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I. GENERAL INTRODUCTION
A. An introduction to Streptomyces coelicolor

1. Streptomyces coelicolor

The protokaryote nature of Streptomyces coelicolor was revealed
by its cell wall composition (Cummins and Harris, 1958) and its fine
structure shown by electron microscopy (Glauert and Hopwood, 1959,
1960, 1961 ; Hopwood and Glauert, 1960). Thus it had a gram=positive
cell wall containing sugars, amino acids and amino sugers, including
di~amino pimelic acid, and its fine structure showed membranous
mesosomes, fibrillar nuclear material, protoplasm dense with ribo=
somes, but no nuclear membrane or mitochondria and no mitotic
apparatus., Later, genetic studies showed it to have merozygotes
and a circular genetic map which were both features possessed by
other protokaryotes, such as E. colz.

The following considerations illustrate the 'suitability of
S. eoelicolor for genetic studies. Its vegetative and sexual life
cycles are short, three to four days, in which time a single haploid
spore can germinate, produce substrate wmycelium, aerial hyphae and
then haploid spores, as was shown by phase-contrast observations,
(Hopwood, 1960). The spores are long~lived since sporulating slant
cultures remain viable for more than a year. Up to 108 spores are
obtained from & fresh slant culture. These spores are readily
suspended in sterile water, and can be treated with a variety of
mutagens. The wild~type strain, A3(2), grows on a simple defined
medium, (see Section II), enabling meny different auxotrophic

mutations to be obtained. A sporulating culture of S. coelicolor



as discrete colonies or confluent growth on agar plates is readily
replicated by a velvet pad to fresh agar plates, enabling screening
of large numbers of spores, once they have grown to individual
colonies, and therefore detection of rare mutants or recombinants.
2. The Genetic System of S. coelicolor.

Recombination was first demonstrated in S. coelicolor strain I.S.S.
(Sexrmonti and Spada=Sermonti, 1955, 1956) and later in S. coelicolor
strain A3(2) (Hopwood, 1957), the strain with which nearly all
subsequent genetic studies have been made. Recombination occurred
with variable frequency between any pair of the derivatives of A3(2);
however, recombinants were always infrequent and were obtained for
analysis by selecting them from amongst the bulk of asexual progeny
by growing the progeny on media lacking nutrients required by the
parent strains. This analysis at first revealed three linkage groups
(Hopwood, 1959) which constituted a genome probably more than 200
recombination units long; later these became two linkage groups
(Hopwood and Sermonti, 1962; Hopwood, 1965a).

When recombinants for closely linked markers were selected amongst
the progeny of & cross, two types of colony appeared on the selective
plating medium. The first type were larger regular shaped colonies,
vhich yielded haploid spores all of the same genotype, indicating
that the original cell was haploid. The second type, detected by
their insbility to replicate to the same selective medium as that on
which they were grown, were smaller irregular shaped colonies, which
produced a large majority of haploid spores with a variety of genotypes,
vhile the minority retained the property of producing spore progeny
with variable genotypes. This second type of colony was called a

2



heteroclone (Sermonti, Mancinelli and Spada=Sermonti, 1960).

Analysis of the genotypes of the haploid progeny of individual
heteroclones revealed that. complementary genotypes were not equal in
frequency as they had been amongst haploid recombinant progeny of a
cross as a whole. It was characteristic of heteroclones that, for
each linkage group, recombinants containing at least one allele were
deficient, or even absent, and the effect was not allele specific
comuonly all of one parental set of alleles for one linkage group was
missing. These findings were later interpreted (Hopwood, Mancinelli,
Sermonti and Spada=Sermonti, 1961), to mean that the heteroclones arose
from heterogenotes, that is partially diploid cells, in which one or
more segments of either parental genome vere missing and consequently
alleles coupled to the missing regions entered haploid recombinants
with reduced frequencies.

The variety of genotypes found in the progeny of heteroclones
that were heterozygous for.several markers indicated that the
heterozygous condition was replicated many times before haploid
segregation took place. Second order heteroclones were obtained on
selective medium, especially if hyphae of first order heteroclones,
rather than spores, were used as the inoculum; these heteroclones
frequently showed more extensive deletions than their progenitor.
(Hopwood, Sermonti and Spada~Sermonti, 1963).

Individual heteroclones provided a means of non-selective
genetic analysis of their heterozygous region, and collectively of
the whole genome. The effects on segregaetion of deleted regions
could be taken into aécount, so that estimations of linkage could
still be made (see Hopwood and Sermonti, 1962, and Sermonti and

3



Hopwood, 1964, for a review of the genetics of S. coelicolor at this
stage). These analyses confirmed and extended the findings of the
earlier selective analysis. Hopwood (19G5a) later summarised the
genetic techniques and their results for 28 loci, which still fell in
two linkage groups of about 60 and TO recombination units each.

The next step was taken when the two linkage groups were shown to
be parts of a circular linkage map (Hopwood, 1965b). It was found
that the segregation pattern of non-selected markers at both ends of
one linkage group amongst recombinants selected for markers in the
other linkage group was strongly dependent on the selection applied,
and thus that the two linkage groups were connected at each end.

The intervening regions must have been long, since all the markers

in different linkage groups showed 50% recombination in heteroclones.
This finding did not distinguish between a circular chromosome, or a
linear chromosome that either was circularly permuted or else had
constant ends, with viable recombinants arising only by even numbers
of crossovers during the sexual process. That the chromosome did
not have constant ends was later shown by ‘phenotypic' analysis of
heteroclones (Hopwood, 1966b). A large number of individual
heteroclones obtained from one cross, selected to be heterozygous

for a pair of Eomplementing closely linked histidine (%A7Zs) mutations,
were analysed as & whole for heterozygosity or hemizygosity of a number
of markers distributed throughout the genetically marked regions of
the map. Practically all the heteroclones were heterozygous for a
continuous segment of the genome, of variable length but always, of
course, including the Ais region. The heterozygous regions of

different heteroclones overlapped to cover the whole of the genome
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and thus the genome did not have constant ends. The data did not
distinguish between closed genomes or genomes that were linear but
circularly permuted. This distinction has still not been possible
although as & working hypothesis the genome has been assumed to be a
closed circle (Hopwood, 1967Ta).

There were certain features of the distribution of genes on the
recombination map of S. coelicolor (see Figure 1), Firstly the known
genes were concentrated in two regions separated by large ‘silent’
regions, each about ¢ of the total map; this uneven distribution
included many temperature~sensitive mutations which might have been
expected to occur in genes concerning a greater variety of processes
than the bulk of the existing mutations which were concerned with
biosynthetic processes (Hopwood, 1966a). Thus the silent regions
contained genes controlling as yet undetected functions, or they were
possibly regions that were not long in physical terms but in which
recombination was abnormally frequent.

Secondly, there was some clustering of functionally related
genes, suggesting the existence of operons (Hopwood, 1965a, 1965c);
other functionally related genes were found to be arranged approximetely
diametrically in the two well wmarked regions of the map. Thus there
were two sequences of genes (or clusters), one in each arc, containing
functionally related genes at corresponding positions in the sequence,
for which Hopwood (1967b) suggested an evolutionary origin.

With the knowledge of genome circularity, Hopwood (1967a) analysed
the progeny of a cross containing markers widely distributed over the
geneticaily narked segments of the map. He made six possible
selections for recombinants between adjacent markers and found that,

5



FIGURE 1. The linkage map of Streptomyces coelicolor.
From Hopwood (1967a) with later additioms.

The circumference of the circle equals approximately 260 centiMorgans.
The gene symbols indicated outside the circle and referred to in the
thesis are explained in Table 9. Numbers inside the circle indicate
the positions of indispensable temperature sensitive mutations.
Brackets indicate unordered genes. Genes separated from s group of
other ordered genes by dotted lines are unordered relative to the

members of the group.
5a



amongst each of the six samples of recombinants, the highest unselected
recombination frequencies occurred in the regions immediately next
to the region between the selected markers in which recombinetion was
obligatory. The simplest explanation for this was zygote incomplete-
ness; the region between the selected markers had to be heterozygous
in order for recombination to yield a viable recombinant and the
flanking regions would be more likely then distant regions to be also
heterozygous and so contain unselected crossovers. There was no
evidence for negative interference in the heterozygous regions of
heteroclones so that negative interference as an alternative to zygote
incompleteness in explaining these findings seemed unlikely. There
was a negative correlation between non=selected crossovers in the two
flanking intervals, favouring a model in which each merozygote contained
a whole genome from one parent and a fragment from.the other rather
than one in which the contributions from both parents were incomplete.
Each parent appeared to contribute the whole genome with about the
same frequency, and the fragments had ends at random positions
throughout the genome.

On the basis of this model for zygotes, Hopwood (1967a) proposed
a model for the origin, by recombination, of heteroclones on the one
hand and haploid recombinants on the other (see Figure 2). The
segregation observed within the progeny of many individual heteroclones
was compatible with this model, according to which a plating unit
which could yield a heteroclone was derived from a merozygote when an
odd number of crossovers (usually one) occurred in the disomic region,
with the crossover usually near one end of this region. The

terminally repeated genome thus produced could then replicate many
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Model for the origin of heteroclone and haploid genomes

FIGURE 2.
from merozygotes (Hopwood, 1967a).

Merozygote

1l erossover .2 crossovers

e.g, in interval 1 e.g. in intervals 1 & 3

C

M

A 3
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1 a d
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genome

Haploid

genome

Several cycles of replication before ho Oﬁepllzationly}g;dil
random haploidisation yields a miogeneous haplold clone.

heteroclone.
The cirele and arc represent the genome contributions of the parents

to thg merozygote, Letters indicate marker alleles. Numbers between
the circle and arc indicate intervals referred to in the text.
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times during the growth of the heteroclone. The haploid progeny of
a heteroclone would arise by further single or higher odd numbered
crossovers which could occur in different places in different genomes
within the same heteroclone colony, and this would explain the variable
haploid progeny. Thus in the heteroclone genome in Figure 2, a will
enter the haploid genome whenever the second crossover is in the
intervals 2, 3, 4 or 5, and 4 only when it is in the interval 1;
therefore a should be much more frequent in the haploid progeny than
A. Similarly the frequency of D should exceed the frequency of d,
with intermediate ratios for the intervening pairs of alleles. The
allele frequencies observed amongst a random sauple of the haploid
progeny of a single heteroclone will form, therefore, two opposing
gradients, &scending from a minimum for the alleles in coupling with
genome ends to a maximum for the alleles in opposition to the ends.
This situation was observed in most heteroclones. Most of the
remainder had allele gradients compatible with the first crossover

in the formation of the heteroclome occurring, not at the ends, but
somevhere else in the disomic region (in intervals 2, 3 or L).

Haploids would arise by an even number of crossovers within the
heterozygous region of a merozygote (see Figure 2).

One major feature of this model was that heteroclone genomes were
recombinant structures, and one way to test this would be to attempt
heteroclone selections between strains, one or both of which were
defective in recombination. Certain predictions could be made about

the consequences if heteroclone genomes were recowbinant structures.



3. The possible consequences of heteroclone selection in crosses
with rec parents.

Firstly, consider the effect of selection for heteroclones
amongst the progeny of a cross in which one parent was recombination
deficient (rec). If this mutation were recessive and located close
to the points of selection, then it would be expected to have little
effect since this region would be disomic in almost all zygotes.

