-induced recombinant A*P progeny
conﬁain only conserved parental DNA, it.would folibw that the UV-stimulaﬁed
recombination can be ihduced and executed between unreplicated irradiated
Phage genomes. |

On the basis of the evidence considered above, one cannot cate-
gorically exclude the possibility that all of thé'recombinahﬁ AP progeny
induced by UV do contain at least some semi—conserved parental DNA, but |
comprise a sufficiently small or sufficienﬁly inviable subpopulation of
the AP progeny that they do not markedly inflﬁence the values of the
vigbility indices noted in Fig. 28. Such an interpretation would be re-
quired, for exémple, by the application to this ex@erimental system of
.the hypothesis that UV-stimulated recombination in bacteria might be
primed b& defects resulting from replication-bypass of UV photoproducts
anid does not occur between two unreplicated irradiated genomes.(209,
240). However, in light_ofyall available evidence (see sections I-B,
III-AJ2, Iv-D, VI-C), such an interpretation appéars ﬁo be unwarranted.
The simplest possible conclusion consistent with the results presented
above is also probably the correct one: UV—induéed recombination in A
can occur by straightforward breakage and reunion of the irradiatéd in~-

¥*
fecting phage chromosomes prior to their replication.

M A v
This conclusion might be tested by the following experiment.

Immediately after infection of host cells with UV~-irradiated A
Phages in a genetic cross, the infected complexes could be held for a
period in the presence of KCN in order to inhibit replication of the
infecting phage chromosomes, then submitted to an optimal dose of photo-
reactivating light in order to remove recombination-promoting UV lesions,
and finally incubated in the absence of KCN to lysis., Comparison of the
recombination frequency observed among the progeny phages with those
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IV-C.2--UV-induCéd decrease in the recovery of parental HCM-labeled

Phages

From the evidence obtained in the presént experiments it is not -
poSsible fo conclusively identify the causes of the reduced total re-
’éovery of A*P progeny from crosses of UV-ifradiated A+P phages in an
E. coli K12 host (Figs. 26 and 27). However, it seems likely that at
ieast a component of the decrease in AP recovery‘is directly asso-
ciated-with thétdegradation which has béen observed by others (127,

50, 183) of UV-irradiated A phage DNA within the ﬁost cells. The data
are cdhsistent with the notion that the reducede*P.recovery corresﬁonds*n
in paft to the virtual elimination of semi-conserved A-P parental chrémo-
somes from the HCM-labeled progeny population. The obsefvations dié—
cussed bélow suggest that this effect is neither tri#ial nor simple‘and -
that it;might be more pertinent to an understahding»of the UV inactiva-
tion.of X phage viability (gggg infra, Appendix III)than to characteriza-
tion of the UV-induced phage recombination. | |

"No significant component of the decreaSéé in recoﬁery”of HCM-
labeléd ﬁrégeny, as measured on‘the Eggi indicator stfain in Fig. 26 and”
oﬁ both the HCR+ and HCR~- indicators in Fig. é?, could be ascribed to

originally induced UV photoproducts that are retained in the DNA of the

e,

observed in the appropriate controls would indicate whether UV-
stimulated recombination can enter an irreversible phase in the ab-
sence of an energy source and without replication of the infecting
genomes. If this experiment were carried out utilizing an excision-
defective host strain and HCM-labeled parental phages, increased
resolution of UV-stimulated recombination could be obtained by con-
sidering the relative enhancements of recombination frequencies among
HCM-labeled progeny phages, and the effectiveness of the photoreactiva- '
tion could be monitored by examining the viability indices of the HCM-
labeled progeny phages. A preliminary attempt to perform such an ex-
perimeht in this laboratory was unsuccessful, apparently because of
interference by KCN with phage injection.
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AP progeny phage particles. Such potentially inactivating UV lesions
in the A+P progeny of the uvrA host would be complétely repaired in the -
HCR+ indicator, since in the relevant UV dose féﬁgé the survival on %he
HCR+ indicator of the infecting AP phages is essentialiy 100% (Fig. 26).
The AP pfogeny from crosses in the uvr+ hést do not retain host cell-
reactivable UV lesions even at a UV dose which iﬁactivates an appre-~
ciable fraction of.the parental phages invsingle infection (Fig. 27);
The'assayed recoveries of A-P progeny on the HCRf restricting indicator
are thus reliable indices of.the decreases, with increasing UV doses to
the infecting phages, in the yields of all intact HCM-labeled progeny |
phageé from the crosses.

For crosses of the more heavily irradiated infecting phages, the
relative.frequency of X-P phages among the progeny falls well below
bqth the_levelé of conserved parental genomes usualiy recovered from

multiple'infections and of semi-conserved HCM-labeled genomes usually

recovered from single infections with ggirradiated phages (8, 9, 157,
120), which would bofh corresﬁond to surviving fractions oﬁ ﬁhe order of
0.1 to 0.3 in Figs. 26 and 27. This fact implies that there is a reduced
recovery of both cbﬁsérved and semi-conserved ﬁarental HCM~labeled DNA
with increasing UV dose.

"The decreased recovery of A+P prqgeny.is found for croSses of
UV-irradiated phagesvin both HCR+ and HCR- hést strains; but the avail-»_
able data suggest that the reduction in AP recovery may not be quite
thé séﬁe function of UV survivai of the infecfing'phages in the two
hosfs. " The rdte of deéline in AP recovery with increaSing UV dose
seems to be about threefoid'greater for infections of the uvrA straiﬁ

than of the uvr+ host (Fig. 27), whereas the viability of the infecting'
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phages is fivefold to sixfold more éensitive to UV.for single infection
of the‘ﬁvrA strain than of the uvr+ host:(Figs; 27, 5, 6).- That
excisién-repair of the infectihg Phage chroﬁosomes doeé'not confribute
significantly to destruction of the HCM label is C6nfirmed by control
experiments, which show the UV-sensitivity of AP phageé to be essentially v
the same on restricting and non-restricting HCR+;_as well as HCR-,>indi-
cators (Table VI); but the excision activity may render the parental ﬁNA
or its HCM specificity more susceptible to destructién by anotherfprocess
or in semi-conserved parental DNA.
-ipther investigators have reported a rapid degradation of UV~ -

irradiated A phage DNA within E. coli K12 host bébteria (127, 50;.183)."v
The observation that for a given UV dose the degradation of isotope- '
labeled UV-irradiated A DNA to acid soluble material is half as extensive
in an HCR- host strain as in HCR+ host bacteria suggesté that much of
the breakdown of UV-irradiated DﬁA may be indepéhdent of excision-repair
processes (50, 183). It is reasonable to pgesumefthat the UV-induced
decreaée ih AP recovery is due in paft to the digestion by cellular.
nucleases of UV-irradiated pareﬁtal phage DNAvffagmentéd in UV-induced
recombination or rendered inviable'in abortive'replication or repair
events; 'There is probably little indiscriminaﬁe digestion of infecting
phage DNA (vide infra). |

| Thé dose~response curves that describe thé UV-induced dec;ease _  . .
in'bverall recofery of AP progeny (Figs. 26, 27);are concave upward.
These kinetics do not exclude the possibility thét'the reduced recovery
of HCM-labeled progeny phages is for the most paft a consequence of UV=-
induced recombination, exponentially dependent ﬁpoh the number of genetiéi

exchanges. When plotted against the square root of the UV dose to the
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UV dose to Surviving Fraction of Phage (N/Np_g)
infecting: (single infection)

NP (sec)

"HCR- Indicator Bacteria

AB1886 . AB1886(P1)
0 1.0 1.0
20 0.16 0.21
30 0.017 0.024
40 ' 0.0036 0.0045
50 0.0003  0.0004
HCRF'Indicator'Bacteria
AB1157 . AB1157(P1)
0 1.0 1.0
40 0.56 - 0.54
120 0.11 0.15
160 0.034 0.061. -
240 0.008 0.008

- Table VI = The UV survivals of AcTlsusO29°P phage in single

. infection of non-restricting and restricting
AB1886(uvrA) and AB1157(uvr+) host bacteria.
Each of the indicated surviving fractions is
based upon a single assay. From the fact that
the phage survivals on the HCR+ AB1157 and |
AB1157(Pl) strains are essentially the same it
may be concluded that excision-repair of the
infecting AP phage does not significantly
affect its HCM specificity.
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infecting phéges the inactivation of A+P recovery from the uvrA host
is virtually exponenfial (with a slight shoulder at very‘lo& UV dose),
while the UV-induced increase in recombination of parental phage chromo-
somes in the uvrA host is épproximately linear with the square root of
the dose (Fig. 30-section IV-D below). On the other hand, the concave
shape ofthe dose~response curve for the reductioh in AP fecovery .
could simply reflect a population heterogeneity among the host bacteria
or among.the A*P genomes, quite éossiblyva.differenée in the susceptibil-
ity of diverse A+P chromosomes within the same host cell to the inacti-
vating factor(s). This latter interpretation is strongly supported by
the'apparent selection, with increésing UV dose tb"thé'infecting phages,
againstrfeéover§ of HCM-labeled progeny phages with'semi—consérved parental
DNA (secfion IV-C.lHaBOVE)..Y | '
Tn evaluating the possible causes of the UV-induced decrease in
absoluté recovery of HCM-1labeled progeny from crossés ovaV-irradiated
A phageé éne must weigh an interlocking series ofﬁalternative factors;"
destruction of the HCM specificity of parental.phage DNA vé. fragménta-
tion '.ar-lvd'r‘lucleasev digestion of the HCM-labeled DA itself, loss of semi-
conserved parenfal DNA vs. loss of'consérved.parental genomes , destruc-
tion of the HCM-labeied progeny as a consequence of UV-inactivation 6r
repair processes vs. loss of the HCM-labeléd chroﬁosomes as a result of
UV~induced recombination...Whiie at present thérg is insufficient
supporting evidence to justify a firm conclusion, the author is inclined
to the ﬁiew that the primary inactivation of X?P'fecovery which is ef-:
fected for quite low UV doses to the infecting phages is due to é nu-
cleése degradation of HCM-labeled sémi—conserVed parental DNA (keyed N

by defects resulting from replication-bypass of UV photoproducts) and
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is not associated with UV-inducedvrecombination.‘ The secondary, seem=
ingly exponential, deérease in AP recovéry observed for further UV ex-
posure of.the infecting phages may feflect the ioss of parental HCM—
labeled chromosomes in UV-induced non-reciprocal recombinations or in
matings with.newly_synthesized A*K chromosomes. (Also, with increasing
uv inactivation of the infecting phages_an-increasing propbrtion of
parenﬁal Phage genomes in the multiple infections-may'be replicated,
rendering an increasing fraction of the HCM—labeléd DNA vulnerable to
degradation in semi-conserved parental chromosormes . )

The remainder of the present section and Aﬁpéndix III are devoted
to exposition of reasoning which underlies this view, its implications
relevanf to.the nature of UV-induced,recombingtion and a-conceivabie

mechanism for UV-inactivation of A phages.

Iﬁ ié possible tha£ the reduced.recovefy of HCM-labeled progeny
from crosseé of UV-irradiated phages is associated to some extent with
the UV-stimulated recombination of the'infecting A.P phage genomes. Some |
perspective on'this.point is provided by the datéiin Table VII, which in-‘
dicate that for a‘given UV dose to the infecting phages the relative re-
covery of A+P progeny phages is quite similar from crosses in the uvrA |
host of equal numbers 6f A°K and A+P parental phageé and from crosses in
which ail férental Phages carry the type P HCM label. When considered in’
conjunction with the fequireménts envisioned for réténtion of the HCM |
label (section IV-A.3) and the A°P recombination frequencies shown in Fig. °
52 from crosses of A+P with AP and with A*K phages (for the sus029 and |
susP3:mafkers),-the results in Table VII suggest two concluéions.

‘First, it seems likely that a sizable ffaction of the A*P

parental genomes do not engage in the recombination induced ambng the
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UV dose to Relative titer of A‘P progeny (N/Np_g)
1nf¢ct1ng phages (from AB1886 host, MOI = 10)
(seconds) ~ __oUm mmmm R MR ol
NP x AP MK x AP
0 1.0 1.0
8 1 0.29 + 0.02 ©0.25+ 0.05
12 0.18 + 0.01 = 0.15+ 0.02
20 0.070 + 0.005 0.067 + 0.008
30 0.024 + 0.002 0.029 + 0.001
Table VII - The relative recoveries of-HCM-labeled A*P progeny

phages from crosses in the K12 host AB1886(uvrA) of

UV-irradiated Ac71lsusQ73°P and Ac71lsusR5°P (center
column) and of Mc71susQ73K and Ac7lsusR5-P (right
column), as assayed on the HCR+ restricting indi-
cator. All irradiations, crosses, and titrations
were performed at the same times under identical
conditions; the indicated errors refer to the range
of values assayed from duplicate crosses.
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irradiated infecting phages. In the O to 20 secbnd UV dose range, the
additional decrease in overall AP recovery obéerved whén but one of
the infecting phage types carries the A+P specificity is very small
(TableﬁVIiS; there is a greater felative decrease in the recover& of
recombinant AP progeny, which is reflected in tﬁé.reductions of 30% -
60% in the frequencies of HCM-labeled progeny recombinant in the
sus029-susP3 interval (Fig. 22).* Thus & signifiéant portion of the
AP chrémosome population within the host cell.is probably not vulner-
able to destruction of the HCM specificity'in UV-induced recombihatioﬁ
between the conserved and/or semi-conserved pérental genomés.

It is noteworthy that over the low UV dose range, for which the
total recovery of A'P progeny phages declines sharﬁly (Fig. 26), there
is no evidence of any significant preferential loés of intact AP
chromosomes that are genetically recombinant. For the crosses of
Asus029°P with AsusP3°P phages UV-irradiated for up to 12 seconds
there are similar increments in the total and X~P'recombination fre-

" quencies (Fig. 22), accordiﬁg to the simplest expectation if virtually
all thé UV-stimulated recombination were attributable to breskage and
reunion of parental phage éhromosomes early in the infection. Hence the
UV-induced recémbination between conserved and/or semi~-conserved parental‘
éhage genomes does not lead to a reduced recovery of AsP progeny due to .

destruction of the A.P specificity (e.g., by any réplacement of eritical

* Analogous reductions in the A <P recombination frequencies, compared
to those observed when both parental phage types carry the type P HCM
label (Figs. 23, 24), were found for crosses of UV-irradiated AsusP3-P
with AsusQ73°K and AsusQ73+K with AsusR5°'P, The latter result confirms
that the difference in the relative decreases in recovery of total AP .-
and of A*P recombinant in the sus029-susP3 interval when but one of the
infecting phage types is HCM-labeled could not be accounted for as due
simply to retention of the type P HCM specificity by phages recombinant
only toward the extremities of the chromosome (cf., section IV-A.3 and
Appendix 1I).
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HCM 51tes in the parental DNA strands during tallorlng and repalr of
_ the recombinant structures--cf., section I-B. 3) On the other hand
the decrease in the A.P recomblnatlon freQuency at hlgher UV doses in

Fig. 22 may reflect a preferentlal loss of HCM-labeled phages that are

“

recombinant, perhaps as a result of further recombination with newly
synﬁhesized A-K phages (vide infra).

1Secend, in order to reeoncile the various observations cited
above.it ie necessary to suppose that most ofvthe UV~stimulated recom;
binaﬁions among the irradiated parentel phage gehomes occur in the
coﬁrse of singie mating events. From Fig. 2é,lone can estimate_that
the A +P progeny recovered from a cfoss of A*P phages UV-irradiated for
12 seconds contain an average of around four points of recombihation
each.* Yet the recovery of HCM-labeled recomblnant progeny is reduced
by only around 50% if one of the irradiated parental phage types carries
the k‘K;specificity?rather than the A.P HCM label, despite the fact that
single recombinants of A*P and A«K phegeS»at a locus toward the interior .
of the!ehfomosome.cenﬁot-retein the X;P.HCM specificify. This result
would be difficult to understand if single exchanges among the perental
phages‘oeCurred in random and successive pairwise matipg events. How-
ever, if @ultiple exchanges-~-perhaps clustered semeWhat within the chromo-

somes~--proceeded in a single UV-induced mating, recoveries of A-P

*,FOr a 12-second UV dose to the infecting phages, the A:P recombina- .
tion frequency observed for crosses of Asus029°P with AsusP3°P in the
AB1886 host strain was about 3% (Fig. 22). Taking into account both
the Asus+.P and the reciprocal Asus029susP3+P recombinant genotypes,
about 6% of the A-P progeny from these crosses were genetically recom-
binant in the sus029-susP3 interval, which can be estimated to comprise
about 3% of the genetic map (Fig. 4) (2, 120, 235). Allowing also for
incestuous matings, the average A*P progeny phage thus contained about
four sites of physical recombination over the entire length of the
chromosome. :
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recombinant and non-recombinant’progeny such és those iﬁdicated in
Fig. 22 and Table VII would be possible and even consistent with in-
volvement of a majority of the X'P:parental.phage genomes in the UV-
' stimulatéd recombihation. This interpretation accords with the sug-
gestion of Jacob and Wollman (115), on the basis of genetic evidence
from three factor genetic crosses of irradiated A (-K) phages, that a
great majprity of UV-induced doubie recombinants'are forhed in single
mating events,

- In the context of these observations, thefé are two ways in which
vdestruction_of the parental HCM label or of parental genomes might be
a straightforward consequence of UV-stimulated recombination of the con-
served énd/or semi-éonserved infecting phage chromosomes:

(a)  Non-reciprocal recombination would lead to loss of parentai
HCM-labelea phage genomes. Reciprocal reéombinaht.genotypes are not
recoveréd with equal frequency among the progeny from single hqst bac~
" teria in érbsseé of either unirradiated or UV-irradiated A\ phages (122,
115), but it is not clear whether this fact reflects a significant
probébiiity that only one intact, recombinant molecule issues from a
mating'éf’ﬁwo phage genomes or the role of chance in fixing the rela-
tive frequehcies of'replicafion and maturation of the reciprocal
reéombinants within the host cellv(cf., 207, 87).*’ UV-induced non-

" reciprocal recombination‘by breakageband reunion could lead to frag-

mentation, and probably subsequent nuclease digestion,.of some of the

¥ Curtiss (hl) was unable to detect reciprocal products of UV~
stimulated recombination between an exogenote and endogenote in par-
tially diploid E. coli bacteria, but Meselson (159) has observed
reciprocal recombination between prophage genes in unirradiated
partielly diploid bacteria, and Roman (180) has reported that UV-
stimulated mitotic recombination in yeast is reciprocal.

1
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mating A phége chromosomes ; the prospects that HCM-labeled Phage genomeé
would sufvive intact to be replicated and/or includéd amoﬁg tﬁe viabie
progeny of'the infection would dim as the extent of their involvement
in UV-stimulated recombination increases.

A gigg probability of non-~reciprocal recombination by bfeakage
and reunion does gggrseem compatible with.other.chafacteristics infefred'
for thé UV-induced phage recombination, such as frequent formation of
X;P.recdmbihants of irradiéted AP énd X;K parental phages by multiple
recombinafions in a .single mating and efficient generation of intact,
highLy fecombinant genomes in‘multipliéity reactivation. Nor is it
necessary.to postulate non-reciprocal recombination in order tq rational-i
izé the UVAinducéd decrease in A°P.recovery. Theré_is ﬁo direct evidence
fegarding thé extent to Which the ﬁV-ind;ced recoﬁbination among XnéhageS'
may be;reciprocal or n§n~recipro§al, howéver, and it must be borne in
mind that loss of intact parental genoﬁes due ﬁdfé’Significant”probabil— -
ity offhon-rééiprbCal recombination coﬁld contribute to the reduced
reéovery‘of'HCMflabeled.piogeny. |

(b): As diséussed at length above, recoﬁbihation between pérentél
A*P genomes and newly synthesized A K chrombsomes;usually results in de-

struction of the type P HCM specificity. In faqt, it can be calculated

that recbmbination between A°P and AeK genomes could account quantitatively

for the fact that only a few progeny phages per cell retain the parental ;‘

HCM specificity from multiple infections ofvg.‘colivKlZ bacteria with
wnirradiated A+P phages. With increasing UV dose to the infecting phages,
- the HCM specificity of an increasing fraction of conserved and semi~- '

conserved parental chromosomes containing recombinagenic UV lesions would

be lost in recombination with newly synthesized genomes, as the number of -
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such matings increases and»the polarity of the'recombination shifts
furthér toward destruction of the HCM label (cf., Section IV-B).

,The most tangible indication that recombination between pérentai
and newly synthesized phage genomeé may hot be,ﬁhe brincipal cause of
the observed decrease in A*P recovery comes from the observation that,
relative to the survival of the infecting phages, the loss of HCM-
labeled progeny is even greater in the uvr+ host than in the uvrA
strain (Fig. 27). 1In the uvr+ bactefia, the‘recombination—promoting
lesions in the parental phage DNA are subject to continuing excision-
repairvthfoughout the latent period, and the A*P progeny that are re-
covered contain no host cell reactivable lesions (Fig. 28). 1In the uvrA
host bacteria, by contrast, UVéinduced leéions are retained in the
parentél phagé DNA; UV-stimulated recombination between parental and
newly synthesized chromosomes can proceed throughout the phage infec-
tion, and is probabiy reflected expiicitly in the.secondary increase in
overall recombination frequency at high UV doses to the infecting phages
(Fig. 10, section III-A.1). One might .expect a decrease in AP recovery
due to UV-induced recombination between parental and ﬁewly synthesized
genomesbté be greater, relative to the UV survival of the infecting
phéges, fdr crosses in the uvrA host than in the uvr+ strain, aﬁdipere
haps moré pronounced at high than at low UV doses. Such an effect could
only be a secondary factor in the results shown in Figs. 26 and 27 if
,£he'primary causes of the reduced recoveries of_HCM-labeled progeny from

the uvr+ and uvrA hosts are presumed toc be the same,
P

The results discussed in section IV~C. 1 (Flg. 28) strongly sug-

gest that the HCM-labeled progeny from crosses of UV-1rrad1ated AP
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phagés in the uvrA host contain mainly conserved ﬁarental DNA, from
which one might infer that thére ié a selectidh with increasing UV dose
to the infecting phéges against recoverj of HCM-lébeled progeny phages
with semi-conserved parental DNA., The marked deéreése in recovery of
AP progeny phages which is observed fof low UV'doses to the infecting
Phages (Figs. 26, 27) could be due to an eliminati@n from the HCM-
labeled progeny populations of chromosomes with_semi-conserved parental
DNA. The more greadual, séemingly ekponential, decrease in AP recovery
that 6ccurs with further UV exposure of the infecting phages (Fig. 26)
could indicate a rélatively.lower susceptibility 6fvconsérved parental
genomes to the processes that cause loss of the.semi-conserved AP DNA
or a secondary source(s) of inactivation that does afféct HCM-labeled
molecules‘with conserved parental DNA.

According to this interpretation, the curve in Fig. 26 for

recovery (on the HCR+ indicator) of A*P progeny from crosses in the uvrA

host would imply thatithe éelection against semi—cpnserved parental
génomés in the A-P progeny’populétions is fully effected for WV doses
of aboﬁt‘lo seconds or more to the infeéting phdges.* The selection
against sémi—conserVEd parental DNA might not be complete, but the
viabiiity indices of the HCM-labeled progeny support the view that for

UV doses of about 5 seconds or more thesebphages do contain mostly con-

served parental DNA (section IV-C.1l). The approximately linear portion o

of the curve in Fig. 26 for kP recovery on the HCR+ indicator, for
doses from 12 to 30 seconds, extrapblatgs back to intercept the ordinate
at a surviving fraction of about 0.3 (as does the linear portion of the

curve for recovery on the HCR- indicator if allowance is made for the

enhanced viability of the progeny thought to result from residual HCR). -
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This value might be taken as a maximum estimate of the fraction of‘l°P
progeny from the crosses of unirradiatedbphages which contain conserQEd
parentai chromosomes; it compares well with the-#alues of O;l - 0.3
indicafed for this parameter by the direct experiments with unirradiated,
density-labeléd A phages perfofmed eléeWhere (8, 157, 120, 136~=cf., D.
88 avove). | .

A Sélection against HCM-labeled semi-conserved parental DNA in
progeny ffom crstes of UV-irradiated A phages might be caused by:

a) a reduced formation of semi-conserved parental genomes; b) a prefer-
ential degradation of semi~conserved parentsl DNAj; and/or e) a prefer-
entialvdestructionvof the HCM sjecifiéity.of semi-conserved paréntal
chromésomes. It is worthwhile to examine these possibilities.

If a majof factor in the lethality.of uv phbtoproducts is their
potential to irreversiﬁly block the complete réplication of the infect—.‘
ing chromosome, with increasing UV dose to the parental phages fewer semi-
consefvad Pparental genomes would be generated ber viable multiply=~infected
complex. However, it is not certain that the,shaip decrease in the re-
_covery of A+P progeny for low UV doses could be_totally explained on
this basié, Until recently.it was thought that é few, perhaps but one,
unrepaired photoproducts in the irradiated chromosome might be able to
efficiently block‘DNA replication (88, 214). Because of the recognition
of frequent repliéétion—bypass of UV photoprodﬁcts‘in.the chfomosomes of
(singly mutant) excision-defective E. coli strains (184, 26, 109), this |
notion is no longer tenable with reference to the UV;inactivation of
bacteria. A replica;ion#bypass of UV-induced photoproducts in A phage
DNA may also be possible, but at present there is only indirect evidence

to support this view (section III-A.2). This question is crucial,
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because the inactivation of A+P recovery from the uvrA host observed
for low UV doses ma& be caused by just a single unexcised pyrimidine
dimer per infecting AP chromosdme.* Obviously,Jsuch an'efficient'
suppressioh of the recovery of semi—conservedvpérentai DNA could be
reasonably ascribed to'UV-induced blocks to replicétion onlylif the
potentially lethal photoproducté'in the phage DNA cannot be bypassed
rat an appreciable fredquency. |

Note also that for low UV déses.the relétive_recovery of AP
progeny félls substantially below the UV surviv?lvof the parental
phages;.which defines ﬁhe minimum fraction of infeéting phéges that can
_compiete replicaﬁidn in sing;e’infections, for both thé uvrA and the
uvr+ bacterial host strains (Figs. 26 and 27). It is conceivable that

a smaller ?roportion of»the parental phages may be capable of complet-

ing the initial replication in the multiply infected cells than in singly

infected cells because of a,competitiveminhibition of gxcision-repgir, :

but onelﬁight expect that the limited residual HCR activity in the uvrA
strain'wQuld be more:susceptible to co@petitive inhibition in this dose
range than the wild type HCR activity in the uvf+ host. Alternatively,
some fadtor in addition to UV-induced blocks to replication might be

involved in a sharply reduced recovery of semiACOnserved HCM-labeled

progeny phages.

* A UV dose of 5 seconds to the infecting A*P phages reduces the
relative recovery of all AP progeny from the multiply infected uvrA
host bacteria by about a natural logarithm (Fig. 26, see also Table
VII). This dose induces an estimated 4 pyrimidine dimers in each
parental phage chromosome (see p. 77),of which 70%-80% can eventually
be repaired by residual HCR activity (sections IV-C.1, V-B, D). The
sharp inactivation of A+P recovery at low UV doses might thus be ef-
fected with a D3 of around one unexcised pyrimidine dimer per A-P
chrompsome ., 7 '
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If replication-bypass of UV-induced photopfoducts in the infect-
iﬁg A phage chromosomes does occur at a signifiéént frequency, the most
distinctive physicai feéture of the daughtqr‘chfomosomes which could
serve as a basis for selection against semi-conserved parental DNA
Wouldvbe'the presehce of unexcised photoproducté.in the paréntal DNA
vstrand"appoééd to abnormalities caused by repliqation-bypass in the newly
synthesized strand. Following the hypothesis of Rupp and Howard-Flanders
concerning the replication of bacterial.DNA,in UV-irradiated uvr~ strains
(184, 109), one may suppose that bypass of the unexcised UV lesions in

the A phage chromosome resulté in gaps in the newly synthesized DNA
strands opposite the pyrimidine dimers in the template strand, neces-
~ sitating a poét-replication repair of the defective regions in the
daughtervchromosomes. A UV-induced decrease in X°P recovery could fol-
low from feplication-bypass and/or post-replication repair in the
irradiated parental phage DNA.

| Howard-Flanders gg‘gi. havé aléo proposed'that post-replication

repair of bypass-induced defects in the replication products of UV-
irradiated parental chromosomes might proceed by""sister-sfrand"
exchangesien-: among the daughter chromosomes, stimulated by ‘the bypass -~
induced &efects themselves (184, 109, 240). According to that hypothesis,
since UV-induced inter-molecular recombination and post-replication repair
would likely be manifestations of the same procéssés, é decreased recovery
of HCM-~labeled semi-conserved parental phromoso@es might be attributed
directly to UV-stimuiated exchanges which are ngn-reciprocal or which
occur between a molecule with semi-conserved parental DNA and a mole;ule_i

composed of newly synthesized DNA-~-as discussed above.
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If the notion of post-replicatibn repair by.a stricfly recom-
binationél process is discouhted, one may conjectﬁre thatva prefer-
ential loss of HCM-lsbeled semi-conserved parental DNA might follow
from a competition betweenvrepair processes andvdégradatiﬁe nucleaées
at the sites of double-strand defects resulting from bypass in the - v
repiicated‘irradiated DNA. This explanation is preferred here. It is
enticingly consistent with an hypothesis that would relate a UV-induced
selection against the recovery of semi~conserveq parental DNA to the
inactivation of phage viability ‘that cén be partially reversed in the
phenomendn of UV-reactivation (230, 183)~(wheré the survival of UV-
irradiated M phages is enhanced within lightly UV-irradiatéd host
bacteria)-while specifying the nature of a majOr,UV-inducedvléthalvde—

- fect iﬁ semi-conserved irradiated DNA. This h&potheéis is outlined in

Appendix III.
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IV-D. The Kinetics of UV Enhancement of A Phag§ Recombination

In order to understand the nature of the stimulus which UV~
induced lesions provide to genetic recombination, it is worthwhile to
examiné Whether the UV enhancement of recombination in various inter-
vals of the chromosome is a function of the Ehxéical or of the genetic
length of those intervals and to consider the closely related question
of’Qhether the recombinagenic effect of the UV lesions is localized or
diffused within the DNA molecule. The experimental observations re-
ported above include assays of the relative UV enhancements of phage
reéombination frequencies in intervals of the A chromosome that differ
significantly in the ratios of their physical to their genetic length;
the results indicate that recombination is stimulated according to the
genetic rather than the physical length of each interval. The data
also suggest that with increasing UV dose to the infecting phages the
likelihood of UV-induced recombination in any particular interval in-
creases more sSlowly than the number of functional recombination-
promoting UV lesions in the phage DNA, as might be expected if the
recombinagenic effect of the UV lesions is diffused along the irradia£ed
DNA. These results are consistent with the view that the UV lesions
simpiy facilitate the natural process of mating among DNA molecules
rather than providing é singular stimulus to the initiation of a re-
combination event. They are perhaps best discussed in the context of
an explicit statement of the dose-resﬁonse kinetics of the UV enhance-

ment of A phage recombination.

The "classically" described kinetics for UV stimulation of

overall A phage recombination frequencies (115) are exemplified by the
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curves in Figs. 7'aﬁd 8 for croéses éf UV-irradiated phages infecting
the ABll57(uvr+} host strain. The UV-induced increases in recombina—.
tion frequency seem to be approximately lineaf;y dependent on both thé
natural recombination frequency among unirradiated Phages and the UV
dose to the infecting phages,'until a plateau of maximally enhanced
recombination is attained at a dose which inactivates about 90%jof the
phages in single infection. (Following Jacob andonllman (115), this
~ dose will be referred to as the "optimal dose"--doptf) These kinetics

can be quéiitatively described by the discontinuous equations:

vT—-_vo+vd=vo+Kvod, .dédopt, (1a)

=v_+v =v '+ K'v , d4>4d

o ‘d,max o o 47 dopt 2 (1)

T

“frequency observed*among-all progeny¥for~any—two markers x and.y,

where d = the UV dose to the infeéting phages, v, = the reéo@bination
Vo = thglhétural recombination fréquenc& for the ﬁarkers x and y in
croséés_qf_unirradiated'ﬁhages, Vg = the increment in the total ob-
served reCombination frequency that is attributable to recombinaﬁion
induéedlby fhe uv dése q to'the infecting phages, ande and K'=Kdopt
are constants defining the slope of the linear dose-response and the
-maximum factor of enhancement, respectivgly. (It‘is assumed here tﬁaﬁ
Vo is sufficiéntly small that 1} is not limited by attainment of
genetic equilibrium--v=0.5--for UV doses less than dopt’) From Fige 8
it is clear that equation (1v) does not hold for the enhancement of
phage recombination in the excision-defective HCR;‘host strains, preQ
4sumably because of a supplementary UV-stimulation of recombination

between unrepaired parental DNA and newly synthesized phage chromosomes -

‘which would become significant in these hosts at higher UV doses. The
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following discussion is principally concerned with the relations im-
plied in equation (1a).

The VisConti—Delbrﬁck theory of natural’récémbination kinetics
among bacteriophages (227, 206) reiates the 6bserved recombinaiioﬁ
fréQuency for two genétic markers x and y to thevﬁrobability of genetic

recombination in the X - y interval, P(R), by an equation of the form:

= K't(l - e'P(R))

<
|

_ . (2)
K''P(R) for P(R) << 1.x

R

It»seems reasonable to apply this general -relation to the UV-induced
phage recombination, Then for low UV doses and low recombination freQ

Quencies, the relations implied in equation (la) may be recast as:
= g1t .'+ 11 DY = ptt v ]
vp = K PO(R) K Pd(R) K Po(‘R)‘+KK dPO(R).
In particular,

_ ottt . e :
vy =K Pd(R) -»K K 4 PO(R) , ‘_i‘< dopt & P(R) <<1, (3)

¥ Thls relation supposes equal input of the parental genotypes, re-

- combination between paired phage chromosomes random with respect to

time and partners, and takes into account the effect of multiple cross-

' overs on the recombination frequency. The constant K'' takes on a value

: of for reciprocel recombination and ﬁ for non-reciprocal recombination;
the functlon P(R) is resolved as P(R) = Py where Py = the probability

of natural recombination between the ¥ and y loci per matihg, and m = the
number of matings in the lineage of the average progeny phage genome.
(2277, 206). These assumptions are consistent with the utilization of
equation (2) for a description of UV-induced recombination, but the _
.Visconti-Delbruck parameters are not directly relevant to the questions =
of primary interest in this section. '

Because of the experimental error in determination of recomblnatlon
frequencies, the approximation v = K'' P (R) is acceptable in practice

for frequencies up to at least O. lO(for whlch ‘the 1mprec1s1on is 10%).
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which is simply an explicit stétement of the intuition that the probabil-
ity per progeny phage of a UV-stimulated genetic recombination bétween
the x and y loci seems to vary directly as the probability of natural

recombination in that interval and the UV dose to the infecting phages.

These are the dependences to be scrutinized.

. Over mbét of the A chromosome, there is én approximately constant
relation of fhe genetic map distances between vérious loci to the cor-
”responding physical distances along the moliecule (120). Although the.
probabilities of observed genetic recombination in intervals of differ-
ing length are not directly brdportional to thé génetic map distances
(2, 206), the rough approximation PR, ) @ D#;&; where D__ s a
measure of the physical length of the x - y interval, is adequate within 
the réliaﬁility of the.eXperimental observations upon which equation (3)
is founded. Thus an important Question concernihg.the felation in éQua- .
tion (3) is whether the variation of the probability of UV-induced re-
combinétidn,:Pd(R), with'Po(R) is in essence a‘dépendence upon'ﬁhe_probév
abilify‘of natural recombination in the intérval or upon the physical
length of the phage génome that is included ih the interval between the
markers. The significance of this distinction tp the nature of the |
recombinagenic stimulus attributed to the UV-induced lesions is apparent
from the following simple model. .

For a given UV dose, the probability Pd(R)vof UV-induced recom=-

bination in a particular interval x - y could be considered a priori
to consist of two component tefms: PE(L) = the probability at dose d

that a UV-induced lesion(s) is appropriately situated to stimulate

recombination between the x and y loci, and Pd(R:L) = the conditional
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probability at dose a of a UV-induced recombination in the x - y inter-
val given the location of a suitably placed recombination-promoting

lesion(s), where
'Pd(R) = P.(L) Py(R:L) ()

The relation in equation (3) indicates that for different intervals
within the irradiated A phage genomes the probability of UV—induced
recombination Pd(R) variés with the first power of the probability of
recombination between unirradiated genomes PB(R).' In light of equation
(4), a simple interpretation is that at constant dose d either Pd(L) or
Pd(R:L) varies directly’with PO(R) for the different intervals while
the othef component term is a consiant.

A variation of Pd(L) with PO(R) would presumably reflect an
aétual dependence of the term Pd(L) upon Dx-y 3 the probability that a
randomly placed UV lesion in the phage DNA would be properly located to
stimulafe recombination between the x and y loci would depend upon thev
length of the DNA molecule between those loci, implying that the site
of the reéombination—prométing lesion itself defines within narrow
limits the point of the induced recombination -~i.e., the point at which
the genetic linkage of the recombining chromosome is disrupted. Pd(R:L),‘
the otherféomponent term of the probability of UV-induced recombination,
would thén be a constant, implying that the recombination-promoting lesion
iﬁduces avcrossover adjacént to its site with constant probability. This
'interpretation of equations (3) énd (L) ascribes a ;gggl and constant
recombinagenic effect to thé vainducgd 1esions.v It is impiicit in the
early hypothesis that UV-induced recombination might reflect lesion-

provoked switchovers in a copy~-choice recombination scheme (11s, 117)
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and in the:recent sﬁggestion that the decreased linkagés in Uv-
stimﬁlated bacterial recombination are the result of gaps in semi~
conserved irradiéted DNA caused by replication—bypassiof photoproducts
(1_09,_ 2L0). |

Conversely, a variation of the component‘term PA(R:L), in equa~-
tion (4), with PO(R) would imply that the UV-induced lesions serve
simply to énhance the probabilities of natural mating and recombination
Phenomena in the various intervals and that the recombinagenic effect
of’the‘lesions might be diffused.somewhat along the irradiated chromo-
somes, The term Pa(L) would increase with increasing UV dose but WOuld_
be constant at each UV dose for intervals of varying genetic length,
from which it could be inferred that a UV lesion need not be located

%
closely adjacent to a site at which it induces recombination. A

There is an inherent ambiguity in the conception of a "localrecom-

bination by breakage and reunion in that the recombining chromosomal

segments are very likely joined by overlapping complementary DNA strands
from the two parental molecules (Fig. 3). "A local recombinagenic lesion -

could presumably determine the site of one terminus of the heterozygous

region, which may have a typical length on the order of 3% of the genetic"
map (130, 2). 1If the heterozygous region of the joint molecule contains

the information for different alleles of one or more genetic markers on
the complementary DNA strands, repair or segregation of the heterologous
loci could lead to an observed genetic recombination up to around 3% of
the genetic map from the actual site of the lesion.

This point should not be allowed to confuse the distinction drawn
in the text between local and diffuse recombinagenic effects, which is
based on the criterion of whether the recombinagenic lesion need be lo-
cated within the genetic span of the interval between the recombining
markers. Recombinations involving the inclusion of loci within hetero-~
zygous regions of joint molecules are subsumed in the category of ex-
changes within the interval between the genetic markers, since for each

interval they contribute to the recombination observed among unirradiated

phages and are implicitly taken into account in the determination of the
genetic length of the interval. Moreover, a comparable argument can be
formulated to cover the contingencies of single strand exchanges or gene
conversion by informational transfer (61). Thus uncertainty as to the
site of an observed recombination due to the generation of internally
heterozygous regions in the recombinant molecule could not be a source
of any "diffuse'" character of the recombinagenic stimulus.
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finite range of acﬁion for each lesion would insure that over the popu-
lation of irradiated genomes the prdb;bility of recombination in each
interval would be enhanced by a constant factor dependent only upon

the density of the UV-lnduced lesions along the molecule. This inter-
pretatlon of the recomblnagenlc character of the UV-1nduced lesions is
compatible, for example, with the hypothesis that by facilitating forma-
tion of regions of 1ocai denaturation within the DNA (153) the photo-
products stimulate the pairing of DNA molecules precedeht to recombina-
tion (190, 41).