If, however, it was distant from the points of selection, then all
zygotes in which the rec allele was hemizygous (those zygotes which
contained a complete genome from the rec parent) would not be

expected to produce heteroclones. This situation would be revealed
by using the ‘phenotypic! analysis of Hopwood (1966b) which determined
whether haploid progeny of a particular heteroclone were all of one
allele type or of both allele types for any unselected heterozygous
markers in the cross. The heteroclone population would be expected
to be polarised, with heteroclones arising almost entirely from zygotes
containing a whole genome from the rec' parent and & partial genome
from the ree parent. The progeny of heteroclones showing the
opposite polarity should be heterozygous for a continuous sector from
the points of selection to the ree location.

Secondly, consider the effect of selection from ‘the progeny of a
cross in which both parents were rec. If there were an absolute block
to recombination then certainly haploids, and in addition heteroclones
if they were recombinant structures, should be absent from the progeny.
If the rec mutation resulted in a partial block in recombination,
reducing the frequency of crossing=over, then amongst the reduced

recombinant progeny of the cross, a higher fraction might be
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heteroclones (arising by single crossovers) compared with the
equivalent heteroclone selection for ree+ parents. These hetero=
clones should also be much more stable. This would present the
problem of satisfactorily distinguishing stable heteroclones from
true haploids. The following criteria might serve this purpose.
Firstly, stable heteroclones due to hemi= or homozygosity for a rec
mutation would still segregate haploids with variable genotypes at a
low frequency, provided the block to recombination was not absolute.
Secondly, if heteroclones could be selected from a combination of
rec parent strains with the marker arrangements of Figure 3, then
stable heteroclones with a long heterozygous region would have a
phenotype which would be a rare multiple crossover class for a
haploid, especially in a cross presumably having a reduced recombination
frequency.

It thus appeared that the availability of rec mutations in
S. coelicolor should allow a test of the hypothesis of heteroclone
origin and they were therefore sought.

4. Rationale for the selection of reec mutants.

Rec mutants were first isolated in E. coli K12 by Clark and
Margulies (1965) from a mutagen=treated F Zleu ade” strain, detected
as ree in crosses with an Hfr strain. When F cells are mated with
Hfr cells, the latter donate their DNA in a polarised manner in that
all Hfr cells of a given strain begin donating at the same point on
the genome and the donation proceeds with the same order of genes
at the same rate. Thus all conjugating cells behave genetically in
the same way. The mutagen treated F cells were spread on agar

plates and incubated to yield colonies. These were replicated to
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FIGURE 3. Parental marker arrangements for a cross between leaky
rec parents enabling selection of probable heteroclones
from haploid recombinants.

Merozygote

1 crossover Crossovers in intervals

e.g. in interval 1 1,2, 3, 4, 5and 6

Heteroclone Haploid
genome genonme

Both types of recombinant have the same wild~type phenotype but the
heteroclone genome requires only one crossover (that can occur anywhere
in the heterozygous region) whereas the haploid genome requires six
non-randomly distributed crossovers and is therefore likely to be the
less frequent type.

+ represents wild-type alleles.

Lower case letters represent mutant alleles.
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a lawn of Hfr Zeu+ ade cells obtained by spreading a drop of a dense
suspension of cells on an agar plate selecting for leu" ade”
recombinants. In this way each individual F colony was crossed
with the Hfr strain. Any zygotes formed on the plates and yielding
a suitable recombinant would give rise to a colony, and this occurred
with a characteristic density of recombinant colonies for the majority
of rec” ¥ colonies. A number of F colonies containing a mutation
affecting recombinational ability were identified by the much lower
density of recombinants that they gave. Clark and Margulies were
able to confirm that the reduced ability of two of these F  strains
to yield recombinants with Hfr strains was at the level of recombination,
rather than at the conjugation level, or due to intracellular breakdown
of donated DNA. These rec mutations were slso shown to render the
strains UV sensitive.

The property of UV sensitivity conferred by the rec mutations in
E. coli was usc-d as the criterion for attempting to isolate rec
mutations in S. eoelicolor since at the time a test of recombination
similar to that devised by Clark and Margulies could not be applied,
depending as it does on the different roles (donor and recipient of
chromosome fragments) played by the two strains in a cross in E. col<.
However, by no means all UV sensitive mutations in E. coli were
associated with recombination deficiency and thus many UV sensitive
mutations in S. coelicolor that did not affect its recombinational
ability were expected. Nevertheless it was a reasonable expectation
that UV sensitive mutations should include at least some of the desired
rec type.

In view of the fact that none of the UV sensitive mutations

10



discussed in this thesis has in fact been shown to affect recombination,
a summary of UV sensitive mutations as a whole in E. col? and other

micro=organisms is appropriate here.

B. Radiation sensitivity in Escherichia coli.

1. UV and X=ray Sensitivity in Escherichia coli B.

The first UV sensitive mutant in any micro-organism was isolated
and described in Escherichia coli B (Hill, 1958) as one of 22
survivors of 2.2 x 106 cells exposed to a high dose of UV,  Sub~
sequently eleven other UV sensitive strains were isolated in the
same way and described by Hill and Simson (1961) and Hill and Feiner
(1964). Table 1 summarises their findings. Two of the UV
sensitive mutants (Bsl and Bs2) were also X~ray sensitive (Hill and
Simson, 1961); Bsh, BsS, Bs6, BsT, Bs9O, BslO and Bsll were also
stated to be X~ray sensitive by Chung and Greenberg (1969) but no
data on these mutants appear to have been published. The mutants
differed in the extent of cell elongation after UV, a property typical
of strain B, and also in their sensitivities to crystal violet and
furacin. Four strains, Bsl, Bs3, Bs8 and Bsl2, were unable to
support the development of plaques by UV irradiated Tl bacteriophage.,
a phenomenon called Host cell reactivation (Her) and first deseribed
for B and Bsl (Ellison, Feiner and Hill, 1960); these strains were
therefore called Her .

Several workers have located the mutant genes in these strains
and also that in a UV and X-ray resistant strain of E. coli B
isolated and described by Witkin (1947) and designated B/r. These

genetic resulbts are summarised in Table 2.
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These mutations can be divided by phenotype and genetic locetion

into six groups:

Group Mutation Phenotype Location
a uvr-1,~-8 UV sensitive, Her  near gal and uwrB of K12
b wor=3 UV sensitive, Her  near his and wwrC of K12
c uwvr-12 UV sensitive, Her  near malB and wvrd of Ki2
d exr—1,~2,~4, X=ray sensitive near malB and lex of K12

=5,=6,~7,~9;,=10 UV sensitive, Her

e exr—-11 X=ray sensitive
UV sensitive, Her
possibly rec.

Not located.

f sul suppressor of lon

phenotype between lae and ara

A phr strain lacking photoreactivating enzymes was obtained by Dr.
W. Harm, and the pA” gene located near 9@l by van de Putte, et al. (1965).
It is included in this section because it was an E. coli B strain.
Wild=type E. coli B was more radiosensitive than wild-type
E. coli K12, being similar in sensitivity and phenotype (except for
mucoid production), to K12 lon mutants which are described later.
K12 has radiosensitivity similar to B/r. Greenberg (196La),
analysing recombinants from K12 Hfr x BF crosses, located a gene of
K12 designated UV2 conferring UV resistance, closely linked to tsx
(T6%), a gene for resistance to bacteriophage T6. All UV resistant
recombinants tested were NTG resistant like K12. Donch and Greenberg
(1968d) cotransduced with pr00+ a gene for UV sensitivity from
E. coli B to a lon® K12 derivative. The UV sensitive transductents
were filament forming and mucoid, and since lon of K12 is linked to
proC this was evidence that F. coli B carried a lon type mutetion.
It presumably also contained a suppressor of mucoidy. This lon—-type
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gene was 8lso linked to tsx and was presumebly the allele of UV2
described above.

Genetic and phenotypic studies of two further derivatives of
E. coli B, syn (UV sensitive) and fZ7 (UV resistant) are summarised
in Table 3. Sy» has a similar phenotype and location to uvr-3 of
E. coli B and uvrC of E. coli K12, The fiZl gene resembles Zon of
K12 in its phenotype but not in its location, with fZl equivalent
to Zon™ and f%Z+ equivalent to Zon. Genotypically fZl may not be
equivalent to Zon of K12, but may be like the sul gene in which a
mutation serves to suppress the lon phenotype of E. coli B.

Kato and Kondo (1967) isolated a number of radiation sensitive
strains from a B/r type E. coli strain by selecting for Her mutants
using the method of Howard-Flanders and Theriot (1962). All had
greater UV sensitivity than the wild=-type and none were filament
forming. They were characterised to varying degrees, defining
four phenotypes for UV and X-ray sensitivity, and Her of UV and
X~ray inactivated bacteriophage. Mutants of the first phenotypic
group were UV sensitive and Her for UV inactivation; they showed
slight X-ray sensitivity and an intermediate level of Her for X-ray
inactivation. 1In these respects they were similar in phenotype to
the uvrd, B and C mutants of F. eoli Kl2. They also showed enhanced
UV mutability for a given dose, which was not further enhanced by
the presence of acriflavine after the irradiation, and were cross-—
sensitive to NTG and MMS. A single mutant representing the second
group was UV and X=-ray sensitive but Her' for UV irradisted bacterio-
phage, and had abnormal DNA metabolism after UV irradiation. In
these respects 1t was similar to the exr or lex mutants of E. coli B
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and E. colr K12 respectively. 1In contrast to exr mutations it
showed normal UV mutability, which was further increased by post-
irradiation treatment with acriflavine, and it was Her for
X=irradiated bacteriophage. A single representative mutant of the
third group was UV and X~ray sensitive, but Her' for both UV and
X=ray irradiated bacteriophage. In these respects it resembled
rec mubants. The fourth group contained mutants that were UV
sensitive and had intermediate Her ability for UV inactivated bacterio=
phage, and were of intermediate X=ray sensitivity. These mutants
were not further characterised and none of the mutations involved
was located.
2. UV sensitivity in Escherichia coli K12,

A similer series of mutants has been cheracterised in B, colt
K12 and a derivative of K12, strain CR34. Genetic analysis was
much more easily performed in these gtrains than B, because of the
inter=fertility of K12 strains. The genes wwrd, wrB, wrl
(Howard=Flanders, Boyce and Theriot, 1966), wwrD (Ogawa, Shimada and
Tomizawa, 1968) and lon (Howard~Flanders, Simson and Theriot, 1964a;
Adler and Hardigree, 1964) have been identified. The uvrd, B,
C and D mutants analysed were selected to be Her by the method
of Howard—=Flanders and Theriot, (1962) and the Zon mutants were
selected either for their increased UV sensitivity or for excess
mucoid secretion. Donch and Greenberg (1968c) subdivided Zon mubtants
of E. coli K12 into two groups on the basis of cotransduction with
proC; lond 24=29% cotransduction and lonB 12-1T%. However, lond
and ZonB mutants did not appear to complement each other. Tables

4 and 5 summarise the phenotypic and genetic results.