These alternative interpretations, according to which the re-
combinagenic efféct of the UV-induced lesions is either local or dif-
fuse, might be distinguishable on two points with regard to the kinetics
of the UV stimulation of recombination. First, they lead one to expect
diffeient results fof the relative UV.enhancementé_of recombination in
intervals that differ in the ratios of their phyéical to their genetic
- lengths. For 'a diffuse recombinagenic effect (with Pﬁ(L) = constant),
the recombination frequencies must be increased by_comparable factors
in the differentvintervals. For a local recomﬁinagenic effect (where
Pd(L) avDX_y) the increment of recombination in each interval could be
proportional to the rétio of its physical to its genetic length. Second,
the model of a local recombinagenic effect implies that with increasing
w dose the enhancement of phage recémbination Shauld be a linear func-
tion of thé‘number of functional recombination—pfomoting lesions in the
DNA, whéreas the model for a diffuse recobbinagénic effect would be,con-

vsistent with depéndence on a lower power of the effective u dose.

‘The crosses of UV-irradiated Asus029 with AsusP3 (Fig. 22),

AsusP3 with AsusQ73 (Fig. 23), and AsusQ73 with AsusR5 (Fig. 2U)
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furnish_é detérmination of whether the relative‘UV‘énhancement of re-
combination frequencies varies with the physiéal or with the genetic
lengths qf.the intervals., Jordan and Meselson»hgvé found in studies of
the density distribution of progeny from crosses‘of density-labéled
parental phagés that there is an excess of progeny physically recom-
binant in the interval from susQ73 to the right end of the chromosome
(see Fig. U4) compared to the susP3-susQ73 interval (120). They éscribe
this result to a fatio of physical to genetic .length for the susP3-
suSQ73.interval which is around an.ordér of magnitude greater than that
characteristic of thé rest of the chromosome, including the adjacent
c-su$P3 and susQ73-susR54 intervals. |

The data for the UV enhancement of_overall_récombination fre-
quenciés in the.éusOEQ-susP3, susP3~-susQ73, and susQ73~susR5 intervals

(Figs. 22, 23, and 2L) are replotted in Fig. 29 to show the relative

increments in the recombination- frequencies- with increasing UV. doses.. =

For each UV dose the natural frequency_ofbrecombinants is increased by
_essentiaiiy the same factor in each of the three intervals. The UV
stimulation of recombination is a function of the genetic rather than

the physical length of the intervals. This result indicates that either

the UV stimulus to recombination is diffused along the irradiated genome

- or. a local recombinagenic effect of the UV lesions is suppressed in the

susP3-susQ73 region by the same unknown factor which reduces the fre-
quency of natural recombination thére. Eithef conclusion impliés that =
the UV-induced lesions.do not prdvide a singuwlar stimulus to the initia-.
tion of a recombinaﬁion event.

Also plotted in Fig. 29 are the relative enhancements of recoﬁ—
bination frequencies in the susBl-susG9 and c6T7-c68 intervals, from

‘ ﬁhe data in Figé. 7fana 8. The stimulation of recombination seems




169

Q. ; v E .

o I B . I ' ‘

ol ® - - ' ‘ '
3|8 ol AB7886 (uvrA™) host o | -
>l

Ols ® \B1x AG9 : T

oD A )‘°67x)‘°68 » - o

2l O X029 x AP3 R //‘
2|8 O AP3 x \Q73 -~

c |~ A XQ73 x ARS -

£l5 2~

=z | 7~

> < 5
ot o / "
c| 3 /

[N ey

5|9 5 -~ O .
2| E - 1. N
Mk ¢ b

ofle o Q 8

8|5 O Q N |

o g /

£l8 R .

olo

g|= | ‘ '
o 0o 10 20 30

UV dose to infecting phages, seconds
DBL 696-4734

Figure 29. The relative factors by which UV-irradiation of the in~

- fecting phages enhances overall recombination frequencies
in five different intervals of the A chromosome. The
data points are replotted from the results shown in Figs.
7, 8, 22, 23, and 24 for crosses in the AB1886 host
strain, omitting the brackets for simplicity. (The posi-
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- Fig. 4,
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to be about 50% more efficient in these intervals than in the sus029-
susR5 région--a difference which is probébly sighificant. Similar in-
stance§ of a slightly heterogeneous topographytof>UV-induced recombina-
tion, unrelated to the genetic lengths of the intervals, have been

reportéd_.for T4 phage (62).

From the curves in Figs. 7 and 8 it wéul@ seem that for crosses
in the HCR- (uvrA, uvrB, and uvrC) hosts as well as in the HCR+ (uvr+)
strains the UV stimulation of recombination is directly proportional to
the dose admihistered to the infecting phages, aé in equations (la) or
(3)-hor, if it we?e_presumed that at each dose a constant fraction of
the iniﬁially inducéd phoﬂoproducts in the parentai phage DNA is repaired,
to the effective number of unrepaired UV lesions in the parental phage
DNA during the period of recombination. Howevef; the more detailed data
consideréd in the present chapter for crosses in the uvrA host indicate
that thé:ﬁituation is probably not so simple.

'FirSt, theré are prominenf shoulders éﬁ bofh the curve in Fig,
26 for the sﬁrvival of the infectingvphages on the uvrA strain and the
curve in Fig. 28 for the viability indices of the AP progeny from the
crosses in the uvrA host. Theée curves, in pafticular—the latter, imply

that over the dose range where the primary enhancement of phage recombina-

tion occurs the number of unexcised potentially lethal and recombination-
prOmoﬁing UV lesions .in the phage DNA increases somewhat faster than the -

actual UV dose to the infecting phages, due to the saturation of residual

HCR in the uvrA host. The enhancement of recombination frequencies in
the uvrA host is less linear with respecf to the number of unrepaired
UV lesions in the parental phage DNA than with respect to the UV dose

to the infecting phages.
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Secoﬁd, from Figs. 22 through 24 it is‘evident that for very
low doses  the enhancement of rec?mbination frequencies in the uvrA host
isnactually not directly‘proportional:to'the UV exposure of the infect-.
ing phageég Pérhaps the best exémple is seen in Fig. 22 for the crosses
of Asus029+P with XsusP3°P; where the incremenﬁ in the frequency of re—
combinants among the A+P progeny is half as great for a dose of 4 seconds
to the parental phages (from 0.2% to about 1;8%) as for a UV dose of 12
seconds‘(from 0.2% to 3.1%).‘ (The non-linearity of the enhancement at
very low UV doses is probably more apparent in the curve for the X-P
progeny than in that for all progeny because the factor by which a UV
exposure enhances the pertinent parehtal recombination is not obscured
by‘experimental variaﬁion in the frequency of recombinants that accrue
from natﬁral végetative exchangeé among the newly synthesized phage
chromosomes . ) Similar curvatures at low UV doses are apparent in the
dose-response curves for enhancement.of recombinétion in crosses of
ksusP3 with AsusQ73 and of AsusQ73 with AsusRS5, ih Figs. 23 and 24,

TheSe two indications of non-linearity in'the dose~-response are
additive. Taken together, they imply that the pfobability of UV-induced
recombination cannot be directly.proportional to the number of unex-
cised reéombination-promoting UV lesions in the phage DNA. The essence
of'thié aigument can be crudely illustrated by simply plotting the en-
hancement of recombination frequéncies in the uvrA host as a function
of the:square root of the dose to the infecting phages, as has been
done in Fig. 30 for the data from the crosses of XsusOE9~P with AsusP3-P -

N . .
(Fig. 22). 1In this plot the initial increase in the frequency of AP

* :
The choice of a dose parameter for plots such as that in Fig. 30 is

problematical, because of uncertainty as to the relative number of func-

tional (i.e., the average number of unexcised) recombination-promoting
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function of the square root of the UV dose to the infect-
ing phages.
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recombinants is approximately linear. The UV-enhanced recombination fre-
quencies améng_ail progeny phages fall on a biphésic curve that is linear
with respect to the square root of the dose for dosés greater than U
.seconds but extrapolates back to intercept the ordinate near the AP
recombination frequency at zero dose. The divergence of the linear seg-
ments of the curves for overall and X'Pbrecombination may be taken as.
representing the occﬁrrence, except at very.low dosés, of UV-induced
matings of parental andvnewly synthesized genomes, the recombinant
producté from which would very seldom retain the.parental HCM label.
rWhatever the limitations with regard to the indicated dose
pérameter of the plot in Fig. 30, it does serve to point 6ut that the
UV enhancement of phage recombination in the ﬁ&rA host is not a linear
function of the number of initially induced UV bhotoﬁroducts (much less
functional reéombination—pfomoting lesidns) in the phage DNA. Moreover,
it emphasizes that the UV-induced recomtinants originate in matings of
the HCM-labeled parental phages--for the most part with'each other but
at hlgher doses to a significant extent also with newly synthesized

genomes, Thus for the crosses in the uvrA host equatlon (3) could be

lesions in the phage DNA during the period of parental phage recombina-
tion for each UV dose. In Fig. 30 the recombination frequencies have
been plotted against the square root of a dose proportional to the num-
ber of initially induced lesions. Curves Quite similar to those in
-Fig. 30 resu%t if the recombination frequencies are plotted against the
parameter d,~*~, where d, is a corrected dose proportional to the num-
ber of potentially lethal lesions retained in the HCM-labeled progeny
from these crosses in uvrA host bacteria and can be ascertained di-
.rectly from the data shown in Fig. 28.

. The UV enhancements of recombination frequencies from crosses in
the uvrA host of AsusP3<P with AsusQ73°P (Fig. 23) and of AsusQ73°P
with AsusR5°P (Fig. 24) are also linear with respect to the sqQuare root
of the dose and consistent with the interpretation presented in the
text; but in these cases the argument is obscured by variation with in-
creasing dose in the sector of HCM-labeled recombinants formed in mat-
ings of A+P with newly- synthesized A°K genomes (section IV-B).



174

empirically reformulated as:

1 1p, (r
Vd =v K”Pd(R) ~ K''K'"! d2 P . (R) + (d et )4)_2 pijO ) P

p/p,0 3 10

' | | (5a) -

s
asa . s

where Pb/p,o(R) and Pp/k’o(R} refer to the natural probabilities of re- |
combination of a parental (A-P) phage genome with another parental (A-P)
chromosome and with a newly synthesized (A'K) genome, respectively, and

. P (R) |
it is assumed that Pp/p'o(R) ~ —21%8942; (Appendix II). The second
> .

term within the bracket in equation (5a) would give rise to the
seccndary increase in phage recombination at high UV doses in the
excision-defective host strains (section ITT-A.1, Fig. 8):

R

: : . ' 1 e P ®)]
- wr? ~ KIRLLY 2 gg ")4)2 P/kgo
vd'_ K Pd(R) = K''K dopt PP/P’O(R) + 3 T >

(constant) (5p)

>
d dopt.

The dose dependence of tﬁe secondary enhancenment of.recombina?'
tion, between parentale-P-and newly synthesized A°K genomes, represented
in these equations is consonant with several conclusions from section
IV-C above. The effective UV dose "(d = 4)" corresponds to the number
of UV photoproducts which are not excised by residual HCR in the uvrA
host (section IV~-C.1l: Fig. 28), but would remain in the parental DNA
strands to induce recombination with newly synthesized chromosomes., (In 

-an HCR+ host, continuing excision of recombinagenic photoproducts would'v-.'
'fofestall the occurrence of such a secondary enhancement of recombina-

tion.) The rate of the secondary enhancement of recombination frequency |



‘ 175

with incfeasing effective dose appeafé to be only about'l/30th that for
the prlmary enhancement of recombinatlon between A P genomes; this ac~-
cords with the notlon that UV-1nduced recomblnatlon may be curtailed dur-~
ing the later part of the 1nfect10n because of a destruction of chromo-
somes containiﬁg semi~conserved Parental DNA (séction wv-C.2: Fig. 26,
and Appendix III) ¥ |

| If the recombinagenic effect of the UV iesions in the phage DNA
were strictly local, it would be necessary for a lesion to be situated
within or closely adjaeent to the interval in whichAit might induce a
recombination. Since for the uvrA host it seems'that the probability
for eachvparental phage particle that an unexcised recombination-
promoting lesion is located in a pafticular,genetic interval increases
somewhaf faster than the UV dose, while the enhancement of recombination
among the-pbages variee with a root.power of the UV dose, one may infer
that the:recombination-prémoting lesion need not be'situated within the
interval of the induced genetic recombination. Studies by Krieg on the
UV-inaétivation of gehe function and cross reactivation in Th phage
also support this conclusion (136, 137).

As 'UV lesions accumulate in the chromosome with increasing dose

there is apparently an-increasing degree of redundancy in their stimula-
tion of recombination, as might be expected if bhe recombinagenie effect

were diffused along the molecule. (An alternative interpretation is

A priori, the UV-1rrad1at10n might be expected to stlmulate re-
combination of A P W1th newly synthesized A+K genomes at an eff1c1ency
on the order of 3 to i that for the stimulation of recombination be-
tween A+P genomes--allowing for the facts that in the former case only
one of the genomes would contain recombinagenic lesions (115) and the
A*P chromosome may more often contain semi-conserved parental DNA, and
assuming that the natural and UV-1nduced recombination proceed by com-
parable mechanisms.
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that there'is a positive intefference'in.the UV-enhanced reCombination,
50 thaﬁ'each additional recombination induced in fhe irradiated molecule
requires é‘greater initiating stimulus. However, since natural recom-
bination among A phages ié characterized by a low generalized negative
interferénce over the entire chromosome (122, 2), and since there are
indications that multiple UV-induéed recombinations often occur in a’
single mating (115, sections IV-B, C above), this interpretation does
not seem plauéible.) 'The achievement of coﬁplete ;edundancy of
recombination-promoting lesions, or the stimulation of the maximum fre-

quency of recombination events which can be accommodated among the

parental phage genomes, for the UV dose dopt would account for the satufv 

ration df the primary UV enhancement of recombination. In the former

case, from the fact thatvthe primafy UV enhancement of phage recombina-

tion in the HCR~ hosts occurs for UV doses which leave up to ébout'lS

unexcised pyrimidine dimers per phage chromosome (section III-A.1), oné

could-estimate a standard effective rgnge of:the recombinagenic lesion
as no less than 6% - 7% of the phage genome. |

In the light of the results discussed above, it would be reason-

able to reformulate equation (L4) for the probability Pd(R) of UV-induced -

recombination in a particular intefval X - y as:
@ - ) [ren) ) an, g em@, O
X~y ' : , :
where Pﬁ(Lz) refers to the probability of a recombination-promoting

lesion ét a distance z along the molecule from a contemplated site of

recombination. The probability Pd(LZ) would be a function not only of

the number of UV photoproducts initially induced in the phage DNA but

also of the relative efficiencies with which the recoﬁbinagenic lésions
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are excised in the host bacteria fdf the various UV doses (88). The
functipn EE(R:LZ) would be proportional to the naﬁﬁral frequency of
recombination PO(R) and would vary inversely and non-linearly with the
parameter z, up to a maximum value. |

Notwithstapding the evidence cited aﬁove tb support the contén—
tion that the probability Pd(R) does not iﬁcreasé-linearly with the pume’
ber pf functional recombination—promoting UV lésions in the phage DNA,
the data in Fig. 7 and for the few crosses described in Fig. 25 suggest
that in fhe HCR+ host bacteria the UV enhancement of recombination may
indeed be directly proportional to the UV dose-?i.e.,.to the number of
initially induced recombinagenic phqtoproducts; This linearity of the
dose~-response cﬁrves for crosses in HCR+ host bacteria may‘well be
fortuitous; with incfeasing UV dose a decline_in the'efficacy of repair
of typical recombinagenic phqtoproduéts (due, for example, to an increase
in the avérage lag time preceding’excision)vmay be superimposed upon

the enhancement of recombination in the dose-response assay.
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V.<_INDIRECT STIMULATION OF LAMBDA PHAGE RECOMBINATION BY

' UV-IRRADIATION OF HCR+ AND HCR- HOST BACTERIA

V-A. The Context

Recombination frequencies from crosse§ of unirradiated A phages
in HCR+ host bacteria can be increased severalfold by éipoéure of the
host cells to high doses of Ueradiation prior to infection (129, 130).
The mechanism of this recombination enhancement is unknown; thevstimu-
lation of phage recombination occurs in the gontext of varied and com-
plek‘effects of UV-irradiation of the host bacteria upon A phagé
growth. (The early work in this field has.been reviewed by Stent:
206.)

The "capacity" of HCR+ bacteria to host infections of unirradiated =

A phages is considerably more sensitive to UV-irradiation than the capac-

ity for autonomous T-even phages, as a consequence of the requirement
 for funcfions provided by the bacterial genome throughout a productive
A inféction (129, 208, 206). With increasing U\v/v'.do‘se to the cells, the
latent_period'of the A rhage infection increases whiie the ﬁumber of
pfogeny phages produced per active host cell decreases (129, 130). The
relative number of bacteria of an HCR+ host strain thét are capable of
supporting X phage gfowth declines rapidly for UV doses to the cells on
the order of 3,000 ergs/mn” at 2537 A (129); the capacity of HCR- host
bacteria is more resistant to UV-irradiation (45).