1k



BHT

*(9961) sofog pus SISPUBTI=-DIEMOH

(1)

.Aaxmmﬂv 4OTASY], PUB UOSWIS °SISPUBTI-PIBAOH Awu
*(Q96T) ®BMBZTWOJ, Pue BPBUIYUS ‘eMeBQ  (J)
*(G96T) uosaoy pue ulTASTTIQ Wep ‘STNTS Usp “233ng op Wep  (9)
*{996T) 230TIoYL pus d0f0g ©SIOPUBTI-PIBAOH (p)
*(296T) 30Tasyy pus uoswrg ‘oofog ©sSISPUBRTI-PLeMOH (2)
“unTpom XSTAmOO UO ATUO SATFISUSS AN SI9M SUTRILS u0] :(BHOET) 3IOTIASUL PUB UOSHWIS ©SISPUBTI~PIBMOH (9)
A *asoonTd jJoO
soussaad ayy Ur LTuoO 2dLq-pITA UBYJ SATFISUSS LBI-Y DJIOW OSJIDM SUTBILS 107 2 (H96T) 99J31TpIRY PUB JISTPY (B)
:S90uUsIngoy
(@)

(sdf3-prn) () (30L3-pTTA) (3) (3)
pPags9q qou PTOONW-UOU aTqrgdoosns j0U  PogysSdy 30U Paqseq 30U +nom SATQTISUSS yaop

(a) (®) (a) (®) (4) (a)
pagsaq qou (2) proonm aTqradeosns  saljIsuss pajseq jou +hom SATYTSUSS Uo7

(3) () (F)
pa1seq qou po3seq qou P93892 q0u 9qBISPOW (F) SATSSDOX® IOH 99RIpSULISqUT gaan
(2) ( paan
()  (°df3-pTra)  (3) (°dA3-pTIn) (P)(2) (P) (»)(?) () (2) ( gaan

SATYTSUSS P TOONW=T0U atqredeosns jou QUSTTS  TBEIOU UBY] SSOT JoH QATHISUSG (

- ( vaan

L9 TATYTSUSS . UOTQBIUSWBTTS £2TAT4TISUSS TOIEDRJISOP VN AQTATYTSUSG
0 utofmoq Ty fproomy 09 £g11Tqr9deosng Loaay PoONPUT Af <98 AN UOT3BINH
g 2700 DyolIoyosSy JO SRURGNU SATQTSUSS A Jo sodfjousyg f§ TIGVL



anT

*ydvo poyeudTSIP MOU ©sIsoyrulsorq

opraeyooesiTod Jernsded 1oJ susf Jo3BNISI B UT JUBINW SBAT-407 3BU3 UHOUS SBY ({96T) ZITAONIBH $990H

(F)
(p)

(@)
(®)
(9)
(q)

(a) (®)

90UDI2IdY

*(G96T) uosxoy pue ULTMOTTIQ UBA “SINIG UeA ‘839ng 9P UWBA (3)
*(Q96T) ®BABZTWOL PUB BPRWTIUZ <enelp (@)

*(#96T) °°43TpJaeH pue JTPY  (P)

*(B496T) JOTJISYJ PUB UOSWES °SJIopPUBTI-PIBACH (2)

*(996T) 30txoyy pue “oofog ©saspuTi-paesOH  (4)

*(296T) 201IYL pus uosWIg ‘ovofog ©SISPUBTI-DPIBAOH (&)

HEbD R R

SS0XD 4 X JIJH UT AIjuUs JO QuWLj g7 I8dU yaop
SRUBUTQHODSI Po30eTes Jo srtsfTeue o1dAgousy

§soxo g ¥ JIJH Ut L13ue JO SWIf 706 PUR oV] UDBMYDQ o]

UOTLONPSUBIYOD Id H3ow Tesu gaan
UoTAONPSUBIF00 Td

ssoJo 4 X IJ§ utr AIjus JO SwmIf Hans aeeu DIan
UOT3oNPSUBIZFOD Td

SS040 4 X IJH utr LIqUs JO SWL] 03q 83U gaan
UOTRONPSUBRIJOD Td

§soxo 4 X JJH UT AIqus JO SWILj yaouw Jesu vaan

anbIuyoay, UOT1BO0] auay

*§£Y0 SATYBATIOD S9T DUB
2Dl 2709 viyoraoyosy UL L4TATAITSUSS UOTHRIPBY FUT409IJe SaUS) ¢ FTITVL




A further series of mutants that were UV sensitive, but not
filament forming (eliminating any Zon mutants) were isolated by van
de Putte et al, (1965) in a strain CR34. Their results indicated
that most of these dar (dark repair) mutations were alleles of the
wrd, B or C loci already defined, but dar-2 which was Hcr+ mapped
at a different position to known UV sensitivity genes of E. colz
and presumably defined another gene, (called dard by Taylor and
Trotter, 1967), see Tables 4 and 5 for its phenotype and genetic
location,

3. Recombination deficient mutants of Escherichia coli Kl12.

Three loci controlling recombination ability have so far been
defined, recd (Willetts, Clark and Low, 1969), recB and recC
(Fomerson, 1968), on the basis of genetic and physiological findings.
The phenotypes and locations of these mutants are summerised in
Tables 6 and T.

Clark (1967) divided 25 rec mutations into three phenotypic
groups in an attempt to get an indication of the number of genes
involved. They were designated Recl, Rec2 and Ree3, on the basis
of their fertility level with strain HfrKL16, (dependent upon the
relative dominance relationship of the rec mutation with rec” and
the location of the rec: gene with regard to the Hfr origin), their
degree of UV sensitivity and their spontaneous induction levels of
A lysogens.

Recl mutations had lower UV sensitivity and relatively high
fertility with KL16 and showed normal spontaneous induction of A
lysogens. Rec2 mutations had higher UV sensitivity and high
fertility with K116 and abnormal sponteneous induction of )\ lysogens.
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Rec3 mutations had higher UV sensitivity and low fertility with
HfrKL16, and abnormal spontaneous induction of 7\ lysogens. Clark
demonstrated that two of the rec mutants were recessive to vec”
and that the UV sensitivity and recombinational ability were properties
of ‘the same gene or of very closely linked genes.

A Recl mutation (rec—21) was shown to complement the Rec? (rec-—13
and ree-56) and Ree3 (rec-67 and rec-12) mutations, but these Rec?2
and Rec3 mutations did not complement one another. All three groups
were nearly normal in their formstion of lae™ merodiploids, indicating
a defect in recombination rather than merely in chromosome transfer.

Low (1968) examined the types of recombinants and the linkage of
unselected markers amongst those recombinants that were obtained from
crosses between a rec’ donor and reclAll3, recB2l or recC22 recipients
in which the rec+ allele had not had time to enter any zygotes.
The absolute yields of recombinants were in all cases much less than
in vec" e ree+ crogsses. [RecAl3 was shown to yield no real
recombinants; all the progeny were either F' strains, being apparently
recombinants because of their merodiploid nature, or they were non=
donor merodiploids which carried only part of an F factor. RecB2l
and recC22 gave similar results to one another; both yielded recombin-
ants with normal linkage relationships which were F  and apparently
normal recombinants. Thus although the absolute level of recombin-
ants was depressed by recB and recC mutations, when recombination did
occur within a zygote, it occurred with normal frequency relative to
map length.,

Witkin (1969) reported that UV induced mutability was greatly

reduced by the recdl (no mutations were detected) and recB mutations,
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and reduced to a lesser extent by reeC22.

A fourth mutation, lex, is included in this section and Tables
6 and T because of its closer similarity to reec than to uvr or lon
mutations, It confers a phenotype similer in many respects to the
exr mutations of E. coli B (Howard=-Flanders and Boyce, 1966).

Further mutations having an effect on UV sensitivity and
recombination were described by Holland (1967) and Holland & Threlfall
(1969). Tour, RefIIl mutants of E. col? K12 which had been selected
for refractivity to colicin E2, were also found to be UV sensitive.
These RefII (uvs) mutants shared some properties with those of known
rec mutants (see Table 8 which summarises their results). The
refractivity and UV sensitivity were properties of a single mutation
or very closely linked mutations, with a location near to thr, and
to mutations with a RefII (uvs') phenotype. The authors suggested
that, since colicin E2 acted on sensitive cells by causing DNA
degradation, the RefII (uvs) mutants, which in the two cases tested
appeared to be defective also in recombination, may have been
deficient in a nuclease or some aspect of control of the action of a
nuclease. A rec mutant and genes controlling restriction and modific-
ation were also located in this region, suggesting a region of the
chromosome concerned with DNA metabolism.

k., Studies with double mutants.

Double mutants constructed to contain two mutations in different
genes sharing some phenotypic properties have been studied for the
interaction of the two component mutations. The rationale involved
was that if the two components expressed themselves independently

in the double mutant and their common properties were approximately
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additive, then independent pathways of action of the genes were
indicated. If this was not so, then a common pathway of action was
indicated.

For example, Howard-Flanders, Boyce and Theriot (1966) showed that
worduvrB, wrdAuvrl and wrBuvrC double mutants were only a little more
UV sensitive than the most sensitive allele of their components, and
uvrd, B and C were therefore presumed to act in a common pathway of
repair.

Similarly Ogawa et al. (1968) found a wwrBuvrD double mutant to
be only three times as sensitive to UV as its least sensitive compon~-
ent, slightly more sensitive to gamma rays and to have slightly less
Her of UV irradiated bacteriophage. It showed much less UV induced
DNA degradation than the wvrD mutant. They concluded that the genes
uvrB (and therefore uvrd and uvr() and uvrd were functionally related.

Uvr lon double mutants (Howard=Flanders, Simson and Theriot 1964b),
however, were 15 times more sensitive than their most sensitive
component st the 10% survival level, and the radiation resistance of
recombinants in an Hfr wor® lon® x T wwr lon cross increased in two
steps. The different phenotypes of uvr and lon were both expressed
in the double mutant and these were presumed to act by different
mechanisms.

Strein Bsl, which was a double mutant from the outset, being
uwvr-~1l exr-1 suggests that exr and uwvr act by different mechanisms
since strains obtained when each was transduced out of Bsl into B
had only part of the mutant phenotype of Bsl. (Mattern, Zwenk and
Rorsch, 1966).

Donch, Green and Greenberg (1968) studied exr lon strains
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constructed with exr-2 and exr—-? from strains Bs2 and BsT7 and lon-I1
from F. colit X12. In these strains filamentation induced by a
variety of agents including UV was suppressed and the UV sensitivity
was less than additive. However, since pantoyl lactone was shown to
prevent filamentation and decrease UV sensitivity simultaneously,
filamentation itself would appear to have been the lethal factor.
Then the less than additive UV sensitivity of exr lon would be
expected even though exr and lon otherwise operate through different
mechanisms. Exr lon strains were still mucoid, another phenotypic
property of lon strains (except those obtained from strain B where
mucoidy was suppressed). The suppression of lon filementation by
exr was supported by the reduced recovery and therefore suppression
of filamentation brought about in exr lon compared with eart lon
by pantoyl lactone, minimal medium recovery or liquid holding
recovery. The implication of these results is that exr and lon
operate by different routes; that exr involves functions not totally
affected by lon was confirmed by the detection of exr mutants in
strain B which contained a Zon type mutation.

Howard~Flanders, Theriot and Stedeford (1969) constructed a
uvr rece strain and compared it with uvr+ rec+, Uy rec” and
wor® vee strains. The different phenotypes of the two types of
mutation were expressed independently in the doubly mutant strain.
Thus uvr and rec appeared to act by independent pathways. A
further observation was that the uvr rec strain had a survival of
37% at a UV dose which induced about 1.3 pyrimidine dimers per
genonme.

+ + + + .
The values for uwvr rec, uvr reec and wr rec strains were
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22, 60 and 3,700 dimers per genome respectively (Howard~Flanders
and Boyce, 1966).