Although the proportions of HCR+ host cells that are able to
support unirradiated A phages in‘single and in multiple infections,
respectively;_begin to decresse at about the same UV dose, the capagity

to sustain multiple infections thereafter declines at a lesser rate
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than does the capacity for single infections (129). Thus there appears
to be.”multiplicity reactivation" of a UV-inaciivated factoi of the host
capacify,_in that part of the effect of UV-irradiation upon the host
capécity.can be offset by the presence of an increased number of infect-
ing phége genomes. The relation of.this effect to the increased phage
recombination that occurs in these multiple infections of UV-irradiated
host cells is not clear. |

fhe survival ofvx Phages that havebthemselves been UV-~-irradiated
is enhanced by low UV doses, in the range of 500 ergs/mmz, tovHCR+.host
bacteria (UV-reactivation) (230; 183).' But at higher UV doses to the
cellé the capacity to host UV-irradiated dependent phages is reduced at
a much faster rate than their capacity fbr unirradiated phages (67, 206).
This effect is due to a UV-inhibition of host cellvreactivation (and
indeed provided the first indication that such a process e#isted). Since
the kinetics of the inhibition imply tﬁat it is an.ﬁall or none" phenom-
enon for each host cell, it is probably caused_b& inactivation of a host
gene function rather than the competition of tbe UVfinduéed lesions in

the_bacﬁerial DNA for HCR enzymes (183).. ihis view is consistent with
| recent evidence suggesting that UV doses to HCR+ host bacteria of ébout
5,000 érgs/mm? are nécessary to cdmpetitively ihhibit excision of hetero-
zygous base pairs in heteroduplex ) DNA (94, 47). By contrast, the |
residual HCR activity in eicision-defectivévhost bacteria can be com=-
petiﬁively inhibited at reasonably low UV doses to the host cells (80);
. e o

Tﬁe enhancemént of A phagevrécombinatiOn frequéncies éaused by UV~

irradiation of the host cells has been invesfigated in the present stﬁdy-

by performing crosses of-unirradiated and lightly UW-irradiated
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(ﬁ/No ~AO,8)#Xsus629°P and AsusP3°P pheges'in.UV?irradiated AB1157
(uvr+) énd AB1886(uvrA) host bacteria. For each '_case, the effects of
increasing UV dose upon the relative survivals of the multiply infected
complexee and the frequencies of recbmbinants amoné'all Progeny phages
and ameng parental HCM-labeled A-P progeny (cf., sections IV-A, B) were
determined. - | - |

These experiments focus on fourbpfincipel-?ointsf
a) The relative UV-sensitivities of the capacities of uvr+ and uvrA
host Eacteria to support phage growth following multiple infections
with uhirradiated and with lightly UV-irradiatedjk Phages provide in-
_ formatien concerning the nature of the inactivation of host capacity.
The results suggest that there isla failure of muitiplicity reactiva-
tion as well as host cell reactivation of W-irradiated A phages in
heavily irraaiated.host bacteria.
b) The.relative increases in recombination ffequencies among all
progeﬁj and among AP progeny from crosses in ifradiated host cells
imply that there may be'an increased frequency qfvphysical exchanges;
apparently by breakage end reunion, among ali phage genomes throughout
the latent period in irradieted bacteria; however, the appearance of
geﬁetically recombinant progeny is suppressed at high UV doses to the

cells,

c) 'Comparison of the dose-response curves for the enhancement of phage.

recoﬁbination by UV-irradiation of uvr+ and uvrA host,sﬁrains'indicafe
that the damage that stimulates this recombinabion is susceptible to
excision~-repair, and hence that the recombination }s promoted by unex-
cised UV lesions in the bacterialAgenome.

d4) Comparison of the recombination of unirradiated and lightly UV-
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irradiéted phages in irradiated host bacteria‘Suggests that the enhanée-
ments caused by UV-irradiation ofvthe.hQSt_andvof'the infecting phages
are cumulative. The'inhibition of HCR by irradiation of uvr+ host cells
does noﬁ_markedly affect the recombination enhéncement due to UV-induced
lesions in the infecting phage DNA; however, competitive inhibitibn of
residual HCR by UV-irradiation of uvrA host bacteria does increase ﬁhe
number of effective recombination-prombting lesions in irradiated in=-
fecting phage DNA, |

In addition to restricting the range of conceivable mechanisms. by
Which»UV-irradiation of fhe host bacteria could cause A phage recombina-
tion, the results of these experiments permit qualitative comparison of
the stimulations of phage recombination evoked by UV;irradiation of the
host cells and by irradiation of the infecting phéges thehselves,.which’

are seen to differ in a number of aspects.
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‘V-B. UW=Sensitivities of theiHost ggpacities'of HCR+ and HCR~ Bacteria

The éurves‘in Fig. 31 show the inactivation as plaque-forming
units, with increasing UV dose to the Qells befofé infectioﬁ, of
A31157(u§r+) and AB1886(uvrA) host bacteria multiply infected with un-
irradiated or.lightly W-irradiated (/N ~ 0.8) A phages. For low UV
doses ﬂo.the cells the curves are shouldered to varying extents; in the
higher dose range, from about 2,000 to 4,000 ergs/mm? (206 to 40O sec.
UV), the capacity to support growth of the infecting phages falls off
exponentially in each case.v ' | -

There‘are two differences between the results for the UV—irradiated’
uvr+ and uvrA‘host bacteria. First, for both unirradiated and irradiated
infecting phages, the slopes of the curves describing inactivation of
the uvr# host capacity are steeper in the highvdose range than those for
~the uvrA bost capacity. If the sensitivities of the hosts' capacities
are viewed iﬁ relation to the UV-sensitiQities §f their colony-forming
ability'(represented by the dashed curves labeled ''C" invFig. 31) rathér
than in felation to the absoluté UV doses, the capacity of the uvrA host
is enormoﬁsly more resistant to UV than that of the uvr+ strain. This
result agrees with‘the findings of Devorét and quuefelle concerning the f
UV-sensitivities of HCR+ and HCR- host capacities to support the grqwth
of wnirradiated A phages in single infection, from which they have con-
cluded that excisioh-repair processés themselves are primariiy résponsible

*
for inactivation of the HCR+ host capacity (45).

*‘The following can be offered as a possible explanation for the UV~
sensitivities of the uvr+ and uvrA capacities which is consistent with
the available experimental evidence, including several findings pre-
sented in this report. ”

‘ The fact that the capacity of the host cells to support growth of
autonomous T-even phages is impaired only at UV doses to the bacteria
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Figure 31. UV-inactivation of the capacity of AB1157(uvr+) (a, left)

and of AB1886(uvrA) (b, right) bacteria to host multiple

_ infections of unirradiated and of lightly UV-irradiated

A phages. For each host strain, the UV dose to the ir-
radiated infecting phages reduced the phage survival to

“about 0.8 in single infection of unirradiated cells of

that strain. (The dashed lines labeled "C" denote the
approximate UV-inactivation curve for the colony-forming
ability of each host strain,) These data were obtained

- by assaying the relative survival of the infected com-

plexes in crosses of Ac7lsus029°P with Ac7lsusP3°P (MOI =
10) as a function of UV dose to the cells prior to in-
fection. The results were reproducible in several 4if-
ferent experiments. The recombination frequencies among
the progeny phages from the active infected complexes are
described in Figs. 32 (a/b) and 33 (a/b).
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Second, UV exposures of the infecting phages that reduce their
survival in single infection of unirradiated host cells to ~ 0.8 (20
seconds and 5 seconds, respectively, for the AB1157(uvr+) and

AB1886(uvrA) hosts) had a greater effect on the survival as plague-

that are several times greater than those considered here (206) illus-
trates that the inactivation of the capacities for A phage is not at-
tributeble to unacceptable damage to basic cellular apparatus involved
in energy metabolism and protein synthesis. A fundamental contribu-
tion of the host cell to A phage growth, however, consists in required
functions encoded in the radiation-sensitive host genome that are ap-
parently non-constitutive (208) (and/or for which the gene product it~
self might be susceptible to UV-inhibition, conceivably by dint of its
possible association with cellular DNA in a radiation-sensitive complex)
The recently discovered repl bacterial function (167), which is neces-
sary to A phage replication, is probably an example of such a required
host factor.

" The UV-inactivation of the uvrA host capacity for A could be due -
to inhibition of messenger RNA transcription (173, 162a) that limits the
expression of these required host functions. Experimental results de-
scribed in section III-A.l and Appendix I, concerning crosses of heavily
UV-irradiated AsusBl and AsusG9 phages (Figs. 7, 9) suggest that comple-
mentation among infecting phage genomes is significantly inhibited in
the uvrA host by UV doses to the phages on the order of 100 seconds. It
seems likely that the failure of complementation is due primarily to an -
obstruction of transcription of the relevant phage genes by unexcised ,
UV-induced lesions in the phage DNA. UV doses to the uvrA host bacteria
of similar magnitude should induce a comparable density of transcription=
inhibiting lesions in the bacterial DNA, and for such doses.-there is sig-~
nificant inactivation of the uvrA host capacity for A (Fig. 31). '

One would expect the initial UV lesions that inhibit transcrip-
tion to be susceptible to excision-repair in the uvr+ host (173). In-
deed, complementation among heavily irradiated AsusBl and AsusG9 genomes
is not inhibited in the uvr+ host at doses fivefold greater than those
that affect complementation in the uvrA host (Figs. 7, 9); this result
probably reflects continuing HCR of damage in susBl+ and susG9+ alleles
of inviable infecting phages, since these functions are expressed rela=-
tively late in the phage infection ((232). However, it is conceivable
that the disruption by excision-repair of bacterial genes whose func-
tions are required early in a successful A infection might be as ef-
fective in preventing their timely transcription as the presence of un-~
excised UV lesions. Alternatively, the host cell repair processes and
phage replication processes in the uvr+ host might be in competition for
enzymes (e.g., ligase), metabolic precursors, energy sources, etc.,
‘necessary to both processes (45). In such cases the UV-sensitivity of
the capacity to host A infections would be considerably greater, rela-
tive to the sensitivity of the colony~-forming ability, for uvr+ bacteria
than for uvrA cells--~as is observed experimentally (45, Fig. 31).
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forming units of multiply infected, UV-irradiated uvr+ complexes than
on that of uvrA complexes. For the highest UV doses to the cells aé—
sayed, the survivals of the uvrt complexes.infec%ed with unirradiated:
and with'ifradiated Phages differed by a factor of ten, whereas the sur-
vival of uvrA complexes infected with irradiated phages differed only by
a factor of around 2.4. The diffefent results_for the two host strains
can be attributed to the inhibitidn of host cell feactivation by UV-
irradiétion of the host cells (67), which has a much greater impact on
the viability of UV-irrasdiated phages in the HCR+ bacteria than in the
excision-defective uvrA bacteria with only residual HCR activity.

The data shown in Fig. 31 also imply that at high UV doses to
the host bacteria the phage infection is propagated by a single infect-
ing M phage genome in most of the compleiés that are active. Thisvpoint
is clear if one compares , for the infections of héavily UV-irradiated
cells, the frequencies of viable infecting phagés with the observed sur-
vivals of the mulﬁiply'infécted complexes. Fof,example, in single in-~
fection of unirradiated uvr+ host bacteria the survival of the A phages
UV-irfadiated for 20 seconds was about 0.84 relative to the titer of un~- -
irradiated phagés, correspoﬁding to 0,2 lethal "hits" per phagé. Assum~
ing thathin the experiment described in Fig. 31-& an essentially complete
inhibition of HCR (and "residual HCR") was attained for the high UV doses
to the uvr+ bacteria, a.typical irradiated ph;geiinfecting,a heavily ir-
rediated uvr+ cell carried about 2 effectively lethal "hits," correspond-
ing fo a survival in single infection of arounde.lS relative to unirradi-

* _ S
ated phages. Since the host bacteria were infected with 10 phages per

This estimate is based on the results in Figs. 5 and 6 concerning
the conventional HCR and on the data in Figs. 28, 31-b, and 33-b--which
are internally consistent--regarding the residual HCR.
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cell,vhowever, the uvr+ bacteria irradiated for 280 and for 350 seconds
reoeived an average of about 1.5 viable phage genomes each. Assuming o
Poisson distribution of the viable infecting phoges among the cells,
around 80% of the infected complexes received at least one viable phage
genome., Yet it is evident from Fig; 31-a that the survival of the heav-
ily irradiated uvr+ complexes infected with irradiated phages was onxy.
10% the survivai of those infected with unirradiated phages--és if the
success'of'the infection hinged upon a single, fandomly selected, in-~
fecting phage genome, Aﬁ analogous éxamination of the results for the
uvrA host strain, shown in Fig. 31-b, leads to the same conclusion--while
implying that about 80% of the potentially lethal losions induced in the .
infecting phages by the 5~second UV dose were repaired by feSidual HCR

in unirradiated uvrA host cells.,

The aboveianalysis,indicates,that the multiplicity ggactivatioh
of UV—irré&iated A phages observed in unirradiatedeCR+ and, in particular,
HCR- host bactéria.(cf.; section ITI-B.1) is supplanted in heavily UV- |
irradiated host cells by an aﬁparent multiplicit&.ggactivation; the
reiative survival as.plaque-forming units of the oooplexes formed ofv
heavily irradiated cells infected with irradiatedvphages.is substantially

" lower than that_predicted by the simple probability that they fecéive a
viable infecting phage. Such an effect cleafly need not be related %o
the extent of recombination among the parental phage geoomes,fbut-only:'
to a reduced ﬁrobability ﬁhat a vigble chromosome within'a cell multiply;‘
infected with viable and inviable phages be able to expresé'its potential
for successful feplication and propagate the infectioh. In the present |

‘case, the potential of the viable phages was diluted in proportion to
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their frequency among the infecting’phages, presumably because of com-

petition among the parental molecules for a host'féctor necessary to
repliCatidn. ' |

Thésé findings cannot be attributed to failure of phage ad-
sorption (which cohtrdl assays confirméd to be unéffected by UV~
irradiation of thé host cells), injection, or nuc;ease degradation of
infecting phage DNA within_the irradiated cells, since:the yields of
progeny phages that carried a paréntal XfP HCMilabel from active com-
Pplexes of'irradiatéd bacteria were comparable to those from un- |
irradiated cells. Rather, the observations imply that with increasing
UV dose to either HCR+vor HCR- host bacteria the ihitial replication of
an increasing fraction of the infectingvphage genomes'is blOCkéa;-an
effect probably,identicél to the UV-inactivation of 'phage-synthesizing
centers" previously observed for phages p8 and T2 (58). This effect
coﬁld-be a consequence of damage to host gene functions--e.g., the repl
factor (167)=-and a principal element in the UV-inactivation of the

host capacity for A phage.
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V-C. Enhancement of Recombination Frequencies for Unirradiated »

Infecting A Phages

The data in Fig. 32 show the frequencies of genetic recombinants
observed among all progeny and among A+P progeny phages from crosses.of
ggirradia£ed XSuSOQ9-P with AsusP3-P phages in UV-irradiated AB1157
(avr+) and A31886(uvrA) host bacteria. In each‘instance, the enhance-
ment -of recombination frequency with increasing UV'dQse to the host
cells was small cémpared‘td the enhancement evoked by 1igh£ UV-irradia-
tion of the infecting phages themselves (compare Fig..32 with Fig. 25).
(One may draw assurance as to the qualitative significance of the varia-
tions of fecombination freéuencies with dose in Fig. 32 énd Fig. 33
below) ffom the facts that all of the crosses for each host were per=-
formed and titrated using the same preparations of host bacteria, that -
the variaﬁiéns were reproducibie in duplicate crosses—-noté brackets on
the experimental points~-and that there is a conSistency in the trends

of the curves with changing dose.)

In these experiments, the total recombination freQuencies .increased .

to maxime at values 150% - 200% the natural level, peaking at a dose of
about 200 seconds to uvr+ host bacteria (Fig. 32-a) and at a dose of

70 seconds or less to uvrA host cells (Fig. 32-b). With further UV

¥ Over the 0-200 second UV dose range, the curve in Fig. 32-a for
the stimulation of total recombination'by irradiation of HCR+ host
bacteria corresponds dqualitatively to the results reported by
Kellenberger et al. (130); these authors observed twofold and four-
fold increases in phage recombination frequencies in crosses over the
col-mi and c-mi intervals, respectively. For crosses of Asus029 with

AsusP3, Weigle (231) found an enhancement of the recombination fre-
quency from a .usual value of around 0.5% in unirradiated cells to
about 3.7% in heavily UV-irradiated HCR+ bacteria.
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Recombination frequencies among total and among HCM-labeled A°P progeny -
from crosses of unirradiated Ac7lsus029°P and Ac7lsusP3°*P as a function
of UV dose to K12 strain host cells prior to infection. a. (top):
AB1157(uvr+) host bacteria. b. (bottom): AB1886(uvrA) host bacteria.
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exposurebof the cells-the overall recombinatién freQuencies declined,
more sbruptly in the uvr+ host bacteria than in the uvrA célls, to
“levels 50% - 100% that observed among the progeny.of unirradiated cells.
The fac£ tﬂat the peék of recombination enhancément occurs for lower UV
doses to ﬁ&rA host bacteria implies that the stimulation of phage re-
combination is caused at least in part by repairable but unexciséd uw
lesions in the bacterial DNA.

Among the parentalfHCM-labeledVXQP progény of these érosses there
was a fairly steady increase in the frequency of recombinants in both
uvr+ and uvrA host strains, although evident étvlqwef doses in the
latter host. At UV doses of 350;h00 seconds to the bacteria thé AP '
recombination frequencies’were only slightly less than the correspond-
ing total recombination frequencies and about hOO% the X-E frequencies.

.obseryed-for crosses in unirfadiétéd cells, However,»from the relative
.diffefences between corresponding Qvergll_apd k:? rgcombination fre-
quencies at'various UV doses to the bacteria (Fig; 32-b in particular),
it isveﬁident that the?vériations in 3932; phége recombiﬁation fre-
qﬁency.weie due in the main to an increase in genetic recombination
among_nery synthesized A°XK genomes.at ldw to moderate doses and a de-
creaée.in such recombination at high UV doses. This reSult_conﬁrasts
sharply with that for the enhancement of phaée récombination by UV-
irr&diation of the infecting ﬁhages. The latter ié characterized by

similar absolute increments in the total and AP recombination fre-

quencies that reflect increased mating among parental HCM-labeled phage

genomeé early in the infection (Figs. 22, 25 - section IV-B). On the
other hand, the fact that HCM-labeled parental DNA strands were included

in recombinants formed in response to UV-irradiation of the host implies
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that this type'of UV-stimulated recombination also proceeds by ;a mech-
anism of breakage and reunion of the mating chromosomes.
In these experiments UV-irradiation of the host bacteria causéd

an increase in the duration of the latent periods of the phage infec- ‘
<tion and a decrease in the numbers of progeny phages produced per
active host cell, as has been observed previously by others (130, hs).* ;
However, the decreases in overall phage recombination frequency for high
UV doses to the host bacteria (Fig. 32) were not simply the result of
reduced phage DNA synthesis--~i.e., of an absence of recombination among |
A+K genomes because few progeﬁy phage were synthesized in the irradiated ' .
cells. The active host cells produced substantial bursts of newiy syn- |
thesized phages, as attested not only by the relative titers‘of assayed
iﬁfected complexes and of total free pﬁages in the cross lysates, but ;
. _ \ i
also by the‘yields of prbgeny phages that diﬁ not exhibit the parental

: ;
AP HCM specificiﬂy. With increasing &V.dose to the bactefia, the pro- .
portion of A<P among the progeny phages only increased from about 29 |
for crosses in unirradiated host cellsito 5% = 10% for crosses in heavily
UV-irradiaﬁed cells, in rough correspbbdence with a reduction in the cal-

)
1

culated burst sizes from around 100-200 phages per active unirradiated

L

*,Kellenberger et g;.(l30) observed that following multiple infection
of heavily UV-irradiated E. coli K12 HCR+ host cells with unirradiated
genetically marked A phages little phage DNA synthesis occurred even in |
those cells that retained the capacity to sustain the infection, and the !
active host cells each produced only a few progeny phage particles. In
this way they obtained lysates with an enhanced frequency of internally |

J
|

|

heterozygous recombinant phages, since destruction of heterozygotes by
replication was minimized (and excision-repair of the heterozygous base
sequences may have been less efficient than usual due to the inhibition
of HCR). No such drastic reduction in the burst sizes from active in-
fected complexes was observed at comparable UV doses in the experiments
reported here (cf.,'text), nor was it observed by Devoret and Coqueréllef
(45) in similar experiments with singly infected UV-irradiated host
cells. ' ‘ ' :
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host cell to around 25-50 progeny -phages per éctive heavilyvirradiated :
host cell. It can be concluded that even from heavily irradiated host
cells around 90% of the progeny phages coﬁtained nekly synthesized A°K
chromosomeé. |

A reasonable interpretation of the results in Fig. 32 is that UV- ' »
irradiation of the host bacteria stimulates normal A phage recombination
by breakage apd reunion, involving both parentél-and newly synthesized
chromosomés, by the same factorvtﬁroughout‘the latent_period, but that
with prbgressively higher UV doses to the host the correlation between
formation of physically recombinant chromosomes éﬁd appearanée éf
genetically recombinant Asus+ pfogeny_if presérved only for mating
events involving parental AP genomes.v Recali the inference fromvthe
results in Fig. 31 that UV-irradiation of the host'cells leads also to
a reduction in their capacity for initial replicaiion of ﬁarentai Phage
genomes. It is possible that few (if any) of the infecting phages whose
‘replication is forestalled early in the infection partiéipate in thevr
later multiplication of phage chromosomes (58). In this event, with
increaéing UV dose tb the host gells in an increasing fraction'of.the
aéfivé infected complexes bnly one of the parentai genotypes in the phage.
cross woﬁld be rerresénted among the newly syntﬁesized'k-K chromosomes.,
A simple consedquence would be a deéline in the ébservéd frequencj of Asus+

. * :
genetic recombinants from matings among A‘K genomes. Then in Fig. 32, . .

In this connection, it is interesting to note that both the UV-
inactivation of the host capacity (Fig. 31) and the depression of A°K
recombination (Fig. 32) seem to be more gradual in the uvrA host bac-
teria than in the uvr+ cells, consistent with the notion that the two
effects are related manifestations of the same ‘events.

This hypothesis could easily be tested by examining the HCM specifi-
cities and genotypes of progeny phages from individual infected complexes
in single burst experiments.
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the cﬁrves fof recombination frequency among prdgeny Phages that retain
the'férehtél AP HCM label-should perhaps be regarded as real indices of
the amount of phage recombination stimulated by UV-irradiation of the
host bacteria, while the curves for recombinatioh‘frequency among all
progeny may represent a superposition of severely antagonistic effects.

< Implicit in this scheme is the presumptioﬁ'that most of the AP
reéombinants that were induced by UVéirradiafi§n of the host bacteria
in the crosses déscribed here had their origin in matings of ﬁarental
AP with newly synthesized A-K genomes. From control crosses of unir-
radiated A°P and A-K phages in unirradiated host cells--discussed in
Appendix II--it has been inferred that, whereas recombinants formed
from two A°P phages probably retain the A*P HCM label with 100% effi-
ciency, recombinants formed by a crossover between a A-P and a A*K
chromosome in the sus029-susP3 interval may'preserve the A*P HCM label
at a frequency on the order of 5%. Since over the coursé of the phage
infection a A+P chromosome is much less likely to mate with another AP
than with a newly éynthesized X'K genome , events of the latter type can
account for most (ca. 75%) of the Asus+°P recombinant progeny from
crosses of’ksuéOE9°P with AsusP3.P, If all ﬁypes of vegetative Phage
recombihation were stimulated to the same extent within UV-irradiated
host bacteria, mbst_of the A¢P recombinant progen&‘induced would still be
formed in exchanges between parental AP and newly synthesized A-K chromo-
sémes. Furthermore, if the appearance of Asus+ génetic recombinants from
-exchanges between newly synthesiied A*K genomes were suppressed with in- |
creasiﬁg uv exposﬁre of the host bacteria, as the overall recombination
‘frequency. declines a progréssively larger prdﬁortion Qf the Asus+-+K
recombinant progeny from these crosses would.also havevtheir origin in

matings of A+K with A-P chromosomes.
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On'the basis of this interpretation_thé felative values of ‘the
total and A*P recombination frequencies obsérvédifbr guite high UV
dosesvt§ the host bacteria can be simply rationalized. Thus for the
crosseé in heavily irradiated cells, in which perhaps but one of the
infecting phages is replicated, few Asus+ recombinants may be generated
- eilther in the relatively rare matings among heteroéllelic A+P chromo-
somés or in the relatively frequent matings among isoallelic k?K chfomo—
SOﬁes. By‘analogy to the confrolicrosses in unirradiated host cells,
one mayISuppose that‘of the Asus+ genetic recombinants issuing from
matings of heteroallelic A+P and %.K chrOmosomés, about_S% retain the
AP H¢M label and about 95% exhibit a A°K HCM specificity. Since the
AP progeny population comprises about 5% - 10% of the totalrprégeny
population from the crosses in heavily irradiated bacteria, it is under-
standaﬁle that the total and A*P recombinafion fréquencies should_converge
to quite similar values for the very high UV ddseé“to the host cells--as
indicatéd in Fig. 32 for both uvr+ and uvrA bactéria;

The results shown in Fig. 32 seem to‘rule oﬁt.previously conceived
ekplanations for this indirect enhanéement of récombinatioﬁ. The hypothe-
sis that viable phage recombinants might often be formed in ﬁV-induced
éxchanges of short segments of the phage and bacterial genomes (206, 129)
caﬁnot'aCCOunt for the observation for high UV doses to the host of an
increasing recombination frequency among unirradiated HCM-1labeled pafentgi
genomes accﬁmpanied by a decreasing frequency ofrrecombinants among all :.
progﬁny.’ Incorporation into newly synthesized phége DNA of_(recombinagehic)
UV photoproducts from excised or degraded segmeﬁts of the bacterial genome
(ef., U45) is excluded by the facts that ﬁhe in&irect enhancement occurs

for lower doses to excision-defective hosts and that for any dose the
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relative increment in recombination is at 1east'asbgreat among parental
as amohguﬁewly synthesizéd phaée geﬁomes. Finaily, it seems unlikely
that tﬁé increased frequency of recombinants could be attributed solely
to‘prolonged matings of the phages in the absence of DNA synthesis (130).
Mbst_ofvthe active'irradiatéd complexes yielded a_ﬁoderate number of |
prqgehy, and for lower UV doses there is a clear eﬁhancement of genetic

recombihation among hewly synthesized phage chromosomes.
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V~D. .Enhancement of Recombination Frequencies for UV-Irradiéted

Infecting XiPhages

Thé curves in Fig. 33 deséribé the'enhancement of phage reéombina~
tion frequencies from crosses of lightly UV-irradiéted phages by UV-
»irradiatioh of the AB1157(uvr+) and A31886(uvrA) host bacteria. The
frequencies of récombinants among all prégeny and‘among AP progeny
at zero dose to the host Ceils were higher for the crosses of irradiated
phages (Fig. 33) thén for thoée of unirradiated'phgges (Fig. 32) bve-

cause of the recombination among parental chromosomés promoted by UV-

iﬂdﬁced lesions in the infecting phage DNA (Fig. 25); The results shown

in Fig. 33 derive from the effects of UV-irradiation of the host bac-

teria not only upon replication of the infecting phages and natural

phage recombination, as discussed above, but also upon host cell reacti-

vation, and conceivahly upon processes involved in the enhancement of

recombination induced by UV lesions in the parentél‘phagé DNA; they must

be viewed with some caution in light of the potenﬁially compleX'inter-.
actions and the iimited resolution of the date.

From a comparison'bf Figures'32;a and 33;a; it is evident that
the patterns according to which total énd AP éhage fecombination fre-
duencies were affected by UV exposures of the uvr+ host bactgria are com-
parable for the crosses of unirradiated.and,UV-iffadiated infecting |

phages. These results support the view that UV-irradiation of the host

bacterid stimulates recombination of both parental AP and newly synthe- 3:

sized~k'K-genomes, while light’UV-irradiation of the infecting phages
independently enhances recombination of parental A-P phage chromosomes.
In addition to stimulating recombination in its own right, UV-

irradiation of the host bacteria-inhibits host cell reacﬁivation of
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Figufe 33,‘ Recombination frequencies émong all progeny and among
- A*P progeny from crosses of very lightiy UV-irradiated
(N/No ~ 0,8) AcT7lsus029*P and Ac7lsusP3°P as a function
of UV dose to K12 host bacteria prior to infection. a.
(top): ABL157(uvr+) host cells. b. (bottom): AB1886
(uvrA) host strain. '

The data shown in Figs. 3l-a, 32-a, and 33-a and in
Figs 31-b, 32-b, and 33-b were obtained in the same

two experiments. For each of the host strains all
crosses were pefformed and titrated under the identical
experimental conditions, using the same preparations of
bacterial cells.
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UV-induéed_lesions in the infecting phage DNA; preéumaﬁly including
those lesions that cause increased recombination émong the A+P parental
' genomes . For the'crbsses of irradiated phages-ih'irradiaied uvr+ host
‘cellsv(Fig. 33-a), hdwever; the increase‘in recombination among HCM-
labeled parental DNA strands which accompanied.suppression of HCR with
increasing UV dose to the host does not appear to be‘greater than that
bbserved for .crosses of unirradiated infecting phéges (Fig. 32;a). These
' data‘suggest,that excision--which is probab1y~ﬁotAsignificantlyAaffected
in HCR+ host cells at these UV dose levels (94,}&?)--of the UV-induced
lesions in the phage DNA suffices to neutralize their recombination~
promoting éctivity whether or not the physical intégrity of the chromo-
some ié.réétored. |

As can be seen in Fig. 33-b, UV-irradiation of the excision=-
defective uvrA host bacteria had different effects’upon recoﬁbination
vfreQuencies of lightly UV-irradiated infecting phages. At relatively
low UV'dose to the host cells, there.was an appréximately twofold in-
crease in the AP recombination frequency accémpahied»by a similar ab-
solute increment in the overali recombination freﬁuency. Since in this
case the UV doses-to'the host bacterial were sufficient to cause a com-
petitive inhibition of any residual HCR, this result probsbly reflects
the elimination of residusal excision'of'recombination-promoting lesions
injthe parental phage DNA:strands, with a consequént magnification of
the enhancement induced by a consuaﬁ UV dose tbrthe infecting phageé.
A twofold incréase in AP recombination frequéhqy”for doses of 70 seconds
to fhe ﬁvrA host bacteria, considered in conjuﬁcﬁion‘with the dose-
fespénse curve invFig. 22, suggests that around-?O% of ‘the recombinatiohf 

promoting lesions induced in the infecting phages by the 5-second UV



i 200

exposﬁrebare'normally repaired’by residual HCR in unirradiated ﬁvrA
host cells. This figure is in good agreement with the estimate of
residual HCR of potentially lethai iesions from thé'data'in'Fig. 31-b
(and also from Fig. 28, section IV-C.1), consis‘.tel‘qt with the view that
'the7recombinafion-promoting and potentially_lethal.classes of UV photo-
products are equally susceptible to HCR and probably idehtical. |

fhe data in Fig. 33-b for the crosses of irradiated phages shqw
no increases ih recombination frequencies that might be identified as
due'solely to UV~-irradiation of the uvrA host baCtéria, The curves in
Figs. 32-a/b and 33-a lead one to expect that_sﬁch‘én enhancement would
be ménifested'at low UV doses to the host by an increase in total fe-
combinafion freduency accompanied by a smaller iﬁcrement in the A°P
frequénéy, and/or with higher UV doses to thevcellé by a steady increase
in the A-P recombination frequency as the overall frequenéy decreases.,
In the presegt case, any enhancement thax—might hév¢'occurred at low S
doses may be obscured in.Fig. 33-b‘by the,increaSe in recombination among
péreﬁtal génGmes which is attributed to the inhibgtion of residual HCR. |
With fur£her UV exposure of.the uvrA host bactefia, the X‘P-recbmbiﬁation
frequencies from the crosses of irradiated phages:decline gradually to
the level observed for unirradiated host cells, rather than increasing'
as in the other cases examined. |

UV-irradiation of the uvrA'hosﬁ with 60ses greafer than that neces- 
sary to inhibit residual HCR does'nof further enhance, 5ut reduces séme-{i
what, the recombination observed among irraéiated parental A-P genomes.':i:‘
Because of the enhancement of recombination involving'newly syntheéized

phages observed for.crosses of irradiated phages in the uvr+ host (Fig.

33-a), however, one might presume that exchanges among newly synthesized
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A-K pﬁages are stimulated by irradiation of the uvrA host cells also,
regardless of whéther the infecting phages are irradisted or nof. It
is not clear whether the frequency of,exchahges that involve only one
newly synthesized genome and a parental chromosomé-with irradiated DNA
might also be increased by irradiation of the_uvrA host. 1In coméaring
the results in Figsf,32—b and 33-b for AP recbmbination at higher UV
doses to the host bacteria, one should bear in mind not only that mést
of the A*P recombinants induced by UV-irradiation of the host in crosses
of Hgitradiated Phages (Fig. 32-b) were probably formed in matings be-
tween pafental A+P and newly synthésized A+K chfomQSomes, but also that
fromvthe uvrA host (but not the uvr+)'such recombinants would be recov-
ered som€what more rarely for crosses of irradiated than of.unirradiated
phages;rﬁhe polarity of the recombination toward destruction of the Xv?
HCM label would be increaéed if the parental genomeé contained unexcised
UV lesions (cf., section IV-B).

~The decline in A-P recombination frequencies shown in Fig. 33-b
for higher UV doses tp the uvrA cells may have been due solély to an
impairment of processes.that faciliﬁate the recbmbination stimulated by
irradiation of the infecting phages. For example, it is conceivable
that the récombination-promoting lesions are more effective in semi-
conserved chromosomes that also contain lesions fesulting from replica-
tion~bypass of UV photoproducts, while irradiation of the host inhibits
repiicatioﬁ of most of thé infecting genomes. It is also conceivable
that recombination among parental A-P and newly éynthesized A-K phages
induced by irradiation of the host contributed to the decline in A°P
" recombination frequency. With increasing UV dose to the host, the

increases in recombination between A-P and A.K chromosomes might have
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led to the formation of fewer A+".P" double recombinants than the number
of pre-existing HCM-labeled recombinants (formed in prior métings amongv.
the irradiated infecting genomes):of which the \-P-HCM sbecificity was
'destroyea; a similar effect seems to obtain for_high’UV'doses to AP
phages infeéting unirradiated uvrA host cells (cf,; for example}'Fig.
22--section IV-B). | |

:The relative survivals:as plaque-forming units of the infected
comﬁlexés from crosses of unirrédiated and of igradiated A phages in
very heavily UV-irradiated host bacteria (Fig. 31), and the variations
in overéll and AP recombination fréqﬁencies of uﬁirradiatéd phages with 
increasing UV dose to the host (Fig. 32), suggesp thét perhapé‘but a
single infecting Phage genome may have been feplicafed in most active
infécted‘complexes of heavily ifradiated host cells. In the experiment
described in Figs. 31/32/33-b, for the highest UV doses to the uvrA host
bacteria both the overall and the A*P recombination frequencies are from
50% (at ﬁ20 sec.) to 8% (at 350 sec;) greater for the crosses of irradi-
ated ihfecting phages (Fig. 33~b) than for the é#égses_of unirradiatéd
bﬁagesv(Fig.v32-b). These differénces‘are éignifiéant, as the recombina-
tion frequencies were reproducible within about;lo% of the ﬁean in dupli-
cate éfdsseé and/or titrations. Other points of detailed interpretatidn
aside, these differences inbrecombination frequencies support the view
'thatvUV-irradiatioﬁ of the infecting A phages can induce recombination ©
of unreplicated parental phage chromosomes. . (The'ré;ults from fhe créséeé
of unirradiated and irradiated phages in heavily'UV—irfadiated uvr+ hosﬁ
bacteria (Figs._31/32/3343) are alsoléonsistent with this conclusion,
although in this case it was not possible to accurately ascertain the

recombination frequencies of irradiéted phages for very high UV doses
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to the cells because of the severe inactivatioﬁ Qf.the-infected com-
plexes.) |

'In sﬁm, the crosses described in Fig. 33vsuggest that the enhance-
menté Qf A phage reCOmbinafion induced by UVAirradiation.of the host
cells and'éf the infecting phages are "cumulative"'in the sense that
the induced recombinants apparently originate in differentiable cate-
gories.of mating eventé‘énd both phenbmena may be e#hibited in the same
phage crosées, in thevuvr+ if not the uvrA hoét,nbut that irradiation of
thé‘host.further incieases the probability of recombination among
irradiaﬁed phagé genomes bnly insofar as it inﬁibitstthe excision of

recombination~-promoting UV lesions from the A phage DNA.



VI. SOME GENERAL CONCLUSIONS

VI-A. .The Mechanism of UV-Induced Recombination

f The experiments utilizing HCM-1labeled péfeﬁtal phages suggest
that UV-induced recombination among A phages ﬁ;dceeds by a mechaﬁism
of breakage and reunion of DNA molecules analogbus to that observed for
recombination of unirradiated A (111, 157) and Th (222) phage chromo—
somes,

.For crosses of 1igﬁtly UV-irradiated infecting phages, there are
comparable absolute'increasee in the frequencies of recombinants among
all-progehy_phages and among Pprogeny which eontaih,HCM-labeled parental
DNA strands (Fig. 22). While affirminé that the primary direct UV
enhancement of phage recombination occurs early in the infection (115),
this result proves that the UV-1nduced recomblnatlon always involves at *
least one strand of the irradiated pareﬁtal‘DNA and"that'at least-one
strand of;fhe recombinant moleeule can be composed of predominantly
perental DNA. The frequency of UV-induced recqmbinanﬁs among the HCM-
labeled progeny is significantly reduced if onl& one of the irradiated
parental phage types carries the HOM label, implying that DNA from both |
parental phage types can be 1ncorporated into the recomblnant molecules
by breakage and reunion of parental DNA strands of conserved and/or seml-
‘conserved infecting Phage chromosomes . UV-induced exchanges between |
parental and nevwly synthesized molecules do not centribute to the en-
hanced recombination frequency among HCM}labeledegenomes.

From assays of the relative numbers ofThestvcell reactivable UV
lesions retained in the DNA of HCM=-labeled progeny from crosses in

‘excision-defective HCR- host bacteria, it appears that the HCM-labeled
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progeny phages contain mostly é&nserVed parental DNA (Fig. 28). Some
‘ofvtﬁé UV-induced recombinanfs may»conﬁéin oniyvCOnserved parental DNAj
in cohjﬁnction wifh the results noted above, thié_would indicate that
the UV-induced recombination can occur by breékage and reunion of in-
- fecting phage chromosomes prior to their replicaﬁién.' Thié view ié
3up§ofted_by the observation that UV-ifradiatibn of the infecting phages
enhances recombination 6f the_HCM-labeled chromosomes in host bacteria
which have themselves been heavily UV-irradiated, in which perhaps but -
a single infecting phage‘genome is replicated.‘ .‘ |
Although the results.reported here do nof:éategorically_exclude
the possibility of UV-induced recombination by»éingle-strand exchanges
or even some variety of semi-conservative copy‘choice, they are in- |
cdmpa%ibie with a mechanism involving informational transfer unaccompan-‘
iedgby exchanges of phy§ical substance. The experiments can be simply
intef?retéd only in terms of a model by which £he UV photoproducts in
the A phage DNA induce simple breakage_and-reunion of the double~stranded

chromosomes .



VI-B. Relevance of DNA Repair to UV-Induced Récombination_

‘Comparative studies of the UV enhancement of A phage recombi~
nationvin wild type and various repair—defiéient hostibacteria show that'.
the UV lesions whiéh promoﬁe recombination can Ee repaired by.liost cell
reactivation. These experiments did not reveai*any association of UV-
induced recombination with DNA repair processe§ mediated by the host
bacteria.

The UV-induced increaées in‘phage fecombination frequencies, émong
all progeﬁy phages and among progeny whiéh'coﬁtain HCM—iabeled parental 
DNA strénds, are even greater for crosses in exci§i0n—défective HCR-"S
host bacteria than in wild type HCR+ hosts. (Similar results with regard
to the UV enhancement of overall recombinant-freqhenciesvhave been re-
ported for bacterial recombination (104) and forvmitotic recombination
in yeast (204).) Furthermore, the recombination-promoting and potentially
lethal UV lesions in the A phage DNA.havéhthe'samé-sensitivity.to>repaif
by host cell reactivation. It is clear that'éiciéioﬁ is not involved inh
either the stimulation or execution of the UV-iﬁduced recombination
event;:rather, the UV stimulation of recombinatioh is caused by uhexciséd
but host cell reactivable UV lesions in the parental phage DNA. This
concluéion is underscored by the occurrence in excision-defective HCR-
hosts of a secondary enhancement of recombina£i9ﬁ that is attributable
to exchanges between newLy.synthesized genomes and Parental DNA with un-
vexcised UV photoproducts, whereas'in HCR+ hostjbacﬁeria the continuing
excision of recombinagenic lesioné apparently cgrtails UV-induced re-
combination during the latter part of the phagé.infection.

The dose~-response for UV enhancement of X(red%) phagg recombinaf

tion is essentially the same in REC+, recA mutant, and recB mutant host
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bactefié.v-The UV-induced phage recombination,'like'that among unif—
radiated X phages (53, 201), does not require the host recA or recB
functions. The recA-1 allele of the hoét bacterié'does'have some
effect upon the viability of UV-irradiated A phages.