Witkin (1967) examined the phenotypes of all possible combinations
of genotypes of filafil+; hcr,her+; exr and exr’ obtained by successive
mutation for increased UV resistance sterting from Bsl her-1 exr-1 fiZ+
and Bs2 her' ewr-2 fiZ+o Apart from the suppression of filament
formation of f%Z+ in the presence of exr, the three pairs of phenotypes
were expressed independently in all the strains. Thus from these
studies, wvr, lon (fZl) and exr(lex) genes appeared to operate by
different mechanisms, rec operated independently of uvr, and although
it was not tested in double mutants, was independent of lon on the
basis of their phenotypes. FHee and lex were not teésted for inter-
action, but have similar mutant phenotypes and possibly therefore
closely related functions.

5. Mechanisms of UV repair.

Various biochemical studies have been made on the state of the
DNA synthesised before and after UV irradiation, in wild-type cells
and in wr, ree or uvrree mutants.

Before the study of the early radiation sensitive mutants
thymine dimers between adjacent thymine residues in DNA were already
known to be produced by UV and were correlated with UV killing of
bacteria in vivo. A photoreactivating enzyme of yeast could eliminate
the dimers in the presence of visible light (Wacker 1963 for a review).
Subsequently it was shown that the dimers were induced by UV between
adjacent pyrimidines in DNA, whether cytosine or thymine residues,
that any of these were removed by photoreactivating enzymes in the
presence of light and that uracil dimers, which were produced by
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heat treatment of cytosine dimers, were monomerised by the photo-
reactivating enzyme; presumably all dimers were in fact monomerised
in situ. (see Setlow 1966 for a review).

The finding of Howard-Flanders, Boyce, Simson and Theriot (1962)
that wor® cells could no longer reactivate UV irradiated Tl bacterio-
phage if thymidine was substituted by 5-bromodeoxyuridine had
implicated thymine as the target for UV induced damage which could
be reactivated in the dark ir wild=-type cells.

Boyce and Howard=Flanders (1964) and Howard~Flanders, Boyce and
Theriot (1966) showed that the wrt E. coli ¥12 could excise from its
DNA thymine dimers (they became TCA soluble during incubation) and
thymine=cytosine dimers induced by UV. Strains mutant at uvrA,
wrB or uvrC were deficient in this function (the dimers remained TCA
insoluble) and in the partial UV induced DNA degradation associated
with excision which was typical of the wild-type.

Setlow and Carrier (1964) showed that similerly wild=type E. coli
B and the B/r mubant were able to excise UV induced thymine dimers,
whereas strain Bsll performed this function at helf the rate of B
and strain Bsl excised no dimers. In addition the dimers in Bsl
remained intaect in the DNA whereas those of B/r did not.

Pettijohn and Hanawalt (1964) demonstrated in E. coli TAU-bar,
wild=type for radiation sensitivity, that some DNA degradation follows
UV irradiation, as was shown already in E. col? Ki2 (Boyce and Howard-
Flanders 1964), and at the same time H3-5 bromouracil was incorporated
into DNA. The DNA was extracted and banded on centrifuge density
gradients; much of the radiocactivity was associated with DNA of the
same density as pre—existing DNA with some at positions intermediate
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between this and that of semi-conservatively replicated hybrid DNA.
This was not at all characteristic of bromouracil incorporation into
replicating unirradiated DNA which shows semi~conservative replication,
with DNA banding discretely at light, hybrid and heavy positions.

Thus the newly synthesised DNA occurred in short segments randomly
distributed throughout the pre-existing DNA. Photoreactivation
before bromouracil incorporation restored normal semi-conservative
replication, implying that the random synthesis of short segments

of new DNA was dependent upon the presence in DNA of pyrimidine dimers,
and presumably upon their excision., It was concluded that wild=

type cells vepair UV damage by single strand excision of the defect
and repair of the single strand gap using the undamaged strand as a
template.

Rupp and Howard=Flanders (1968) followed post irradiation DNA
synthesis in & strain containing the mutation uvrA6 and therefore
unable to excise pyrimidine dimers. This strain shows 37% survival
at a UV dose which produced an average of 50 pyrimidine dimers per
genome. Thus the cells apparently have a mechanism for overcoming
the potentially lethal effect of many pyrimidine dimers. This strain

incorporated H3

thymidine into its DNA at a reduced rate after a low
dose of UV; the dimers inhibited but did not block DNA synthesis.
Analysis of sedimentation rates on alkaline sucrose gradients of the
DNA synthesised immediately after UV irradiation showed that it
contained alkali labile bonds or gaps which with further incubation
became alkali stable or repaired. The evidence for this was that
the newly synthesised DNA sedimented more slowly than, and then with

further incubation as fast as, the pre-existing DNA. An estimate
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of the number of gaps per genome corresponded approximabtely with the
number of dimers induced per genome by the UV dose used. The presence
of gaps rather than alkali labile bonds was confirmed by sedimentation
analysis of denatured nevly synthesised DNA on neutral sucrose
gradients when it still sedimented more slowly than pre=-existing DNA.
(Howard=Flanders et al., 1968).

Howard=Flanders et al. (1968) also made use of the conjugation
system in the further anslysis of the wvr and ree functions. They
worked on the assumption that the chromosome donsted during conjugation
was one of a pair of daughter chromosomes produced by replication at
the time of conjugation. A number of findings were reported.

1. The donation of both chromosomal DNA and episomal DNA from

irradieted excision defective cells was not greatly affected

although the donated DNA presumably conteined single strand gaps
in its newly synthesised strand.

5. Irradisted excision defective F Zae  donors yielded an

increasing proportion of lac’ recombinants rather than gsecondary

F lac' donors in crosses with rec’ reciplents, whether wor or

uvrd, as the UV dose was increased.

3. When the recipients were recd, whether uv.r*+ or uvrd, the

number of Lac progeny from crosses with irradiated excision

defective F Zac+ donors fell sharply with increasing UV dose,

and all the Lac progeny were secondary F lac" donors. RecA

recipients appeared to be able to form a Lao+ colony only if

they received an intact episome, since the UV dose for 37%

inactivation induced an average of about one dimer per trans-

ferred episomal strand. Similarly recB recipients whether
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uvr+ or uvrB had the same kinetics of Lac colony formation in
crosses with UV irradisted excision defective F lac® donors but
some of these (the proportion increasing with dose) were lact
recombinants.

An intact wwr” system in the above two experiments made no
difference to the dose response curves indicating that excision
repair was not effective on the irradiated, replicated and
transferred DNA.

k. Photoreactivation of the recipients in 3 above after
conjugation produced an increased yield of F Zac+ secondary
donors, with a long half life for photoreactivation treatment
(about 1.5 hours), that is the dimers were very stable in the
recipients.

Thus the pyrimidine dimers in the transferred DNA were
accessible to photoreactivetion but not excision repair indicating
that the single strand gaps were opposite the dimers and not
displaced from them, since if this had been the case, both
processes should be capable of repairing the dimers.

5. When chromosomal transfer from excision defective donors

to wr' ree' recipients was performed without irradiation, a

high proportion, T0%, of recombinants selected for a particular
donor allele also inherited a continuous sequence of three
unselected donor aslleles. After a dose of irradietion, although
the yield of recombinants for a single male marker was 20% to

50% of control levels, & high proportion of the recombinants

now possessed only the selected donor allele and only 1.5%

possessed the continuous sequence of the selecte¢ and three
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unselected donor alleles. Dimers induced after mating had little
effect on the pattern of inheritance of alleles (Wilkins and
Howard=-Flanders, 1968).

Defects induced before donation, when transferred, perheps
induced and necessitated recombination events to incorporate
only short segments of donor DNA into recombinants.

6. Other observations on the frequencies of lac® recombinants
arising from irradiated F lact donors crossed with rec'
recipients suggested that the irradiasted donor DNA increased
the recombination frequency.

T. There was recovery of F Zac+ episomes transferred from
irradiated excision defective Pec+ donors to recd recipients,
if the donors were incubated between irradiation and mating.
The incubation had no effect with rec recipients, which showed
a steady higher level of Lac” progeny, presumably largely lac”
recombinents. In similar experiments with irradiated excision
defective recd donors, essentially no Lac+ progeny were formed
with or without the incubation period, when recd recipients
were used. With rec” recipients the incubation period caused
a decline of Lac progeny .

These results suggested that an intact recombination system
was needed for recovery of episomes in the excision defective
donoxr.

The findings described in this section, taken as a whole, have
resulted in the following models for the mechanisms of dark repair

of UV damage.
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UV induces pyrimidine dimers in DNA.
Before replication.
1. An enzyme detects the pyrimidine dimer and cuts the DNA
deoxyribose phosphate backbone.
2. A deoxyribonuclease releases the dimer and a number of other
bases to form a single strand gap.
3. A DNA polymerase repairs the gap using the opposing single
strand as template.
L, A DNA ligase restores the continuity of the DNA deoxyribose
phosphate backbone.
(Boyce and Howard-Flanders,196l4; Setlow and Carrier,196k;
Pettijohn and Hanawalt,l964).
At replication.
1. The dimer delays the replication process.
2. Replication commences beyond the dimer leaving a short
single strand gap opposite the dimer in one daughter chromosome
and a normel DNA duplex in the other.
(Rupp and Howard-Flanders,1968; Howerd=Flanders et al., 1968).
After replication.
1. A recombination mechanism uses the intact informetion of
the normael DNA duplex of one of the daughter chromosomes to
repair the single strand gap opposite the dimer of the other
daughter chromosome, or recombination between sister chromosomes
could create one perfect chromosome and another containing all
the defects.
(Howard=Flanders et al., 1968; Howard-Flanders, Theriot and
Stedeford, 1969).
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6. Summary of the gene functions in Escherichia coli.

Uvr mutations affect the ability of cells to perform dark repair
of the irradiated DNA before replication by excision of pyrimidine
dimers. Lon or fiZ+ mutations act by inhibiting cell wall formation
after UV irradiation and other treatments, perhaps due to some
defective control mechanism linking cell wall synthesis (mucopoly=
saccharide) to DNA replication, leading to lethal filament formation.

Rec mutations act by affecting steps in recombinational repair,
acting on daughter chromosomes after replication of the damaged
chromosome, possibly being unable to initiate DNA degradation
('cautious', recB, recC) or stop it once started ('reckless', recl).
Reed virtually eliminates normal recombination whereas recB and
recC depress the number of zygotes yielding recombinénts but
permit normal recombinetion frequency when it does occur,

Exr and lex mutations are also implicaeted in recombinational
repair since lex at least has a similar phenotype to rec mutants
and exr mutants have a pronounced effect on reducing UV induced
mutation, in fact, eliminating it altogether (Witkin, 1967).

Uvr and rec mutants can still overcome the lethal effect of
some UV damage, but uvr recAd mutants can apparently overcome none.
All the genes of E. colZ mentioned in this section are showm on

the genetic map in Figure k.

C. Radiation Sensitivity in other Micro—organisms.
1. Protokaryotes.
Mutations affecting radiation sensitivity have been isolated in

a number of other bacteria but none of these organisms has been
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FIGURE b The linkage map of Escherichia coli.

Adapted from Taylor and Trotter (1967).
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Only genes referred to in this thesis are included. Génes described

in E. coli ¥X12 are indicated outside the circle and those in E. coli B
inside the circle.

( ) indicate imprecisely located genes.

} indicate unordered genes.

The numbers inside the circle are the map length in minutes.
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analysed in as much detail as E. colz.

Her strains heve been found in Bacillus subtilis (Mshler, 1965;
Reiter and Strauss, 1965; Munakata and Yonosuke, 1969); Haemophilus
influenszae (Setlow et al., 1968); Micrococcus lysodeikticus (Feiner,
1967); Pseudomonas aeruginosa (Holloway, 1966a); Salmonella typhimurium
(Skavronskaya et al., 1969); Serratia marcescens (Winkler, 1964) and
Streptococcus pyogenes (Malke, 1967). These presumably correspond to
the uwvr mutants of E. coli.

Strains which were sensitive to both UV and X=-reys have been
obtained in Haemophilus influenzae (Barnhart and Cox, 1968; Setlow
et al., 1968). The strain of Setlow et al. may be rec, whereas
that of Barnhart and Cox, which showed small X-ray sensitivity and
some Her deficiency, may be wvr.

Mutants affected in recombination have been obtained in
Baeillus subtilis (Okubo and Romig, 1966; Hoch et al., 1967);

Proteus mirabilis (Bohme, 1968); Pseudomonas aeruginosa (Holloway,
1966b) and Salmonella typhimurium (Wing et al., 1968).

Mierococeus radiodurans is an extremely radiation resistant
organism, such that UV and X-ray killing probably depends as much on
cytoplasmic deamage as demege to DNA. Moseley (1967, 1969) isolated
radiation sensitive mutants in this organism which were partially
defective in pyrimidine dimer excision such that radiation damage
to DNA was now the most important factor for killing cells.

UV sensitive strains which also have high spontaneous mutability
have been isolated in Neisseria meningitidis (Jyssum, 1968) and
Proteus mirabilis (Bohme, 1967); such strains are similar to that
recently isoleted in E. coli by Hill (1968), except that the
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mutation conferring high mutability in this strain did not also confer
UV sensitivity.

This summary of the results obtained in other protokaryotes
indicates that repair mechenisms for UV damage, which have been best
characterised in E. colZ, are widespread amongst the protokaryotes.
2. Eukaryotes.

UV sensitive mutants have been isolated in Aspergilius nidulans
(Lanier, Tuveson and Leanox, 1968); Chlamydomonas veinhardi (Davies,
1967); Neurospora crassa (Chang and Tuveson, 1967); Saccharomyces
cerevisiae (Cox and Parry, 1968; Nakai and Matsumoto, 1967; Snow,
196T); Sehizosaccharomyces pombe (Haefner and Howrey, 196T) and
Ustilago maydis (Holliday, 1965).

The picture that has emerged from these studies in eukaryote
micro-organisms is that UV sensitivity control and its relationship
to recombination is more complex than in protokaryotes. Tor
example, Cox and Parry (1968) attempted to detect most of the genes
affecting UV sensitivity in Saceharomyces by isolating 96 mutants.
However, these were located at 22 loci, ten of which were only
represented once, indicating thet several more were still undetected.
The mutents isolated in other organisms have been too few to extend
this result, but where they have been mapped, loci were frequently
represented by only one mutation.

Some of these mutants were also X=ray or gamma ray sensitive.
Thus mutants at five of the loci of Cox and Parry (1968) and one of
the mutants of Makai and Matsumoto (1967) in Saceharomyces were
sensitive to gamma or X=rays, two of the phenotypic groups of
mutants of Ustilago were X-ray sensitive to different degrees
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(Holliday, 1965), and the five mutants of Chlamydomonas were gamma
rey sensitive (Davies, 1967).

By construction of double mutants, Nakai and Matsumoto {1967T)
demonstrated that their two UV sensitive mutations had closely
related functions since the double mutant did not show greater
sensitivity than the single mutants. In contrast, the X-ray
sensitive mutant affected a different function since, in combination
with either UV sensitive mutation, the double mutants were very UV
sensitive. Similarly Davies (1967), Haefner and Howrey (1967)
and Hollidey (1967) all obtained double mutants of greater sensitivity
to UV than either component mutation in Chlamydomonas, Schizo-
saccharomyces and Ustilago respectively, indicating the existence
of at least two different wechanisms comtrolling UV sensitivity in
every one of these organisms.

Kilbey and Smith (1969) compared one of the UV sensitive mutants
of Nakai and Matsumoto (1967) with a wild=type Saccharomyces strain
for photoresactivability, the effect of LHR on photoreactivability,
and sensitivity to diepoxybutane and NTG. They concluded that the
mutant was qualitatively similar to Her strains of E. colf and
therefore that it may have been deficient in excision repair.

Some of these mutants affected recombination, or showed effects
that may have resulted from defective recombinetion. Hollidey (1967)
showed that wuvs-I1 and uvs—2 of Ustilago had considerable effects in
reducing mitotic gene conversion, and causing increased or decreased
UV induced mitotic segregation respectively in diploids; and that
uvs—~2 blocked meiosis.

Other observations were that UV sensitive mutants of

30



Saccharomyces affected UV induced intergenic mitotic recombination

in a complex way (Snow, 1968); thet five mutants of Saccharomyces
reduced sporulation in diploids, a step occurring after recombination
(Cox and Parry, 1968); that uvs—=1 of Neurospora when homozygous in
crosses caused a high degree of ascus and ascospore abortion although
crossover frequencies were normal (Chang and Tuveson, 1967); and that
matings homozygous for UV sensitivity in Aspergillus yielded sterile,

dwarf cleistotheca (Lanier, Tuveson and Lennox, 1968).
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II. GENERAL MATERIALS AND METHODS
A, Streptomyces coelicolor strains

1. Origin of the strains.

These were derivatives of a single clone wild=type isolate
designated A3(2) (Hopwood, 1959), obtained by successive steps of
mutagenesis or recombination. All these strains were inter=fertile.
They were grown by incubetion at 30°C unless otherwise stated.

In the study concerned with photoreactivation another wild=type
isolate, K673, was used. This strain was obtained from Dr H.J.
Kutzner and was considered by Kutzner and Weksmsn, (1959) to be
correctly named S. violaceoruber. A3(2) closely resembled K673 and
differed from S. coelicolor as defined by these authors and therefore
A3(2) should strictly be called S. violaceoruber. However, for
reasons explained by Hopwood and Sermonti (1962), A3(2) has continued
to be caelled S. coelicolor in papers concerned with genetic recombin=-
ation. Recombinants have not so far been obtained from mixed
cultures of K673 with A3(2).

2. Nomenclature,

All loci in S. coelicolor are described by three letter symbols
following the recommendations of Demerec et al. (1966), for bacterial
genetics, and to conform with this, loci which control sensitivity to
ultreviolet light were designated wvs (ultraviolet sensitivity).
Table 9 lists the loci involved in this study, the particular alleles
used, and their mutant phenotype. The genotypes of strains will be

described in full in the text as appropriate.
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TABLE 9.

Locus
anmmé

argA

aded
cysi
cysC
cysD

guad
hisA
hisC
hisD
mthB

phed
pro4
serd
stré
ips

ural
US4

uvsB
uvslC

uvshD

uvsk
uvskE

The loci used in this study, the mutant alleles and their
(Taken from Hopwood, 1967a).

characteristics.

Alleles
amm=5

arg=1

ade=3
cys—-15
cys=3
cys—18

gua-1
hig~1
his-9
his—3
mth=2

phe~1
pro=-1
ser~1
str-1
tps—-30

ura~-1

uve=2, 4, 9, 15,
19, 20, 22, 23, 24

uvs=6

wws~7, 8, 10, 14,
16, 17

uvs-1l, 3, &5, 11,
18

uvs=-13
upvs=256

Tt N Nl N Nt Sl Niatt® “aar® N o

Phenotype

Unable to utilise nitrate.

Requirement for arginine (citrilline)
or ornithine.

Requirement
Requirement
Requirement
Requirement
or 8205.

Requirement
Requirement
Requirement
Requirement

Requirement

for
for
for

for

for
for
for
for

for

or homoserine.,

Requirement
Requirement

Requirement

for
for

for

purines.
cysteine.
cystelne or 8203 or SQOh
cysteine or 8203 or Sgoh
guanine.

histidine.

histidine or histidinol.
histidine or histidinol.

methionine plus threonine

phenylalanine.
proline,

serine or glycine.

Resistance to streptomycin.

Tempereture sensitive. Unable to grow

at 37°C.

Requirement for uracil.

Sensitive to ultraviolet light.

Enhancer of sensitivity to ultraviolet
light of some uwsC and uvsD mutants.
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B. Medis (Hopwood, 1967Ta)

1. Minimel Medium (MM).
This had the following composition per litre:
asparagine, Q.5g; KZHPOM’ 0.5g; KOH, 0.3g; MgSOh.THQO, 0.2¢g;
FeSOh.THQO, 0.0lg; agar, l5g; and glucose, 10g.
The glucose was autoclaved separately as a 50% solution. The medium was
supplemented when necessary as follows (per litre); amino acids except
histidine, 50mgs; histidine, TOmg; adenine and uracil, lOmg; vitamins, lug;
dihydrostreptomycin sulphate 50mg,
2. Complete Medium (CM).
This consisted of (per litre): K HPO) 5 5g3 NaCl, 0.5g;
MgSOh.THEO, 0.5g; peptone (Difco), 2g; yeast extract (Yeastrel), lg;
Casamino acids (Difco), l.5g; yeast nucleic acid hydrolysate, 5ml,
(boil 2g of nucleic acid in 15ml of 1N NaOH for 10 minutes; boil 2g
of nucleic acid in 15ml of 1N HClL for 10 minutes, mix the two solutions,
adjust to pH 6.0, filter hot, make up to 4Oml with water); vitamin
solution, lml, (riboflavine, 0.1%; nicotinamide, 0.1%; p~aminobenzoic
acid, 0.01%; pyridoxine HCl, 0.05%; thiemine HC1l, 0,05%; biotin, 0.02%);
agar, 15g; glucose, 25¢; histidine, proline, threonine, tryptophan
and tyrosine (when dealing with the relevent auxotrophs), 50mg each.
CM was adjusted to pH 7.2 with 1N HCl and could be autoclaved at 115°C

for 10 minutes without excessive breakdown of the glucose.

C. Use and Maintenance of Cultures
1, Equipment.
a. Slants of 5ml CM in 125mm x 16mm test tubes plugged with
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cotton wool were used for meintaining stock cultures which
were incubated for about a week and then stored at hOC. These
needed to be subcultured once a year to fresh slants of CM.
Slants of 15ml1 CM or supplemented MM in 150mm x 25mm test tubes
inoculated and then incubated at 3000 for 3 to 5 days were used
for the preparation of spore/hyphal suspensions from single or
mixed cultures and for the maintenance of stock cultures in
current use.

Filter tubes were constructed from 125mm x 16mm test tubes in
the bottom of which a hole approximately Smm in diameter was
blown. This hole was closed with 1" of packed cotton wool,
and the mouth of the tube plugged with cotton wool. The

tube was inserted through a cotton wool plug in the neck of a
150mn x 25mm test tube.

100mm x 12,5mm thick walled tubes were used for centrifugation.
Agar plates were prepared by pouring 15ml of molten CM or
supplemented MM into sterile 9cm glass or plastic Petri dishes,
Since aeration improves sporulation on agar plates in

S. coelicolor glass Petri dishes were covered with metal lids
lined with 1llcem filter papers, and the plastic Petri dishes

had vented lids.

Subcultures to agar slants or plates were made with nichrome
wire needles or loops.

Spore suspensions were spread over agar plates with glass rod
spreaders constructed of 3mm glass rod. These were sterilised
in a bunsen flame and allowed to cool immediastely before use.

Sterile velvet pads held by a stainless steel ring over a
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stainless steel block were used to meke replicas to agar
plates from s master plate by the technique of Lederberg and
Lederberg (1952).