 The fihdings reported here are in general incompatible with the sﬁg-
gestioni that UV-induced recombination might be equated WithzaSPecific;post-
replicatién repair mode that restores informatién'iost due to replica-
tion bypass of UV photoproducts (109, 100, 2k0). . Not only are UV-induced
phagedrecombinaﬁion and phage survival affected differently by the recA
gene of the host, thought to be necessary to post-replication repair of
the bacferial DNA, but the récombinagenic effeqt'in A éppears to.be |
neither local nor restricted to semi-conserved irradiated DNA. However,
it is certainly possible that closely related_enzymié functions are in-
volved in the UV-induced recombination and a posf;replication or excision 
repair mode. And it seems likely that recombinafion induced by unexciséd
pﬁotoproducts in semi-conserved irradiated DNA‘cduld contribute to survival
6f thé:irradiated genome by effecting rearrangements of inactivating

lesions among the daughter chromosomes,
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VI-C. The Mode of UV Stimulation of A Phage Recombinatibh'

Three findings from the ekperiments reporéed_above are particu-
larly pertinent to understanding how UV-induced lesions in the chromoF
somes abt‘to promote their genetic reéombination:

- é) The UV-stimulated recombination occurs by breakage and re-
union of parental phage DNA strands--most likely of conserved and semi-
conserved infecting phage chromosomes. The UV-induced recombination
can probably proceed prior tg the replication of the irradiated genomes..

b) The recombination ;s promoted by unexciéed but host éell
reactivable--as well as photoreactivable (115)§—UV lesions in the phage
DNA. :It is not an artifact of multiplicity reaciivation.

.»c) The UV enhancement of X pPhage recombination is apparently
prdportional to the genetic rather than the physical length of the-
interval between markers on the chromosome. The probability of UV-
induced recombination varieérwith a fobfupowéﬁ-qf fhe numﬁer of func-
tional recombinagenic lesions in the bhage'DNA, sﬁggesting that the
stimuius.to recombination can be.diffused glong'the irradiated génome.

- The pfimary uv enhancemenf.of recombination is saturated for dosesvwhich
leave about 15 unexcised pyrimidine dimers per infecting phage chromo-
some, -

If the UV-induced fecombination can occur ﬁriof to the replica-
tion of the infecting genomes and is not associated'directly with any
.DNA répair hode, one must infer that the alteraﬁioﬁs in the secondary
structure of the DNA which accompany the formatioﬁ of UV photoproducts
are intrinéically conducive to recombination. No difference has been
discerned between the fundamental mechanisms of ﬁhe UV-induced and

natural recombination events; the most plausible hypothesis to account
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for the enhancement--as suggested by Setlow (190) ’and durtiss (39)--is
that the recombinagenic UV lesions function primarily to increase the
efficiency of pairing of homologous DNA molecuiés ﬁhich is prerequisite
to recombination. |

 The pairing of homoiogous DNA mblépules brioi to recombination
is thbught to be accomplished through the annealing of complementary
base-seqﬁénces of single DNA strands from the matingvmolecules (87, 211),
which could occur before the introduction of single-strand breaks into
the recombining molecules (cf'.,v Fig. 3). The "stable minimum length"
for annealing of complementary nucleotide.sequences may be estimated at
10 to 20 contiguous nucleotides (221), and the "miﬁimum recognition
length" for the alighment of homologous DNA sequences prior to recombina-
tion may be on the order of 10 to 100 nucleotides (221, 14). The de-
naturation of DNA, the separation of the complementary single strands,
is known to be facilitated by the presence of w photoproduéts-—as
attested by a dose-dependent reduction in the thermal denaturation
temperature (Tm),'enhancement of reactivity with formaldehyde, increased
susceptibility to acid denaturation, and increased buoyant density of
heavily UV-irradiated DNA (153). The breakage of hydrogen bonds and
distortions of the secondary structure due to UV-photoproducts wegken
" the DNA duplex; there is probably an increased fréquengy of local de~
naturation (15, 11é) in all regioﬁs of the irradiated molecules for low
as well as high UV doses. UV photoproductsvinithetDNA, by increasing
the frequency of 1o§al denéturation within each molécule and thereby
proﬁoting the annealing of undamaged bases of the parenta1 chromosomes,
should significantly increase the efficiency of pairing between 4if-

ferent molecules.
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Foliowing the estéblishmeﬁt of a minimum s£éble configuration of
annealed hpmologoﬁs sequences'from the mating moleéules, the region of
continuous pairing mighf extend to a length of:aréund lOQO to 3000
nucleotideé'(2% to 6% of the X\ chromosome)--comﬁarable to the span.of
internally heterozygous regions (130) and clustérs of exchangeé Trom |
high, localized negative interfereﬁce (2) in reco@binént A genomes .

This would accord well with the observation that the primary UV enhance-

ment of A recombination saturates for doses which leave about 15 unexcised -

pyrimidiné_dimers per infecting phage chromosome. The site of a UV~
induced stfuctural defect need not defihé'the site of recombinatién;
moreover, the regions of pairing are probably of variable length and
might tend to migrate élong the chromosome'froh the intervals of initial
recognition. .For low UV doses the recombinagenié stimulus would be dif-
fused along the chromosome.

 This mbdel is clearly consistent with UV-induced recombination
by a mechanism essentially identical to that which prevails for natural
recombihation among unirradiated ggnomes.. It can also account simpi&"
for several singular characteristics of the UV-induced recombinaﬁion.
First, the increased frequency ﬁith which irradia?éd genémes undergo
multiple recombinations in a single mating_eveﬁt.éould bevascribed to UV5
induced pairing of the parental molecules in é number of séparate regions
along thelr length, where the stabillzatlon of an initial pairing mlght
quite frequently lead to -the establlshment of secondary sites of recognl-
tion gnd recomblnatlon between‘the apposed and locally denatured mole=- |
cules. The UV photoproducts would thus introduce a generalizedrnegativé 
iﬁterference into the recombination. .Second, some'variatioh in the

toﬁography of UV-induced recombination within the chromosome (62, Fig.
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29) WGﬁld follow from differences in the guaﬁine-cytosine (GC) VS,
adenine-thymiﬁe (aT) composition of different segmenté of the molecule
(203).' Regions df the chromosome of different éompésition would differ
in their susceptibility to UV-induced pairing--the AT-fich segments be-
ing more.easiiy denatured (153, 112)--as well as in their chéracter-
istié éontent of various types of photoproducté. |

v From‘the observations that the UV enhancemenf of recombination
'is subject to almost complete photoreacti&ation (115) (as wéll as
éxcision—repaif) and that the principal photoreactivable UV lesions

are pyrimidine dimérs (247, 190), one nay infer that the primary
recombihagenic photoproducts are pyrimidine dimers in'the irradiated
DNA. Other UV photoproducts in addition to pyrimidine dimers may con-
tribute to the increased denaturability of UV-irradiated DNA.. At
presenf there is insufficient photochemical evidence to assess the rela-
tive importance to initial disruption of hydrogen bonding of pyrimidine
dimers as éﬁposed, for example, to UV-induced hydrates (228) of cyto~
sine residues (239, 19k, 191). However, an effect of the pyrimidine
dimers.either'to initiate or to étabilize regiohs‘of local denaturation
in the DNA would be consistent with the observed enhancement of recom=-

.~ bination.

'An alternative hypothesis to account fdr.the UV stimulation of
recombiﬁation is that thé increased number of genetic exchanges is a
direct or indirect cohsequende of the inhibitioﬁ,qf DNA replication by
structﬁral defeétsbin the DNA‘(95,100). (For example, a delay in DNA
synthesis might facilitate the pairing and recombiﬁation of chromo~

somes in a favorable topological state (98). The experiments reported i
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‘here pro&idé no unambiguous evidence by which to évaluaté this'possi-
bility; although the results can be most simply_interpretéd according
to the‘view that the mefe excision of'UV phofoprbdﬁcts from DNA suf- -
ficeé ﬁo:nullify their recomﬁinagenic effect whether or not thevintegrify
of the damaged nucleotide sequence is reStofed Sé that'normél.replicationa
can resume. This.point_might be clarified by exé@ining the UV enhance-~ .
ment of A recombinaﬁion in an HCR- excision-proficient host strain--
such as the uvrD mutant (Table I)=--which is deficieﬁt in repair of UV-
damaged phage DNA at a step subséquent to ekcision'of the photbproducts.
Also relevant to this point are the resuits of experiments to be
reportea'elsewhere in which the enhancemént‘ofvx bhage recombination by
nitrogén mustard (HN2) has been examined (10, 13b). The survival of |
HN2 treated A phages is only slightly higher on a wild type AB1157(uvr+) |
host strain than on excision-defective AB1886(uvrA) bacteria, yet a
signifiéant HN2 enhancement of phage recombinaﬁionlis observed in the
uvrA hoét but not in the uvr+ strain. The principél lethal and recombina-
tion-promoting HN2 lesions are not identical. 'The primary lesions in-
duced in DNA by HNZ2 are inter-~ and infra-strand éﬁénine~guanine cross-
links (Fig. 1-b) (138, 1L49). At present there is some uncertainty as to
'the'relétivé lethality of the inter- and intra-strand crosslinks (l39b;
Low=-Beer, A., Ph.D. thesié, Univ. of Calif., iﬁ preparation). However,
ﬁhe most reasonable interpretafion of the resuifs for.HN2 eﬁhancément of.
A recombination is that the primary lethal lesion in A phage is an inter-
strand crosslink while the HN2 lesions that stimuiate recombination are
intra-strand crosslinks normally removed from thé DNA By'excision-repair 
in HCR+ bacteria. Since HN2 is known fo inhibiﬁ DNA synthesis even in

repair-proficient bacteria (139a) and since the formation of intra-
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strand’ﬁN2 crosslinkS'pfobably involves considerable distortion of the
secondéry structure of the DNA helix (l39b), it might be concluded that
the éalient property of the recombinagenic 1ésioh'is the nature of the
structural alteration in DNA rather than its affect upon DNA replica-
_tion. o
.The results for indirect UV stimulation of A phage recombination

by'hea&& irradiation of the host bacteria offer an interesting contrast
to ﬁhoée for the direct stimulation of gxchanges by UQ-irradiation of
the infecting phagesvthemselves. The data are conéistent with an inter-
pretation that all phage recombination--by breakage and reunion of poth
HCM=~labeled parental and newly synthesized‘genomeé--is enhanced during
the infection of the UVeirradiatéd host. At hiéh‘UV doses the appear-
ance 6f genetic recombinants is limited by failure of the host to repli?
cate most of the infecting chromosomes, ﬁhiéh leads to an unequal multi-
plicity of the ihfecting phage types in each active compléx. The fact
that the indirect enhancement occurs for lower déses to an excision-
. defective HCR- host than to a wild type HCR+ host argues that the
recombination-promoting lesions are susceptible to excision-repair in
the bgcterial genome , and hence thét theyconsistin unexcised UV photo~
products in this instance also.

| Tt is conceivéble that the indirect enhancement of recombination
could be due to an impairment of phage DNA synthesis throughout the -
infection as a result of UV damage to reQuired.génes of the bacterial
host. On the other hand, the indirect enhancemertt of recoﬁbination
miéht be'explicable in terms of a model similar to that advocated for
thevdirect stimulation of phage recombination. There is substantial se-
Quencévcomplementarity between the DNA of M phage and the E. coli host

(132). Dénaturation of the host DNA due to UV photoproducts could well
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lead to increased paifing'and annealing of strands from the phage and
host génomes. If the usual lengths of the phage-host hybrids were to
exceed the minimum stable length for anneéling but fall short of the
minimum extent of pairing nécessary to avail récbmbinatidn, the en-
hanced pairing would seldom lead to successful génetic exchanges be=~
tween the phage énd bacterial genomes. However? by increasing the fre-
quehcy of unpaired single~stranded regions among'tﬁe phage genomes this
effect'could result in an enhanced efficiency of mating and recombination

. 7
between different A chromosomes.




215

ACKNOWLEDGMENTS

I wish to express my appreciétion to Dr; Eobert H. Haynes for
~his encouragement, suppoft, and advice through the course of Fhis work;
té Dr..David Freifelder, who with Dr. Haynes suggested this afea of re-~
search to me and ﬁhd called my attention to the HCleabel on recombina-~
tion; to Dr. Mark Gurevitch for his'example of hﬁmanity and intellectual
integrity; to my fellow graduate‘students, above all Gary E. Jones for
invaluéble stimulation and comradeship; to Susan Daﬁiels and Patricia
Mason for technical assistance with many of thesé.experiments; and to
Drs. A. J. Clark, R. K. Mortimer, J. A. Heddle, and H. Echols for their
assistance at critical moments. I am giateful,torthe U.S. Public Health
Service for financial support during my graduvuate career, ﬁhrough Bio~
-physies Training Grant No. 5T1-GM-829 during the early years and later
through a pre-doctoral fellowship No. 1-F1-GM~30,952, and to thé Lawrence.
Radiation Laboratory for lagboratory facilities énd.for six months' sup-
pbrt as a reséarch assistant. My deepest thaﬁké to Juliet, Sam, and

Schmug Baker for their understanding and emdurance.

. To the memory of Gina.

(The author's current address is: Dept. of Medical Biophysics,
University of Toronto, 500 Sherbourne St., Toronto 5, Ont., Canada.)



216

Appendix I:" The Origin of an Anomalous Secondary UV Enhancement of

Recombination Frequency among Asus Phages in HCR~ Host Bacteria

The data in Figs. 7 and 9 of the text (section iIIeA.l) show that
- for relatively high UV doses to AsusBl and AsusG9 phagés infecting the
HCR~- (uvrA) host bacteria the fregquency of A+ recombinénf progeny in-
creases beyond 25%—;the level which might be expecﬁed.to represent equi=-
librium recombination between equally abundanf parental énd recombinant
genotypes. Howevef, the assignment of a 25% frequency of lsus+ re-
combinaﬁt progeny as the level of genet;c equilibrium for.Such‘crdsses
rests uron the assumption that none of éhe phage genotypes has a selec-
tive advantage in mixed infeétion., This assumption may well not hold
fof'cr03ses of some heﬁvily UV-irradiated Asus mutants ih an HCR- host,
since the Asus mutants were originally selected as small plague-formers
and in general yield relétively small bursts of progeny from single
vegetative infections (32). As higher and higher UV doses to the Asus
phages graduaily reduce to 1. the nu@ber of viable pérental phage genomes
per'active, multiply~infectéd complex and fhen significantlyvimpair func-
tional complementation (but not UV-induced recombination) among the vi-
able and‘inviable phage.chromosomés (136, 173), the larger bursts from
those co@pléxes_Containing'a viable Xsﬁs+ recombinant genome might re-
sulﬁvin an artificiéily_high frequency of this phage type in the lysate.
In other words, if most of the infected cells contain but a singlg\func-'
tional parental phage genome ana 25% of these are of the Asus+ recombinant
genotype, the frequency of Xsus+vprogeny‘in.the overall LYsate could be -
subsﬁantially gfeéter than the 25% which mightvbe anticipated a priori

for “genetic equilibrium.
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The results of a simple reconstruction expefiment illustrating
this foint_with reference to mixedvinfections with AsusBl and AsusG9 are
‘shown in Table_A. Host cells were infected with equal numbers 'ofvun—
irradiated AsusBl, AsusG9, AsusBlsusG9, and ksus+‘phages at total multi-
plicities of 12 and 0.012'phages'per cell, and the lysates were assayed
for the fréquency of Asus+ progeny. VWhen the infected cells contained
more than one phage of each type (experiments A, A', and B), the fre-
quency of Asus+ in the lysates was essentially the saﬁe as that in.the
infecting phages--recombination among the unirradiated phéges being
negligible. When the multiplicity of infection was reduced (experiments
C and C'), so that virtually all infected complexes received but one
phage, of whatever type, the frequency of hsus& in the lysates was about
twice that in the infecting phages.

In view of these results, the secondary'UV_enhgncement of the fre-
quency. of A+ recombinants for crosses in the uvrA-host of AsusBl and
vksusG9{phéges irradiated to very low survival (text Figs. 7,.2) might be
intérpréted as due not to the stimulation of fecombination past the
level of genetic equilibrium, bﬁt rather to a shift in the observed level
of genetic eqﬁilibrium because of a progressive UV-inac%ivation of func-
tional complementation at the Bl and G9 loci. This conclusion is sup-
ported by the results of complementation tests bh'the'progeny of a cross
in the uvrA host of k¢7lsusBl and xc7l$usG9 irradiated to a survival of -
16-5'iﬁ a single infection. The cross lysate, which included the bursts
from about 10h active infected complexes, contained LO% Asus+ recombinaﬁt
progény as assayed by the usual titrations on pgfmissive and non-
permissive indicators. Of 30 plagues picked at random from plates df_this

lysatevon a permissive host and characterized by complementation tests,



Expt.  Host

Infecting Phages

Multiplicity % A++ Phage
of Infection

each
phage

_total

among
inf.
phage

among
prog-
eny

Bacteria

A AB1886
: (uvra)

A ~ AB1157
(uvr+)

B AB1886
(uvrA)

c ' AB1886
(uvra)

cr. AB1157
(uvr+)

asusB1l, AsusG9, .

AsusBlsusG9, and
A+,

AsusBisusG9 and
N+ :

AsusB1, AsusG9,
AsusBlsusG9, and
AN+

0.003

12

0.012

25
50
25

25
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Table A - An exberiment to éssay the selective advantage_of wild type
Asus+ over mutant AsusBl and AsusG9 phages in single and in

multiple infections of ABl157 or AB1886 host bacteria.

In-

fections were performed according to the same procedure and
.used for the AsusBl X AsusG9 phage crosses described in
Figs. 7 and 9 of the text, except that all phage types here

carried a c¢71 clear-plague mutation. ~The fractions of in-

fecting and of progeny phages that plated on the non-

permissive indicator were determined in order to ascertain

any change in the frequency of the Asus+ genotype attribut-
" able to a selective growth advantage.
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15 were Xsus+, 6 AsusBl, 5 AsusG9, and only 4 AsusBlsusG9. Although
genetic exchanges to form the recijrocal Asus+ and AsusBlsusG9 recom-
binant genéfypes were presumably induced at comparable frequencies,

the average freQuencies of these recombinants‘ih the lysate differed

by a factor of around four. This result confirms that for thesé crosses
of heavily irradiated phages the Asus+ recombinant does indeed have a
selective advantage in the multiply infected HCR- bacteria.

The absence of a comparablevsecondary UV enhancement of recom-
biﬁaﬁion ffequency for crosses in the HCR+ host étfain (text Figs. 7, 9)
implieé that functional complementation of the B énd G cistrons is more
resistant to potentially inactivating UV iesions in the HCR+ strain than
in the HCR~ host., This resistance would be unde?standable if repair of
transcription~inhibiting lesions (173) in inviablé, but potentially
complementing, parental phége genomes were to cbnfinue during early
vegetatiﬁe development of a viable genome, since_thé B and G cistrons

provide late phage functions (232).
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Appendix II: Control Crosses of Unirradiated HCM¥1abeled A Phages--

concerning the incorporation of A+K DNA into AP récombinant genomes

" Two factor genetic crosses with differeht configurations of the-
selected mérkers in unirradiated A+P and A°K pareﬁtal phages were per-~
formed in the non-restricting, E. ggli K12 strain AB1886. Table B shows
the frequencies of A+ and A++P recombinant progény% that were observed
for crosses over the adjacent sus029~-susP3, susP3-susQ73, and susQ73-
susR5 intervals on the rightarm of the A chromosome (Fig. L4). These
crosses of HCM-labeled infecting phages are unirradiated controls on
the cfosseé of UV-irradiated HCM-labeied phages presented in sectioh
IV-B of the text. Also shown in Table B for comparison are recombinant
fréquepcies within the h-c interval for crosses involving A+P and AC
parental phage types in an E. coli C host, calcﬁléted from the data of
thler'aéd Meselson (111). The results in Table B demonstrate the label;
ing by host-controlled modification of recombinant chromdéomes that con-

tain paﬁental'DNA (section 1IV-A.2); in particular, as discussed in the

The assays for A+.P recombinant progeny arévdescribed generally in
section II-I and Table III of the text; a more detailed technical note
here will further clarify the resolution of these assays for the inter-
ested reader. The controls discussed below--concerning the background
of unadsorbed infecting phages, restriction, and complementation-~imply
that even the lowest recombination frequencies among A*P progeny shown
in Table B are reliable indices of the formation of A++P progeny phages
in the crosses rather than a reflection of background "noise" in the as-.
say system. The arguments advanced hold with slight modification for
the A+P recombination frequencies determined from crosses of UV-
irradiated infecting phages and presented in section IV-B of the text.