2. Inoculation of Cultures.

Inocula in general consisted of hyphae in all stages of
development including substrate and aerial hyphee and spores. These
were obtained either from confluent cultures on an agar slant from
which an area about 5mm square was dug out, or from an asgar plate
containing mature colonies from which a whole colony was taken.

a. Inoculation of Slants.

The inocula were taken and transferred on a nichrome wire
needle and placed on the new slants where they were broken up
and streaked over the agar surface.

Slants were inoculated with only one or with two different
strains. In the first case, all the spores grown on the
surface of the confluent culture were of the same genotype
except for rere spontaneous mutations. In the latter case,
spores formed on the confluent culture consisted predominantly
of the genotypes of the two parental strains, but a proportion
varying between about 1% and less than 0.0001% depending

upon the fertility of the two strains, had recombinant
genotypes. These arose from zygotes formed between the
hyphae of the two parent strains during growth of the mixed
culture. Such mixed cultures are referred to as "crosses"
between the two parents involved.

b. Inoculation of agar plates.

This was carried out either with an inoculum taken from a
35



confluent culture, or a single colony; or with a spore

suspension.

i. A confluent culture or single colony inoculum was taken and
streaked with a nichrome wire. 1In some cases, two or more
strains were streaked to sectors of a plate, so that their
phenotypes could be compared by replicae plating or some
other tests applicable to agar plates. In other cases,
the inoculum of a single strain was streaked to yield
single colonies.

When the inoculum consisted of a spore suspension, the
intention was usually to obtain isolsted colonies. Spore
suspensions did in fact consist of a variable proportion of
spores and aerial hyphal fragments, depending upon the
strain and the time at which & culture was harvested.

They contained a small proportion of substrate hyphal
fragments.

There were three weys in which & spore suspension was treated:

ii. The first of these three methods was used when isolated
colonies were required, but the number of colony=forming
units in the suspension was not to be calculated. 0.1 ml
of the suspension was pipetted on to the surface of an agar
plate. 0.1 ml of sterile distilled water was pipetted
on to one or more further plates of the same composition.

A glass spreader was used to spread the undiluted suspension
and then the sterile distilled water on the subsequent
plates without intermediate sterilisation of the spreader.

This accomplished very approximete ten—-fold dilutions,
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iv.

since about 10% of the plating units in the initial sus~
pension were transferred on the spreader and distributed

in the 0.1 ml of water on the next plate, and so on.

One of these plates usually yielded 50 to 100 isolated
colonies,

The second method was used when both isolated colonies and
an approximate estimate of the concentration of the plating
units from which they had arisen was required., Ten~fold
dilutions of the starting suspension were made by successive
transfer of a sample at one dilution into an approprisate
volume of sterile distilled water to make the next dilution,
0.1 ml of each of a range of these ten-fold dilutions was
pipetted on to the surface of one of a series of agar

plates and each 0.1 ml was spread over the surface of its
plate with a newly sterilised glass spreader. This
spreading technique, however, introduced an error into the
dilutions, since about 10% of the spores were removed from
each plate on the spreader. This yielded & series of
plates, each successive plate in the series having l/lOth

as many colonies as the one before, Single colonies

when required were taken with ease from any plate with

less than about 300 colonies. Colony counts when required
were made with accuracy on any plates with less than

about 500 colonies.

The third method was used when it was desired only to obtain
accurate counts of viable plating units by counting isolated
colonies; the colonies were not required for further
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testing or subculturing. Ten-fold dilutions were made
in sterile distilled water. 1.0 ml of each of the
appropriate range of dilutions was pipetted into a
separate Petri dish. 15ml of molten agar of the desired
composition, held at BOOC, was poured into the Petri dish
and spores evenly dispersed by agitating the dish before
the agar solidified., Upon incubation this yielded
isolated colonies growing within the agar. Up to 1500
colonies per plate could be counted with little difficulty.
This method gave the most accurate estimate of the
concentration of viable plating units, which was calculated
from the colony counts of two or three replica platings
of each sample.

3. Harvesting a confluent culture as a spore suspension.

Inoculs on large (25mm x 150rm) slants yielded confluent substrate
hyphal growth within two days. In general, aerial hyphae were produced
after 1 to 2 days and spores after 2 to 3 days. Slants were harvested
after three or more days incubation by the following method. Oml
of sterile distilled water from a "Universal" container was poured
on to the slant. A heat=sterilised wire loop was used to scrape the
surface of the slant, at first gently, and then with increasing
pressure, but avoiding as far as possible tearing up the agar surface.
This crude spore suspension was returned to the Universal container
and vigorously agitated for about 30 seconds on a Whirlimixer (Fison's
Scientific Apparatus, Ltd., Loughborough, Leicestershire) to break up
spore chains and large hyphal fragments. The suspension was then
filtered through the cotton wool plug of the filter described above
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to remove agar fraguments and large clumps of aerial hyphae and spores.
The spore suspension was centrifuged for 10 minutes in an MSE Angle 50
Centrifuge, with the 15ml, 12 place head, at gbout 1550 x g. The
supernatant which contained the bulk of any compounds dissolved from
the slant was discarded and the spore pellet dispersed in a suitable
medium, usually sterile distilled water. The technique yielded pellets

9

containing s maximum of about 107 viable units when plated on suitably

supplemented MM,

D. Ultraviolet Sources.
1. The different sources.

Five UV sources were used during the course of this study. UV
lamps 1, 2, 3 and 4 were Hanovia 'germicidal' mercury lamps and UV
lamp 5 was a Philips 30 watt TUV mercury vapour lamp, all emitting
light primarily with a wavelength of 253.7 nm.

a. UV lamp L was used for the induction by UV of the uvs
mutations, and for their recognition. It was also used in
the early genetic studies when a qualitative differentiation
of recombinants with wild-type from those with mutant
sensitivity was required. The dose-~rate of this lamp was

not determined accurately, but was in the region of 10 ergs

b. UV lamp 2 was used from August 1966 until August 1968 and
replaced UV lamp 1 for the qualitative studies. Its dose-~

rate was determined as 13.2 ergs mmfe sec 1, at the sample

surface of 4T7.5 cm.

¢, UV lamp 3 was used for the quantitative studies performed up
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to August 1968, Its dose=-rate was determined as T.5 ergs
m e sec T ab the sample surface of 45,5 ecm. The voltage
of the electricity supply to this lemp was controlled by an
Advance Voltstat, Type C.V. TS5A, obtained from Advanced
Components, Ltd., Hainault, Essex.
UV lamp b was used for qualitative studies from September 1968
onwards, Its dose-rate was determined as 23.6 ergs mmfz secvl
at the standard irradiating distance of 23 cms from the lamp.,
UV lamp 5 was used for the quantitative studies performed since
September 1968. Its dose-rate was determined as 11.8 ergs

-2

mm sec_l with the lamp masked down to leave 1j cms exposed,

and 57.3 cms from the sample surfece.

Determination of the dose-rate of UV lamps 3, 4 and 5 by T2

bacteriophage survival curves.

T2 bacteriophage in T2 buffer give a reproducible survival curve

when exposed to UV light, and the log 10 OF the surviving fraction is

plotted against some measure (time of irradiation) of the UV dose

received by the bacteriophage. Standard survival curves calibrated

in ergs mmf2 may be referred to in the literature (Jagger, 1967),

which enables calibration of a new UV source.

+ . e ae . .
T2H bacteriophage and a host indicstor strain E. coli BR2,

which is sensitive to ToH' were kindly provided by Dr D.A. Ritchie,

Institute of Virology, Glasgow University.

8.

Medie for T2H' bacteriophage survival curves were made with
the following compositions:
i, Phage broth.

Difco Bacto peptone, 15g; Difco nutrient broth, Og;
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NaCl, 8g; glucose, lg; water, 1000ml.
ii. Top agar.

0.6% agar in watber.

1ii. Base medium.

Difco tryptone, 10g; Difco agar, 1lOg; NaCl, 8g; glucose, 1lg;
water 1000ml.
iv. T2 bacteriophage buffer.

0.1M MgSO), 20ml; 0.01M CaCl,, 20ml; 1% gelatin, 2ml;

o3
Ne, HPO), . 12H,0, 15.2g; KHEPOM’ 3g; NaCl, 8g;
Késoh, 10gs water, 2000ml.
Experimental procedure.
Viable T2H' bacteriophage were detected by mixing them at a
suitable dilution with a dense suspension of E. coli BR2
in 2.5ml of 0.6% agar which was poured as a thin layer over
plates of base medium. After overnight incubation at 3700,
each viable bacteriophage or plague forming unit (p.f.u.)
produced a clear plaque against the turbid background growth
of uninfected E. coli BR2. These plaques were counted for
suitable dilutions of samples of a bacteriophage suspension
after various exposures to radiation from the UV lamps.
5ml of ToR" bacteriophage suspended in T2 bacteriophage
buffer at a concentration of about lO8 p.f.u. per ml was
pipetted into a9 cm glass Petri dish with a metal cover.
The irradiation was carried out at the standard irradiation
distances from the UV lamps with the Petri dish on a magnetic
stirrer base, using a 1" magnetic stirrer at TOO r.p.m.
(nominal), The UV irradiation and subsequent plating of
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dilutions of the bacteriophage suspension were carried out
in a room with a Philips 35W S0X sodium vapour lamp as the
only source of light, which emits light almost entirely at
589 nm, to avoid photoreactivation. These were also the
standard conditions for all the survival curve experiments
performed with S, coelicolor. O.lml samples of the ToH"
bacteriophage suspension were taken at zero and a series of
predetermined doses. The suspension was exposed to UV by
removing the metal cover from the dish for the appropriate
period to the first sampling time, when it was replaced,
and the dish removed from under the lamp and the sample taken.
This procedure was repegsted for the increment of time to
the next sampling time and so on. The 0.1 ml samples were
diluted immediately ten or 100 fold into T2 bacteriophage
buffer, depending upon the first dilution to be plated.
Further dilution of these samples was by ten fold dilution
of 0,1 ml or 0.5 ml samples. A preliminary experiment had
indicated which dilutions of the bacteriophage suspension
would yield between 50 and 500 plaques per plate at =
particular UV dose. For these predetermined dilutions
between 0,1 ml and 0.5 ml samples were separately diluted
into 2.5 ml of molten top agar held at 45°C which was
already mixed with 2 drops (approximately O.l1l ml) of a
stationary culture of F. coli BR2 grown overnight at 37°¢
in 10 ml of phage broth. This mixed bacteriophage and
bacteria suspension was quickly poured on to an ager plate
of approximately 15 ml of base medium which had been dried
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at 3T°C for a few hours before use. The drying ensured
adequate gelling of the top layer. The plagues were counted
after overnight incubation at BTOC.

c. Results,
The results of the experiments for UV lamps 3, 4 and 5 are
presented in Table 10 and are plotted as survival curves in
Figure 5. Jagger (1967) recommended that, in using T2
bacteriophage survival curves to calibrate a new UV source,
the published data obtained with strains and conditions as
similar as possible to your own, should be used. The data
of Zelle and Hollaender (1954) which gave a D37 of 33 ergs
mmfz, were obtained using T2 bacteriophage plated on
E. col? B which had been irradiated in phosphate buffer.
This was the system closest to my own amongst those quoted
by Jagger (1967). The D37 values in seconds taken from
Figure 5 for UV lemps 3, 4 and 5 were 4.6 secs, 1.4t secs and
2.8 secs respectively corresponding to the respective dose-rates

of 7.2 ergs mm.-2 seeul, 23.6 ergs mmfz sec‘-l and 11.8 ergs

3. Determination of the dose=rates of UV lamps 2 and 3 using a

UV sensitive meter.

a. Another method of calibration vhich was used for UV lamps
2 and 3 was provided by apparatus loaned by Dr P. Gormley
of the Institute of Virology, Glasgow University. This
consisted of a UV sensitive light meter, connected to a
counter which accumulated one count for every 32.26 ergs mm.—2

received. This value had been calculeted by comparison of
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FIGURE 5

The survivel curves of 5-1‘2H+ bacteriophage
when grown on Escherichia coli BR2 after

exposure to UV from lamps 3, 4 or 5.