A) The minimum observed titers of A++P recombinant progeny were
well over an order of magnitude higher than the levels at which the more
numerous A+°+K progeny in the lysates could plate on the restricting, non-
permissive (pm-) K12(Pl) indicator strain. Only 1% - 5% of any particular
M+eP titer on the pm- K12(P1l) indicator was attributable to A+<K phages
that escaped restriction. For example, the lysates from crosses of A
Asus029 with AsusP3 (Table B) assayed as approximately 97% Asus°*K, 1% -
175% A+eK, 1% - 2% Asus.P, and 0.001% - 0,005% A++P; although the ratio
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Legend to Table B ~

The frequencies of recomblnants among all progeny phages and of
A+P recombinants among progeny containing parental DNA strands, for
crosses over adjacent intervals on the right arm of the chromosome,
The relative positions of the markers on the genetic map are shown in
Fig. 4. " The configurations of the markers crossed in A+P and A+K (or
AeC) infecting phages are lettered in accordance W1th the schematic
model in Fig. C. '

The A*P recombination frequencies (columm E) are the assayed titer
of Asus++P or Ahc++P recombinant progeny divided by the total number of
progeny containing parental DNA strands; the latter quantity is defined
for the g and for the b or ¢ configurations as one and two times, re-
spectlvely, the assayed titer of all AP progeny. The ratios averaged
in column F were calculated for each cross independently of the average
frequencies in columns D and E; the 1nd1cated errors are the calculated
standard deviations.

All crosses of Asus mutants were performed in the K12 host strain
AB1886, in a total of four separate experiments with no more than two
crosses of a particular configuration being performed on the same day.
(The parental Asus phages also carried a c7l1 clear-plaque mutation.) The
results shown for crosses of Ah+c with Ahc26, in an E. coli C host, were
calculated from the data of Ihler and Meselson (111} - the fr frequenc1es for
the two crosses of A°P with AC phages, cases b and ¢, are based on counts
of a small number of recombinant plaques. The absolute values of the
recombingtion frequencies for the h-c crosses and the sus-sus crosses are
not comparable because of the differing experimental conditions. Amati
and Meselson (2) report recombination frequencies for Ah+c+ X Ahe and
Asus029 X AsusP3 of 3.3% Ahct and 0.25% Asus+ recombinant progeny, re-
spectively, for crosses under similar conditions.



Recombination Frequency Relative Freq.

o . (# Asust recombinants) of AP
CROSS Configuration ‘ # Total: among A+P: among parental Recombinants
' of markers crosses all progeny DNA strands _ (E+D) '
_y 8 =D -E - - F =
AsusQ73 X AsusRs o : : _
a) AQ@P X ARP (3) 1.9+ 0.1 2.2 + 0.4 1.2 £ 0.2
b) AQE X ARK (3) 2.0+ 0.1 - 0.24 + 0.04 0.12 + 0.03
¢) AQ-K X ARP (3) 2.0+ 0.2 2.3+ 0.2 1.2 + 0.1
asusP3 X asusQ73 . i ’
a) aAP-P X AQP (3) 2.4 + 0.1 1.1 + 0.2 047 + 0.17
b) AP-P X AQ-K  (3) 2.7 + 0.2 0.066 + 0.011 0.026 + 0.002
c) AP-K. X AQP  (3) 2.5+ 0.2 0.69 + 0.03 0.28 + 0.071
Asus029 X NsusP3 _ . ‘ _
a) AO-P X AP-P  (3) 1.4+ 0.3 0.21 + 0.03 0.16 + 0.05
b) AP X APK- (3) . 1.2+0.3  0.08+ 0.010 . 0.077 + 0.025
&) NO-K X AP-P - (4) 1.2+ 0.3 . . 0.052+ 0.010 . ' 0.044°+ 0.011
ahror X Ahcog | » v ' (% e+ recombinants) . :
- from (111) - “a) AP X aheP (3) 2.8+ 0.5 . 0.66 + 0.20 - 0.25 £ 0.12
b) P X aheeC (1) 2.8 0.02 -
¢) a++-C X phe'P (1) 2.8 0.01 -
Table B )

AR
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following pages, they indicate the extent to which unlabeled (A-K)
.DNA can be incorporated into chromosomes that are recombinant in these

intervals and retain a parental AP HCM specificity (section IV-A.3).-

1) HCM-1labeled single recombinants

Té date, two genetic observations have been repofted that
relate to the iength and location of a segment of unlabeled DNA that
‘could occur in a singly recombinant chromosome retaining a parental
A+P HCM label. Arber and.Dussoix (8) found tha£ for a cross of
Ace+miK with density labeled Acmi++P in an E. c¢coli K12 host the fre-
quency of Acmi recombinants‘among the AP progeny was 40% that among
the ﬁotal progeny population and twentyfold greater than the frequency
of the reciprocal Ac+mi++P recombinant. The densities of the Acmi-P
recombinant progeny from this cross corresponded closely to those of

phages with semi-conserved or conserved Acmi+:P parental chromosomes,

(A+-P titer):(A+:K titer) was on the order of 10-3, the efficiency

of . plating (EOP) of A+‘K on the restricting pm- K12(Pl) indicator, as
monitored in control assays, was 2-4x10"2. (This same argument can
obviously be applied a forteriori with reference to the assays for total
A:'K and AP progeny phages.

B) While complementation and marker rescue among different Asus-P mu-
tantg, and to a lesser extent among Asus-P and Asus‘K phages (51, 216),
does occur in the restricting pm- indicator used to assay the A+-P re-
combinant progeny, the lower recombination frequencies assayed among
A-P progeny phages were still more than 100-fold greater than could be
accounted for on the basis of such artifacts in the titrations. This
point is illustrated by the following control assays.

For one of the preparations of infecting phages used in the crosses
shown in Table B, a mixture was made of equal numbers of AsusP3.P phages
that had an EOP of 3x10-7 on the gm-;indicator-strains and Asus029°K
phages, which had an EOP of L4x10~° on the pm- K12 indicator and a

(theoretical) EOP of 10-1l on the pm- K12(P1) strain. This mixture of
AsusP3°P and Asus029-K plated at an efficiency of 3x10"° on the restrict-
ing pm- KlZ(Pl) indicator, tenfold greater than the EOP of the non-~ g
restricted AsusP3‘P phages; this result confirms that some interaction
among these restricted and non~restricted mutants can occur in multiply
infected cells on the assay plate. The mixture of AsusP3+P and Asus029-K
had an EOP of 10~% on the pm- K12 indicator, due to complementation
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indicating that the unlabeled DNA contributing the mi allele consti-
tuted only a small portion of the "A-P" recombinant DNA strands. By
contrast, for crosses of A-P parental phages"inlanvg. ég}i C host, the
frequenéy of recombiﬁants in the h=~c intervélfis 25% as high among the
x-é ﬁrogeny as among the entire progeny population but the frequency of
A-P recombinants is_geduced more than 30-~fold if either of the infect-
ing phage types does not carry the type P HCM label (111) (Teble B). -
Importaq? factors in an interpretation of these results are the
relative positions of the h, c, and mi loci on the A genetic map (Fig; L)
and'the fact that most naturally occurring A recombinants are formed by
single crossovers (122) involving breékage end. reunion of the mating
DNA molecules (157). The observations suggest that particular “A<P"
recombinants can be formed at high ffequency from labeled X-P and un-
‘labeled chromosomes only if the minimum amount of unlabeled DNA inte- .-
grated into the selected recombinant type by a single breakage and re-

union (i.e., the length of DNA from the selected unlabeled marker to

among the mutants in the absence of restriction; similarly, a mixture

of Asuso29-P phages (that plated at 3x10~> on the pm~- &ndicators) with
equal numbers of the AsusP3+P phages had an EOP of 107" on both pm=- '
K12 and pm~- K12(Pl) indicators. However, among the Asus-P progeny from
the crosses of Asus029°K with AsusP3:P and Asus029-P with AsusP3:P, the
frequencies of A++P recombinants assayed on the pm- K12(Pl) strain were
0.1% - 0.2%. Moreover, the concentration of the critical phage types on
the assay plates was lower in the actual cross titrations than in the
controls cited (ca. 10 AP plaques per plate in the former case), so
that in fact less than 1% of any A+.P titer was attributable to comple-
mentation in multiply infected indicator cells. Comparable results

were obtained for the stocks of AsusQ73 and of AsusR5 phages and for
mixed preparations and crosses of AsusP3 with AsusQ73 and of AsusQ73
with AsusR5. ' ‘

C) Finally, neither Asus.P nor Asus++P revertants present in the cross
lysates as unadsorbed infecting phages could have perceptibly affected
the assayed A-P recombination frequencies. Before incubation of the in-
fected cells to lysis in the course of a cross, the level of free unad-
sorbed phages was reduced by treatment with anti-A serum to a titer
(confirmed by mock crosses) less than 1% that of the A.P progeny phages
in the cross lysate.
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the end of the chromosome distal to the selected A*P marker)vdoes not
exceed‘a certain critical lengﬁh. This critical lehgth may be regarded
as defining an ihterval at the extremity of the chromosome that either
contains HCM sites whose activity isvdispensablé or lacks altogether
sites of modification that are relevant  to retention of the type P
HOM label. |

This interpretation is illustrated in Fig. C, which showg-~for
various configurations of two markers in X~P_apd AKX chromosomes--the
At iecombinant products of a breakage and reunion in an interval on
the right arm of the chromosome. Chromosomes.formed by recombination
of ﬁwo AP molecules (Fig. C-a) would retain the type P HCM specificity,
whereas if the selected marker distal to the end of the chromosome were
contributed by a A.X parent (Fig. C-b) the reébmbinant would éontain
primarily type K DNA and would be restricted on a K12(P1) indicator.
In the event that the marker proximal to the end of the chromosome
were contributed by a A.K parent (Fié. C-c), the retention of the
type.ﬁvHCleabel would depend on whethef the length of unlabeled DNA
("LK") were within the limit necessary to avoid restriction.

The'model presented ih Fig. C is suppdrted b& the more complete
data obtained in the present study and presented in Table B. From

these results 1t is obv1ous that withln each 1nterval examlned the %

. overall recombination freguencies (Table B, column D) are the same

regardless of the configuration of HCM specifiéities in the. infecting .

phagé types, but the AP recombination frequencies (column E) vary

nE v _ . _
I.e., a site of Pl-mediated HCM for crosses of A*P and A+K phages
in a K12 host, a site of Pl- or K12-med1ated HCM for crosses of AP

and -‘A-C phages in & straln C host.
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‘Different typés of recombinant molecules that could result from a

single c¢rossover by breakage and reunion between y and B markers, on
the right arm of the A chromosome, for different configurations of
the markers in A°P and/or A<K parental genomes. The three cases de-
picted in this figure are drawn and lettered to correspond to the
three configurations of parental markers for each cross in Table B.

a) y+8+ recombinants formed from two AP chromosomes would be expected
to retain the type P HCM specificity.

b) Recombinants of a AP and a M<K chromosome in which only the rlght
terminal segments of the A-P molecule is retained would exhibit a A°K -
specificity because they lack critical sites of type P HCM,

¢) Recombinents of a A*K and a AP chromosome in which only the ter- -
minal segment of the A-K genome is incorporated might retain the type

P HCM 1abel 1f the extent of the A*K DNA does not exceed a critical
length - "L

>
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widely and the pattern is not the same in the different intervals.

For coﬁparing the numbérs of AP progeﬁy recombihants formed in the
various cases, the most convenient index is the ratio of the A.P recom-
bination frequency to the total recombination frequency (the "relative
frequency" shown in column F). | o

The maximum possible recovery of A*P recombinants in each in-
terval is defined by the results of the‘crosses in which both selected
markerg were contained inIX‘P parental phages (cases a in Tabie B and
Fig. C). By contrast, the relative frequency of A-P recombinants is
quite low when the selected marker distal to ﬁhe end of the chromo -
some is provided by & MK parental phage (cases b in Table B and Fig. C).
"When the selected marker proximel to the end of the chromosome is con-
tributed By a MK parent (cases ¢ in Table B and Fig. C), the type
P HCM label is well preserved by recombinants iﬁ the susQ73-susR5 in-
terval near thé end of the chromosome, but there are fewer labeled
progeny recombinant in the adjacenﬁ susP3~-susQ73 intérval, and there
is as little formation of A-P recombinent in the sus029-susP3 interval
as when the HCM specificities of the infecting phage types are reversed.
The results in the latter case are in essence the same as those for the
h-c interval, which brackets the center of the chromosome.

A principal conclusion to be drawn from Table“B'is summarized
schematically in Fig. D, which represents the inferred composition and
HCM specificities of the selected recombinants from the crosses”bf-h-P
and A*K typical of case s in Fig. C. The susP3 and susQ73 loci bracket .
the internal terminus of the segments of A-K DNA that can be accepted .
on the right end of a singly recombinant molecule retaining the type

P HCM label. Recombination between either b or ¢ configuration of-K-Pﬂ
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'The HCM specificities inferred (from thé data in Table B)

M

i) . . ‘

y*=susP3"P "= susQ73"K
AA
w
¥y =sus029"P B*= susP3*K
iii) W
Figure D.

for the singly recombinant genomes typical of case ¢ in
Fig. C that are formed in crosses over three adjacent
intervals on the right arm of the A chromosome. The rela-
tive frequencies of HCM-~labeled Ay+*3+eP recombinants in _
the different intervals imply that the interior limit of
the critical length Ly (Fig. C, text) lies between the

susP3 and susQ73 loci..

2 I
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and MK molecules produces a low absolute frequency of “X-P"_recom-'
binant in the sus029-susP3 interval, which is attributable to double
crossovers (cf., section AII-2 below).

For each inﬁerval, the pbtential for inclusion of unlabeled DNA

-in a selected A*P recombinant naturally affects the relative A+P recom-

binaxioﬁ~frequency observed for crossés of twobx°P‘parentai phage typés
(cases a in Table B and Fig; C), sincé it deteimines the extent to which
recombination 6f parentai AP and newly synthesized_h-K phages will con-
tribute to the assay for recombinants that retain the parental HCM
specificity. Indeed, the data in Tsble B furnish indirect proof that.
parental DNA strands participate in vegetative recombination throughoﬁt
the latent period. The relative frequencies of A:P recombinants (col-
umn F) for the case & and case ¢ crosses of xsusQ73 with AsusR5 imply
that the frequency of progeny that contain predominantly conserved or
semi-conserved parental DNA and are recombinaﬁt in this interval is
about 1.2 times the frequency of these recombinants among the entire
progeny population. Assuming that this relation holds throughout the
genetic map, the relative freqnencies.of AP rééombinants observed in
the other intgrvals examined in Table B indicate_fhat no moré-ﬁhan 10% -
20% of the recombinations of A-P phage are with a X-P partner, the re-
mainder occuf:ing between a AP and a newly synthesized éhage. |

The average length of the DNA segmenté from a MK molecule that
ma&“be incorpéfated on the right end of a "A¢P" recombinant chromosome
@aﬁ'ﬁe estimated if one assumes that the pfobébility.of a single cross~ .

_ R
over is uniform through the susP3~-susQ73 interval.

* o

This assumption is most likely an oversimplification of the true

case, since for as yet unknown reasons the susP3-susQ73 interval ex~
hibits an unusually high ratio of physical:genetic lengths (120).
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From Table B, the frequency of "A+.P" recombinant progeny formed in
crosses of AsusP3-X with AsusQ73‘P (case c¢) is 0.7% while the total
frequency of A'P parental phage that recombine:fof these markers is

about 1.2 x 2.5 = 3%. According to the mapping function for A (2),

the former recombination frequency correspondé to an interval about 1/7

the gbsﬁlute gehetic length (in crossover units) of the susP3-susQ73
interval. This interval is presumebly that poftipn of the susP3-.
susQ73 interval proximal io'the chromosome end, within which A-X DNA
may be incorporated without 1o§s of AP HCM speéificity (Fig. D). The
susP3 and susQ73 loci have been estimated to be -about 36% and %, re-
spectively, of the length of'thermolecuie from the right end of the
chromosamé (120). Therefore the average total length of the AK DNA
segment that may be incofporated on the right end of the A-.-P chromosome
is on the ordér of (36-7)/7 + 7 = 11% of the chrdmosbme.* If this seg~
‘"ment of A°K DNA is permissible in a chromosome-retaining the type P

" gpecificity only because there are no‘sites of.Pl-mediated HCM in this
intervai,vthis calculation may be reéaided as a crude mapping of the
location of that site 6f‘m§difiéation nearest to the rightvend of the
molecule. :

' 2) HcM-labeled double recombinants

‘The resolution of the assays for A°P phage types is such
that evén the lower A+P recombination frequencies reported here in

rable B are indicative of a real formation of A+-P recombinants in the

An analogous estimate utilizing the data of Arber and Dussoix (8) - .

for a single cross over the c-mi interval yields & similar value.

These approximations of the length of the permissible A<K DNA segment
mey be high, as more recent and direct physical mapping of the A chromo-
some (235) indicates that the cited values for the physical distances
from the susP3 and susQ73 loci to the end of the chromosome are probably
overestimated by as much as 100%. o ' :
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crosses rather thon a reflection of background noise in the assay
system.* The M-+P recombinants detected in the case b crossés (and in
the case ¢ crosses of XSu5029 with XSusP3) are probably attributable
to the incorporation by multipleirecombination of a segment of A'K DNA
‘intolthe'interior of a AP chromosome. The assay'for A*P. recombinant
progeny from thése'crogses of AP with AKX parental phages is a sel~
ection for phages that are doubly recombinant, With crossovers in ad-
jacent intervals on each side of the selected A°K locus, so that the
selected marker from the X'K phage type is inoluded within & chromosome
that retains the critical sites of Pl-mediated HCM from a parental AP
strand as well és the selécted allele from the A.P phage type. This
intorpretation is illustrated schematically in Fig. E.

| There are several indicationé that mostfof these HCM-labeled
double recombinants of A°P with A<K phages are formeq in the course
of a single mating event. Even over very long intervals of the A
chromosome, a threefold excess of double recombinénfs is obsefved over
that expected if éingle recombinations in two iﬂdependent maﬁings were
. necessarj to genérate a double crossover (122,‘2), In the present case,
an upper bound on the combined lengths of the intervals in which the
two crossovers must occuf.is setvby the locationé of the nearest re-
quired sites of Pl-oediated modification adjacent on each side to the
locus of the selected A°K ma?ker. "If there are 5-10 critical sites of
HCM more or less evenly distributed élong_the chromosome, the maximum

length of a A'K segment that could be integrated into a A-P chromosome

% ' .
See Table III (section II-I.) in text and footnote on the first
pages of this appendix.
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Figure E. A schematic illustration of different ways in which segments
of unmodified DNA including particular markets (y+) might be
integrated by double recombination into the interior of an
HCM~labeled (B+) chromosome. The lengths of the two inter-

vals Rl and R2 in which crossovers must occur to generate an

HCM~lsbeled recombinant genome would vary according to the
relative dispositions of the selected y+ and B+ markers and
adjacent sites of HCM in the labeled DNA molecule. These
factors would determine the frequency of HCM-labeled double
recombinants relative to the usual recoinnation frequency
between the genetic markers.
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would be.lo% - 20%'of the molecuiar length. Mosf double crossovers
within such short intervals of the A chromosome,ére due to the cluster-
ing of genetic exchanges in a single mating, i.e., the generalized neg-
ative interference is augmented by a high, localized negative inter-
ference (2). |

This inferenée éan be vefified directly from the data in Tablé
B. Recall that the frequency nf progeny containing a strand of pre-
dominantly parental DNA that are genetically recombinant for the markers
croséed--regardless of whether the recombinants havevretained a AP HCM
label--is about 1.2 times the recombination fréquency among the entire
progeny population (Appendix II-1 above). Then for the relevant crosses

the relative frequency in column F divided by 1.2 indicates the fre=-

'guency with which a crossover in the interval between the genetic mark-

ers is correlated with a second crossover outsiqe the selected MK
allele‘to preserve the A-P specificity of the recombinant genome. For
crnsses of AsusQ73-K with AsusR5°P (case b), recombination in the
susQ73-5usR5 interval is correlated with recombinstion in the interval
between the susQ73 locus and the adjacent HCM‘site to the left in about
(O.lz/l.z)leO = 10% of the cases. From the A-P recombination fre-
qnency'for.crosses-of AsusP3+K with AsusQ73°P (caée g), the frequency
of single recombinants from AP and A<K phages in the interval between
the susQ73 locus and.this HCM site can be estinated_as about 0.7% (ef.,
Appendix II-1), which would be the expected frequency of correlation in
the absence of interferénce. Since the generalized negetive inter-
ference should enhance this correlation by only about a factor of three
(122, 2j,'a further fivefold excess of double crossovers is attributable

to high, localized negative interference.
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It should be remarked that during most of the latent period
of‘thévphage infection, chromosomes carrying,a parental A-P HCM label
are a minority species within the K12 host cells ﬁecause of the ac-
cumﬁlétion of newly.synthesized X-K génomes: A polarity is thus in-
hergnﬁ in the recombination of A-P with A-K phageé in a K12 host, since
any particular genome will be more likely to mate with a A<K chromosome
than with a A*P genome. For example, it has been noted that no more
than 10% - 20% of the recombinations of A+P chrohosomes involve a
A-P parﬁnei, the balance occﬁrring between A-P and A:K partners. This
natural polﬁrity is antagonistic to‘the formation of HCM-labéled-double
recombihants of AP with A-K phage fypes 5y independéht'crossovers;
which would require the participation of a single A-K genome in each
of two successive matings with differeﬁt X-P chiomosomes. |

| The sketches in Fig. E illustrdte that,'fér a particular cross,
the apparent efficiency with which HCM~labe1ed‘reéombinants éregformed
by double croséovers betweén labeled and unlabeled genomes may.depend
on the 1ength éf the interval between the genetic markers examined,
the disposition of required modification sites-adjacent to the lqcus.
of the selected marker from the unlabeled (A-K) chromosomé, and the
length in relation to these intervals of the clﬁsters of genetic ex-
chénges.that.give rise to double crossovers. Variétions in these fac~
tors no doubt account.for the different frequenciés ﬁith which such

doubly recombinant progeny are formed in the different crosses.

For intervals toward the center of the chromosome, the fraction

of AP recombinant progeny from crosses of two X?P parental phage types -

that is attributable to double crossovers betwéeh AP and newly syn-

thesized A°K genomes is indicated by the AP recombination frequenciés
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for case b plus case g_crosses relative to case a crosses. The results
in Table B imply that for crosses of Asus029°P wiih AsusP3°P approxi=-
mately 75% of the A+:P recombinant progeny are formed in recombination
évents that involve onLy one AP chromosome. : Although recombinants
formed from two A-P phages may preserve the HCM lebel with 100% effi-
ciency while recoﬁbinants formed by croséove;s between A*P and A°K
phagesvoniy retain the HCM label with an efficiency on the order of 5%?
events of the latter type occur much more frequently within the host
cell, so that in this instance they contribute a majority of the A+.-P

recombinant progeny.
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Appendix III: An H&pothesis Concerning.the Nature of UV-Inactivation

and UV-Reactivation of Bacteriophage A--A lethal defect which may

occur in semi-conserved UV-irradiated genomes

Experimgntal results shown in Figs. 26 and 27 and discussed in
section IV-C of the text indicate that with increasing UV dose to A-P
phages multiply infecting E. coli K12 bacteria there is é marked de-
crease in the relative recovery of HCM=-labeled A+P progeny phages.
Assays of the relative viability on HCR+ and HCR- indicatoré of those
A-P progeny which are recovered from excision-defective uvrA host cells
suggest that the HCM-labeled progeny contaih mainly conserved parenﬁal
DNA (éecﬁion IV;C.l). In contrast, direct measurements in other labora-
tories (8, 157, 120) indicate that most of thé HCM-labeled progeny frqm
comparable multiple.infections with Eggrradiated phages contain semi~ |
conserved parentl DNA. - |

- These findings mﬁy be viewed in light bf circumstantial evidenée
that UV photdprodﬁéts’cah be byp;ssed during the replication of irradi—.
'Ated_x phage DNA (section III-A.2) and of observations that UV-
irradiéted A DNA is subject to nuclease degradaﬁion within the host
bacteria which is associated only in part with.excision-repair processeé
(127, 50, 183). A primary component of the UV-induced decrease in A-P
recovery could be due to a selection against recovery of semi-conserved 
parental DNA that derives from susceptibility t; degradative nuclease
attack‘of defects caused by replicatibn-bypass of UV photoproducts (sec~
tion IV-C.2). Although other explanations certginx& cannot be excluded, 
this ihterpretaxion has the merit of sﬁggesting a more general hypothesis

which would delineate the nature of a major lethal defect that may occur

€
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in semi-conserved UV-irradiated.DNA and would account for the phenomenon
known as UV-reactivation and perhaps for certain aspects of UV mutagen-|
esis. Before detailing this hypothesis further, it is worthwhile to

briefly review some pertinent characteristics, of UV-reactivation.

The tefm UV-réactivation (UV-R) dénot;s_the phenoménon in which:
light ﬁV-irradiation of the host bacteria enhégcés the survival of UV~
irradiated dependent coliphages (230, 129, 183). Under optimum condi-
tions (ca. 500 ergs/mm2 to HCR+ host cells), on the order 5f 50% of |
lethal UV damsge to A phages can be neutralized by this effect. On the
other hand, high uv dbses to the host bacteriavcauSe a maiked decrease |
in the relative survival of irradiated dependent phages (67, 129, 15k4),
presumably beééuse the’depression of phage susival caused by UV damageh
to ‘the HCR capacity of the host cells exceeds any enhancement of sur- |
vival effected'by UV-R. Thus dose-response curvés'for UV-R, in whichv
the survival in single infection of phages irradiated with a constant,.f
UV dose is{plqtted against the UV dose to the host bécferia, are typically
bgll-shaped aﬁd‘are characterized by a maximél ﬁV-reactivation effeét for
a relétiﬁely low, optimum dose to the host..

ihe pfocesses of UV-reactivation and host_cell reactivation
are not independenﬁ of eacﬁ other (80). Typically, the optimum dose
for‘UVeR is substantiaily lower, and the maximum reactivation effect
is siénificantlyvless,'in excision-défecti&e HCR=~ host_bacterié than
in HCR+ host strains (80)--although there is some phenotyﬁic variation
among the different excision-defecti&e mutants (15h, 182). In view of"l
fhe apparent correlation between ;ccurregce of HCR and UV-R énd the

_ | ,
observations concerning nuclease degradation of UV-irradiated A DNA,
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Harm has advancéd the proposal that UV-réactivaﬁion is due to per-
turbation of an equilibrium in unirradiated hoép bacteria between
antagonistic processes of HCR and nuclease'degrédation of the irradi-
ated phage DNA (80, 183); under the approPriate'éonditions, UV photo-~
produéts in the bacterial (or other heterologous)vDNA-might facilitate
survival of an irradiated dependent phage génomé by preferentially in-
hibiting nuclease degradation, relative to HCR, of the phage DNA.
There aré several difficultiesvwith this hypothesis, but evidence has
récentlj become available to permit its further elaboration with re-
gard to the UV-reactivation of A bacteriophage.

First, HOR- bacterial strains mutant at the uvrD locus (Table I),
which are not defective in excision but ére unable to perform a later
step of HCR, exhibit characteristics similar to those Qf uvr+ bacteria
with respect to the UV-reactivation of A (168).’ This implies that it
is the excision function rather than the ovéréliféioééés of HCR (excision~
repair) which plays é role in the mechanism ovaV-reactivatioﬁ.'

_ fSecond, UV=-reactivation of.k is not observed in recA mutant
host bgcteria"(l68, 134), implying that a brdcess dependent on the recA
allele of the cell is also an essential element in the mechanism for
UV-reactivatién of A phage. The different characteristics for UV~
reactivation of A in recA and uvrD mutant hosts supports the view
(section iII-A.a) that the recA alleéle affects.a DNA repair mode in
A other than excision~repair. As discussed in the text (cf., sections
I-B.2, 3), it has been proposed that certain REC- mutations prevent
succéssful post-replication repair in the bacterial DNA of defects--
thought to be single-strand gaps in a neﬁly synthesized DNA strand, .

apposed to unexcised pyrimidine dimers in the template strand--which
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Tesult from»replicatioq-bypass of‘UV photopréduéts (184, 109, 108);
and there is some evidence for’a-similgr replication-bypass/post-
replication repair mode, partially dependent on the recA allele of
the host bacteria, in UV-irradiated A phage DNA (section III-A.2).
These observations suggest that the equilibrium between antagon-
istic processes which is perturbed in UV-reactivation is‘not between
host cell reactivation and nuclease degradatioh of the irradiated phage
DNA, but between excision and degradative functions on the one hand
and post-replication fepair processes involving the recA gene on the
other, and that part of the UV-induced decrease in recovery of HCM--
labeled progeny phages is a reflection of the degradétive activity in
unirradiated host bacteria. A way in which these processes might

interact is described below.

Genomes containing DNA with gaps caused by replication-bypass
of UV photop?oducts would exhibit a marked susceptibility to inaétiva- '
tion'by fragﬁentatipn and/or nuclease degradation, even in bacteria pro-
ficient in post-replicatioh repair, if healing:of the gaps could be de;
1§yed‘or prevented by the‘intervention of & third faétor -=- to wit,
the occasional binding of excision‘endonuclease to a bypassed photo-
product in the parental DNA strand opposite an unrepaired gap in the
newly synthesized complementary DNA strand. Whilé ihe exciéién enzyme
could not act to correct @he photoproduct in the single-stranded sub-
strate (182, 249, 109), its presence might inhibit the post-replication o
repair ﬁrocesses from closing ﬁhe apposed gap béfore the onset of ir-
reveréible nuclease degradation, or it might occasionally cut the single
intact strand (172b) and thereby cause & double-strand scission of the

‘genome.
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A competition between post-féplication repair processes on the

one hand and excision and degradative functions on the other might thus

influence the fate of the double-stranded defect resulting from replica- -

tion-bypass. Whereas there could be a successful closing of.thé gap
followed by excision-repair of the bypassed photOproduct in the parental
DNA strand, the binding of ekcision enzyme to a éhotoproduct prior to
healing of the épposite gap would sometimes preclude the realization of
either repair dperation. The sequence would influence whether both
elements of fhe double=~stranded defect could.be corrected orbwhether
interference among repair processes would render the molecule inviable
and vulnerable to nuclease degradation.proceeding from an attack upon .
the "stabilized" gap or following a double-strand scission.

The frustration of post~replication répair of one or more such-
double-strénd defects in each pf the daughter éhromosomes of an irra-
diated genome would cause it to be ihviable eﬁen though it had been
able :to complete an initial round of replication bast the unexcised UV
photoproducts. Any perturbation that facilitateg'post-rgplication re-
pair of justrthe initial replicas of an irradiated A phage genome, so
that a further round of replication will result.ih at least one intact
and viable chromosome composed entirely of neﬁly synthésized DNA, wouldv
increase the assayed survival of the irradigted‘:infecting phages. Thus
light UV-irradiation of the host bacteria might'at least temporarily |

effect a competitive inhibition of the binding of excision enzyme to

bypassed photoproducts and of nuclease activity; for relatively low UV :

doses tb the cells,_the'consequent enhancement of phage survival could
more than offset the effect of UV damage to the overall HCR and post- '

- replication repair capacities of the host bacteria. Such a phenomenon

-«
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would correspond preciseiy to the obserﬁed‘UV-reéctiQation of A
phﬁgéé; | |

The details of this model mustvof courée be viewed as specu-
‘lative, since at present little is known céncerning thé exact enzymatic. .
réactions which effect excision of photoproducts: and healing of bypass
gapsg.however, this scheme is perfectly consisten£ with the experimental
observations noted above:

(a) The UV-R of A phage is smaller and occurs at lower UV
doses po the host for gxcision-defective HCR~ (uvrA, uvrB, and uvrC)
host bacteria than fof excision-proficient HCR+ and uvrD host strains
(80, 182, 168). This can be understood if unéxcised photoproducts in
thé host DNA competitively inhibit binding of excision enzyme to lesions
in the phage, while the sector of potentiélly lethal damage in the phage
that is susceptible tovUV-reactivation is dependent upon the activity of"
the host excision functidﬁ. The exact UV-R phenotype of various excision~
defecﬁi&e mutant hosts would vary.according to the ability retained by
the mutaht enzyme to bind, and perhaps to cut, the irradiated DNA.

(b) UV-R of A phage does not occur in recA host bacteria (168,
134), which may be defective in cellular post-replication repair processes
in any éase (184, 109). The relevance to UV%R‘éf aﬁy component of post-
replication repair mediated by <the red genes of the phage is not cleaf;
apﬁareptly the UV-R of.kred' mutent phages has nét yet been investigated.

- (c) Theshypothesis pfedicts that, due to nuclease attack at the

sites of "stabilized" double-strand defects, there would be a substan- ..
£ially lower réco#eryiof semi-conservéd parénﬁal DNA iﬁ the progeny from
inféctions_with UV-irradiated than with unirrédiéted phages, consistenﬁ'
with the UV=-induced decrease in reéovery of HCM-labeled progeny phages

indicated by the results in Figs. 26-28 and discussed in section IV~C.
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Furthermore, the degradation of irradiated DNA ih both HCR+ and HCR~
cells can be éuppressed by UV~irradiation of'ihe host bacteria (505.
The details of the selection against éemi-conserved irradiated
DNA would differ somewhat in the multiple infections of the wild type
uvr+ and the excision-defective uvrA host strains (section IV-C).
Assuming for simplicity that at similar survivals of the infécting
phages in the two host strains comparable numbers of UV photoproducts
are bypassed during ihitial ;eplications‘of the pérental genomes, the
efficiency of inhibition of post-replication repair gvents in the
initial replicas would presumably be lswer in the uvrA host, which re-
tains only residual excision activity, than in the uvr+ host. On the
other hand, in the uvr+ host strain photoproducts in the parental DNA
strands not eliminated prior to the initial replication, and not trapped
in-stabilized double-strﬁnd defects in the initial replicas, would

ultimately be removed from the parental DNA by continuing HCR; in the

uvrA strain, the repeated replication of parental DNA strands with un- -

excised pyrimidine dimers would amplify the opportﬁnity for inhibition .
of poste-replication repair and/or nuciease action at the sites of bypass
gaps. Thus, relative to the UV éurvivals of the infecting ﬁhages, the
ovérall loss of semi=-conserved parental DNA in progeny phages need not

be much more pronounced in the uvr+ host than in the uvrA host strain--

consistent with the kinetics that characterize the UV-indﬁCed decreases .

' in recovery of A°P progeny shown in.Figs; 26 and 27.

The general hypothesis outlined above is.also pleasingly come.
paﬁiblé with several:other key experimental findings;

(d) The UV-reactivation effect observéd for the single-strandea
DNA coliphages S13 and #X17h is distinctly different from the bell-

shaped dose-response found for double-gtranded dependent phages; with
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increésing UV dose to wild type host bacteria thg survival of the single=~
stian&ed phages extracellularly irradiated with a constant UV dose rises
to a pléteau (217, 183). The extracellularly.irradiated single-stranded
genomes are not repairable by HCR (182, 249), but it seems likely that
uv phdtoproducts can be "bypassed" during synthesis of the initiai
doublé-stranded replica&ive form (RF) on an irradiated template since
the PX174 viability is inactivated at a rate fivefold greater than RF
formation (151) and these phages exhibit UV-enhanced recombination (219,
185); from these facts one might infer that the viebility of a genome
with UV photoproducts in only one strand is not enhanced by excision-
repair of those lesions. Irradiation of the host would inhibit the
stabilization of double-strand defects in the initial RF due to binding
of exéision enzyme, but at high UV doseé to the cells the UV damage to
the HCR capacity of the host would not significantly affect phage sur-
vival. Hénce the UV-R curves for §13 and fX17h4 would be expected to
rise to a plateau with increasing UV dose to the host, as is observed
experimentally.

| (e) It has recéntly been proposed that UV-induced mutations
in the bacterial genome may be a consequence 6f'err6rs in post~
replication healing of géps that result invnewlylsynthesized DNA strands
from thé replication~bypéss of photOproduété in the'template strand | |
(21+3a; 28). This idea is apparently supported by‘the findihgs that
UV-inducéd mutations do not occur in E. gg}i.B exr- cells (2k2, 28),
IQ. g_(_)}_i_. K12 recA bacteria (163, 2U3b), or in A phé.gg infecting recA ho‘sv;:.
celis'(l63)--where these bacterial mutants are thought to be deficient
in post-replication repair processes. One mightvthen_anticipatevthat

alperturbation which would enhance the efficiency of post-replication
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repair in A phage would also increase the frequency of mutation in the
irradiated phage DNA., Consistent with this exﬁectatidn and the mechan-
ism for UV-R suggested above, light UV~-irradiation of the host bacteria
enhances the frequéncy of mutations induced by.UV—irradiaxion of the
infecting M phages (230, 129, 163) just as it simultaneously enhances
the phage viability. |

(f) Finally, also consistent with the general model is the
effect.of‘caffeine upon each of the component phenomena considered
above. . Treatmént of the A infected complexes with caffeine.causes a

suppression of HCR (84), a decrease in the optimum dose to the host

cells for UV-R (183), an enhancement of UV-induced mutation--as assayed

in bacteria;-(lhs), and a virtually complete inhibition:of nuclease
degradation of UV-irradiated DNA (50). 1In the context of the hyﬁothe-
sis outlined above, all of these results are expiicable on the bésis
of a caffeine inhibition of the binding of excision.enzyme to UV |

photoproducts in the UV-irradiated DNA.

The magnitude of the UV-reactivation effect for UV-irradiated

A phages in wild type host bacteria (230, 80) implies that 50% or more

of the lethal UV hits to A phage infecting unirradiated host bacteria

may be attributable to stabilized double-strand defects of the type en-

visioned above, in which binding of excision endonuclease to a bypassed

photoproduct in semi-conserved parental DNA forestalls the post-

replication healing of a gap at the site of bypass and invites nuclease

degradation of the genome. An impressive characteristic of this model .

is the implication that the UV-induced decrease in recovery of HCM-

labeled infecting phage DNA, UV-reactivation, and the efficiency of UV

0
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mutagénesis hay all be_ielated t0 a single complex interaction of
excision-repair functions, the recA deﬁendent ) repair mode, and -
degradative actibn on A bhage.DNA that has been replicated following
UV-irradiétion. | | |

The éenera.l model propbsed here might also account fpr a por-
tion of the leth;l damage to UV-irradiated bacteria (for which theré
is no opportunity to dbserve such phenomena as UV-reactivation). From
experiments concerning the dependence upon dose rate of the UV-
inactivation of §3'22££; Harm has shown that excision-repair of a
lesion while the irradiated cells are held in buffer may be inhibited
by the preéence of additional repairable lesioﬁs and inferred that many
of the lethal hits to bacteria‘irradiated at high dose rates may be
attributable to interferénce between individual excision-repair events

(85). ‘Such interference might derive from interactions closely analo-

~gous to those suggested above. It is possible that interference between

excision~ and post-replication répair processeé might account for the
sector of lethal hits which Harm observed to be independent of dose
fciidwiﬁg the achievement of an equilibriumvbefﬁeen inactivation and
repair at low dose rates. |

These ideas must remain specuiative at least until fﬁrther
information ié available concerning the intraceilular enzymatic reac- -
tions which are involved in excision and, in particular, post-
replication repair. Butiit-woﬁld indeed be ironic if a principal

source of inactivating UV damage in microbial organisms were lesions

occasioned by interference between DNA repair processes striving to

preserve the integrity of the genome,
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