(Deta of Table 10).

43c . ‘ 9 ‘.



the light meter's response with a T2 bacteriophage survival

curve of the type described above.

The results are tabulated in Table 1l. These measurements

were taken at the distances from the lamps, and under the

1light conditions, which were normally used during irradiation

experiments with these lamps on S. coelicolor strains.

i. UV lamp 2, which had been switched on barely half an hour

ii.

before measurements were commenced, did not appear to
have reached steble emission until the latest measurements
were taken, At 47.5 cms from the meter surface, the
distance at which irradiation was normally carried out,
2.4k secs were equivalent to 1 count.

This gives a dose rate of 13.2 ergs mm-2 sec-l. So
that a direct comparison of the dose rates of UV lamps

2 and 3 could be made, measurements were also taken at
45.5 cms from the meter surface, the distance at which
measurements had been taken for UV lamp 3. 2.18 secs
were equivalent to 1 count. This gives a dose rate of
14.8 ergs mwn © sec™ which was slightly less than twice
the dose rate of UV lamp 3 at this distance., This
reduction in output of UV lamp 3 was presumed to be due
mainly to the voltage controlled supply of this lamp.

UV lamp 3, which had been switched on for more than 45
minutes before measurements were taken, appeared to have
reached stable emission. Then 4.2 secs were equivalent

2

to 1 count, and therefore to 32.26 ergs mm ~. This gave

& dose rate of 7.7 ergs mm..2 sec 1 which was in good

Ly



TABLE 11

means of a UV sensitive meter.

Distance from

uv
Lamp No. lamp(ﬁ;)meter
2 47.5
2 45,5
3 h5,5

1 count is equivalent to 32.26 ergs mmfz.

Counts

100
200
300
400
500
600
T00

100
200
300
Loo

20
100
200

Seconds

267
523
776
1020
1273
1518
1762

224
Ll
663
881

210
419
gh2

Dose-rate determinations for UV lamps 2 and 3 by

Increment (secs)
per 100 counts

267
256
253
250
ol
2hs5
24l

o2k
220
219
218

420
419
h23

UV dose-rates are calculated from these dats in the text.
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agreement with the value obtained directly from the T2

bacteriophage survival curve, vhich was T.2 ergs mm_2 sec-l.

The average value of 7,5 ergs mm--2 sec-l was taken as the
dose rate of the lamp.
4, Estimation of the dose rate of UV lamp 1,

An indication of the dose rate of this lamp was obtained by the
following comparison with UV lamp 2. Both of these lamps were used
for qualitetive studies of the UV sensitivities of S. coelieolor strains.
Replica plates were irradiated with doses of UV from these lamps which
barely visibly affected the growth of ws® strains on replicas, but
which killed practically all of the replica plated spores of most uvs
strains. Two minute exposures were used with UV lamp 1 and 1.5
minute exposures with UV lamp 2. Since UV lamp 2 had a dose rate of

13.2 ergs mm._2 sec“:L at the distance normally used, the dose rate of

UV lamp 1 was calculated to be l'5/2 x 13.2 or approximately 10 ergs
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III. I SOLATION AND CHARACTERISATION OF OUVS MUTANTS
A, Method of isolation.

Mutants were isolated amongst the survivors of spores
treated with UV or NTG. The spores were prepared as a pellet by
the method described in Section II C 3 from confluent slant
cultures, each of which was inoculated with a different single
colony of one of the following strains:=-

A3(2)
916 AisAl mthB2 pheAl strAl
ThO proAl avgdl ceysD18 uradl

The single colony inoculum ensured that any mutant isolated
from one spore suspension was different in origin from those
isolated from other spore suspensions.

1. Mutagenesis by UV.

A spore pellet was suspended in 10ml of sterile distilled
water to a spore density of up to 108 per ml, This was placed
in a 9cm glass Petri dish and exposed to UV from lamp 1 for
eight or ten minutes (approximately 5000 or 6000 ergs mm-e)
at a distance of about 50 cms. The dish was gently agitated at
intervals to ensure even exposure of the whole suspension to the
UV light. The surviving fraction was of the order of 1 x 10"5
when the suspension was spreed on suitably supplemented MM.

2. DMuatagenesis by NTG.

The spore pellet was re=suspended in 5ml of tris—-maleic acid

buffer at pH 7.0 and 5 mg of NTG was added and quickly dissolved
L6



by agitation on a Whirlimixer. The suspension was incubated at
3700 for 30 minutes, and then centrifuged at about 1500 g for
ten minutes to collect the spores. The supernatant containing
the bulk of the unused NTG was discarded and the pellet re-
suspended in 10ml of sterile distilled water. The fraction

surviving was in the region of 1 x 10-2 to 1 x lO-3

, when the
suspension was spread on either supplemented MM or CM.
3. Bcreening the survivors of mutagenesis for uws mutants.

A trial plating of the mutagen-treated spore suspension was
made on suitably supplemented plates of MM (or CM after some of
the NTG treatments) by the method which yields accurate colony
counts after three days (Section II C 2 iv). The remaining
spore suspension was meanwvhile stored at ¥°c.  The colony count
was used to estimate a dilution of the spore suspension which
would yield between 150 and 250 isolated colonies in a subsequent
main plating. Between 12 and 24 plates were usually inoculsted
at this dilution and then incubated for four to five days, when
the colonies were well sporulating. Two replicas of each plate
were made with a velvet pad to plates of similar composition.

The second replica was a control of satisfactory replication of
each colony, and the first was exposed to a dose of UV determined
empirically to have little effect on the replication of wild-type
colonies (it killed approximately 50% of the spores). It was
expected that the replication of eny uvs mutant would be visibly
affected. The two replicas were compared after two days
incubation and any colonies replicating to the control but not

at all (or weakly) to the irradiated plate were picked off to
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fresh plates and re~tested by the same technigque. Twenty-three

uvs mutants were isolated in this way.

B. Freguencies of uvs mutants smongst the survivors
of mutagenesis.

Table 12 lists the uvs mutants isolated from each experiment,
the parent strain from which they were obtained, the mutagen,
the number of colonies screened and the plating medium.

Eleven uvs mutants were obtained after UV mutagenesis
amongst about 16,450 colonies on supplemented MM; approximately
1 per 1,500, ©For NTG mutagenesis the results may be divided
according to the plating medium. Platings on supplemented MM
yielded 5 mutants amongst about 30,350 colonies; approximately
1 per 6,600, Plating on CM yielded 6 mutants amongst 15,550
colonies; approximately 1 per 2,600. From these figures UV
would appear to have been the better mubtagen, when the plating
medium was MM (on CM the viability of UV treated spore suspensions
was much reduced). However, it is now known that the conditions
used for the NTG mutagenesis were far from optimal (Delid,
Hopwood and Friend, manuscript in preparation). Their results
show that for general mutagenesis (to auxotrophy) under optimal
conditions NTG is a very potent mutagen, many times more
effective than UV. In my experiments NTG gave a better yield
on CM than on supplemented MM. There was no obvious reason for
this difference, except that in the five experiments in which
platings were made from the same spore suspension on both MM

and CM, the following results, averaged for the five suspensions
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TABLE 12 The Origins of the wws Mutations.

Platin Approximate
Mutations Parent  Mutagen ving number of
medium .
Colonies Screened
uve=1 T4 uv MM 1000
uvs—2 916 NTG MM 800
- 016 uv MM 2250
- 74O uv MM 550
uvs=3 uvs—4 uvs-5 Tho uv MM 2250
- 749 uv MM 2550
uvs—6 uvs-7 916 uv MM 2300
uvs—-8 uvs-9 uvs=-10 916 uv MM 2300
- 916 uv MM 1250
uvs-11 uve=-13 916 uv MM 2000
- A3(2) NTG MM sL0oo
- A3(2) NTG MM 2550
- A3(2) NTG MM 1400
- A3(2) NTG MM 1850
wvs-14 A3(2) NTG MM 2900
- A3(2) NTG MM 4100
wws-15 ; A3(2) NTG MM 2150
uvg=16 uvs—17 uvs=19 CM 2600
- % A3(2) NTG MM 3300
uvg=~18 CM 3600
- 5 A3(2) NTG My 2850
- CcM 3750
- 3 A3(2) NTG MM 1500
- CM 2750
uve=20 uvs=-21 CM 2850
uvs~-24 A3(2) uv MM *

* Originally picked on the basis of mubtant spore colour; subsequently
found to be uvs,

1i8q,



were obtained.

The colony counts made from trial pletings on MM were 93%
of those made from similar platings on CM. However, in the
subsequent main pleting, the approximate colony counts found on
MM were only 69% of those on CM when 12 plates of MM and 12
plates of CM were plated at the same dilution. The CM counts
averaged about 275 colonies per plate. This greater loss of
viability on MM after storage of the suspensions may have
preferentially included uve mubtants.

Up to four mutants were isolated from the same spore
suspension and these therefore could have been members of a
clone of spontaneous mutants. However, in every case where
mutants could have been clonal, at least two independent
mubtations were defined, by different mapping locations orx
complementation results. This leaves uvs mutants D3 and D5,
C8 and Cl0, AL5 and Al9, C1l6 and CLl7, and A22 and A23 as
possibly having origineted from the same spontaneous mutant

clones.

C. UV survival curves of wild~type strains
and their wws mutants.

UV survivel curves were determined for representative
mutants of each of the genes, wvsd, uvsC and uvsD, for each
mutant mapping in the lower half of the map wwsB6, uvs—-13,
uvs-21 , and for the three uvs+ strains from which the mutants

were obtained.



1. Experimental procedure.

A spore pellet was prepared as described in Section II C 3 from a
confluent slant culture of MM supplemented with proline, arginine,
cystine, uracil (the growth requirements of T49 and its uvs derivatives),
histidine, homoserine and phenylalanine (the growth requirements of 916
and its wvs derivatives), inoculated with a single colony and incubated
for five days. This medium was chosen because certain strains
sporulated better on supplemented MM than on CM and it was always
supplemented with all the growth factors to maximise uwniformity of
growth conditions. The spore pellet was re-suspended in 2.5 ml of
sterile distilled water, centrifuged again and the supernatant discarded.
This ensured that the concentration of any UV absorbing compounds
dissolved from the slant was very low in the final spore suspension.
The spore pellet was re=~suspended in a final volume of 10 ml of
sterile distilled water and placed in a glass Petri dish covered by
a metal 1id. The suspension formed a layer 1.5 to 2mm deep in the
bottom of the dish with a concentration of viable plating units on MM
of between about 106 and lO8 units per ml. The irradiation and
sampling was then carried out in the same way and under the same
conditions as have already been described for the T2H+ bacteriophage
survival curves, except that 0.5 or 1.0 ml samples were taken at the
appropriate intervals and then treated as follows. The samples were
diluted in ten—-fold dilution steps in distilled water and plated in
supplemented MM (appropriate to the strain) by the technique described
in Section II C 2 iv, which yields accurate viable counts. The
irradiation and plating was carried out at room temperature (20 to
25°C) under light from a Philips 35W SOX sodium vapour lamp.
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Plates were incubated in the dark and colonies were counted each day
from the third or fourth up to the seventh day if necessary, since

at the lower survival levels many survivors were late in yielding
visible colonies, presumably due to slower growth rates or delayed
germingtion, Normal unirradiated spores yielded visible colonies
after three days. Counts were taken as final when no further colonies
appeared after an additional day's incubation. The UV dose was
plotted linearly on the abscissa and the surviving fraction logarith~
mically on the ordinate.

2.  Uvs" survival curves.

The experimental data are given in Table 13 and survival curves
plotted from them in Figure 6. The three uvs” survivel curves showed
a "shoulder" of increasing slope to survival levels of sbout 2 x lO_l,
which was followed by nearly exponential inactivation of the spores
(i.e. & region of the curve with nearly constent slope) to survival
levels of about 5 x lO-h and finally “tailing"; that is the slope of
the curve decreased, presumably due to & more resistant component of
the spore population constituting an increasing proportion of the
sSurvivors.

The four experiments on A3(2) gave a reproducible curve. This
was not so for 916 or T49, 916, on which four experiments were per-
formed, showed four curves, within which the main difference was the
extent of the shoulder, and the main similarity was the slope of the
part of the curves showing exponential inactivation. TU49, on which
three experiments were performed, showed a more constant shoulder, but
a variable exponential slope.

Some of these differences may have resulted from the fact that
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each experiment was performed on a different clone of spores. This
had arisen from a single spore or small hyphal fragment, which had
grown first to form a single colony, which was then inoculated to grow
a confluent culture on a slant, which ylelded the spore suspension.
Clones of "modifiers" affecting UV sensitivity may have arisen at any
stage during this growth, from a single spore through to the confluent
slant culture. The size of any "modified" clone in the final spore
suspension would affect its survival curve. Such modifiers would be
presumed not to have occurred appreciably in A3(2),

Another source of varigbility in the survival curves may have been
the different degrees of sporulation achieved before a spore suspension
wvas prepared. A3(2) sporulated readily under a variety of conditions,
and mey have attained maximum sporuletion for each experiment.

However, strains such as 916 and Th9, which contain a number of auxo-
trophic markers, did not sporulate so readily and the different experi-
mental suspensions could heve contained different proportions of spores
and hyphal fragments. Hyphal fragments would have contained many

nuclei, each having similar sensitivity to the single nuclei of spores.

A number of lethal hits would have been required to inactivate a given
hyphal fragment, depending upon the number of nuclel it contained.
Therefore, the spore suspension as a whole would have appeared more
resistant at low doses than at higher doses when nearly all the surviv—
ing members of the population, both spore and hyphal, would have contained
only one viable nucleus each and therefore would have had the same effect~
ive sensitivity. Thus the proportion of hyphal fragments would be
expected to affect the extent of the shoulder of the curve (however,

see the results for uve~13).
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Whatever the causes of these variations between experiments involv=
ing 916 and T49, they were relatively small, and all of the survival
curves performed on we" strains showed greater resistance to UV than
those performed on the least sensitive mutant.

3. Survival curves of strains mutant in uwvsd, uvsC or wvsD.

The data for strains mutant in one of these three closely linked
genes (see Section IV C 3) are presented in Tables 14, 15, 16,
respectively, and the survival curves plotted from them in Figures
T, 8, 9 respectively, They will be considered together.

The variations in sensitivity amongst the strains so far studied,
which were mutent in gene A or gene C, were within similar limits.

The two strains mubant in gene D, were closely similar in sensitivity,
and this was within the range defined by the mutants in genes 4 or C.

All these mutants had survival curves with characteristics like
those of the uvs+ curves, They retained & shoulder, which was
followed by e region showing exponential inactivation, followed by

"tailing" of the curves at survival levels between about 1 x 1073

and 1 x 10-h. The feature in which they all differed from the uvs+

curves was in the much steeper slope in the exponential parts of the

curves.
Lk, Survival curves of mutants wwsB6 and wvs-21,

The date for these mutants are presented in Table 17 and their
survival curves in Figure 10. Their survival curves were almost iden-
tical, and also had the general features of the ws" curves, retaining
8 shoulder, an exponential region, and & "tail", They were less
sensitive than any of the wwsd, uvsC or uvsD mutants and the tailing
appeared to commence earlier, at suwrvival levels of sbout 1 x 10-2.
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UvsB was defined by the mutation uvs—-6; since the survival curve of
uve-21 was similar to that of uwsB6 and the two mutations were closely
linked, uws—-21 may lie in the same gene, but there was no definitive
evidence for this possibility.

5. The survivel curve of wuvs—-I13.

The data are presented in Table 18 and the survival curve plotted
in Figure 11.

The survivel curve of uvs-13 was unique in that it completely lacked
a shoulder, showing exponential survival from the origin. In addition
the slope of its exponential curve was very close to that of the expon=
ential part of the curve for 916, since the D37 for the curve of uve-13
in Figure 11 = 315 ergs mm.—2 and the average value for the exponential
parts of the curves of 916 in Figure 6 = 322 ergs no S, Thus it
differed from the curve of its uvs® ancestor only in lacking the shoulder,
Since uvs—13 differs phenotypically in this way from all the other
uvs mutants, it has provisionally defined gene uvsE.

The absence of a definite shoulder also indicates that the presence
of hyphal fragments in a spore suspension does not confer an appreciable
shoulder on a survival curve obtained for that suspension. Suspensions
of this uwsEl3 stroin somebimes contained an appreciable proportion of
hyphal fragments. These constituted on increasing proportion, up to
an estimated 90%, of the plating units as the initial unirradiated viable
count decreased from about lO8 to lO6 per ml; that is when suspensions

were prepored from progressively less well sporulating slants.
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IV, THE GENETICS OF UVS MUTATIONS
A, Primary mapping of uvs mubtations

The approximete location of a new genetic marker in S. eoelicolor
may be readily found by the analysis of 50 to 100 recombinants selected
from the progeny of & cross between two strains, one of which carries
the new mutation (Hopwood, 1967Ta).

1. Characteristics of the cross.

There were three main requirements of a cross intended to give an
approximate location to a new genetic marker.

Firstly, the markers of which the location was already known
were distributed as evenly as possible around the circular genetic map
of S. coelicolor. The "silent" regions imposed limitations on this
distribution, see Figure 1. Usually at least six such markers were
used.

Secondly, the parent strains were chosen to be complementary in
genotype, so that all the markers in the cross were heterozygous and
their alleles could segregate in the recombinant progeny.

Thirdly, two points of selection, one against each parent, were
applied to the progeny of the cross. This was necessary since in
almost all crosses between two strains of S. coelicolor, recombinant
progeny constituted less than 1% of the total spore and hyphal units
harvested from the cross. To select these from amongst the majority
of parental genotypes, an allele of each parent was selected ageinst,
either by omitting a nutrient required for growth by one of the parents

from the supplemented MM on which the cross was to be plated, or by
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adding an antibiotic (dihydrostreptomycin sulphate) to the plating
medium, at a concentration preventing growth of one of the parents.
This also selected against those classes of recombinants which did

not combine both selected markers. The remaining markers in the cross
were kept unselected by adding the appropriate nutrients to the plating
medium, or omitting from it an antibiotic. These two points of sel-
ection were chosen to be diametrically situated, thus bisecting the
genetic map.

For each recombinant viable on the selective medium, at least one
crossover (or a higher odd number) must have occurred in each of the
two arcs defined by the selected markers. Therefore, the diametrical
selections resulted in a distribution of crossovers as even as possible
around the genetic map. Incompleteness of the zygotes and any polarity
within the zygote population tends to distort this distribution
(Hopwood, 196T7a) the first of these factors would tend to concentrate
the frequency of crossing-over in the regions adjacent to both the
selected markers, and the latter would preferentially limit this
concentration to one or other of them.

2. Rationale for the location of the new mutation.

A hypothetical cross is illustrated in Figure 12. The two concen=
tric circles represent the genomes of the two parents carrying the
alleles, a, b, ¢, d, e, and for 4, B, C, Dy E, and F.  The numbers
represent the percentage frequencies with which they are found in the
progeny. The two selected alleles indicated by triangles, occur with
a frequency of 100% and the counterselected alleles, 0%. At any point
on the map, the sum of the percentage frequencies must equal 100%.

The alleles of the new marker are indicated by x and X. Recombinants
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FIGURE 12.

Hypothetical cross for illustrating the location

of a new mutation amongst known markers.

100

See text for explanation.
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viable on the selective plating medium (selecting 4 d recombinants)
arise by an odd number of crossovers in each sector of the map defined
by the selected markers., Most arise by one in each of these sectors;
two crossovers in all, These will be referred to as simple crossover
classes. Those arising by some multiple of two crossovers will be
called multiple crossover classes. As a consequence, the allele
frequencies of the known markers of each parent form two continuous
series, starting with a frequency of 100% for the selected marker of
each parent, at 4 or d, and descending along each arc of the genome, to
meet at 0% for the counter selected markers of each parent at a or D.

The allele frequencies of */X will fit into the gradient of the
allele frequencies of the known markers in two alternative positions,
between b/B and G/C or between Q/E and f}F. The actual location is
chosen from these two possible locations by trying each in turn, and
adopting the location which meximises the number of recombinants in
the simple crossover classes. Certain critical classes of recombin-
ants will be simple in the right location but multiple in the wrong
location.
3. Experimental procedure.

A cross was made between two suitable strains on a CM slant
(Section II C 2 a) and incubated for three or four days. A suspension
vas then prepared from it (Section II C 3) and recombinants selected by

L 2 dilutions

spreading aliquots of the suspension at 100, 10 —, and 10~
on suitably supplemented MM plates (Section IT C 2 a ii). After

three days' incubation one of these plates usually yielded 50 = 100
sporulating recombinant colonies. In order to analyse readily the
genotype of a random semple of these recombinants, 50 were individually
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picked and inoculated to a fresh plate of the same selective MM in
an assymetric rectangular grid pattern. This "master plate" was incub=
ated for two or three days until the recombinant patches were sporulating
and used to make replicas with a velvet pad (not more than three replicas
from one velvet) to a series of plates, consisting of the following:
two plates which were identical to the selective medium of the master
plate, one of these being irradiated with about 1200 ergs mmne to
differentiate uvs from wvs recombinants and a set in which each plate
lacked & different one of the growth factors present in the master
plate. If antibiotic resistance was a non-selected marker in the
cross then an additional plate containing all the supplements of the
master plate plus the antibiotic at a suiteble concentration was
included. The series of plates was incubeted for two deys, when the
genotype of each of the 50 recombinant patches was determined from its
ability or inability to grow on each plate. The wild type genotype
was indicated by growth on any plate lacking a supplement or which
had been irradiated, and lack of growth on a plate containing an
antibiotic. The mutant genotype was indicated by lack of growth on
plates lacking a supplement or which had been irradisted, and growth in
the presence of the antibiotic.
4,  Results.

Crosses were made as follows: uvs strains derived from Tho
proAl argAl cysD18 uradl were crossed with 916 hisdl mthB2 phedl strAl;
uvs strains derived in 916 were crossed with T49; and wve strains
derived from A3(2) were crossed with 876 proAdl hisC9 argAl cysC3
phedl strdl., The selection for his® strdAl recombinents wes similar
in each case since #7sd and hisC were closely linked. The three types
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of crosses satisfied the requirements for primary meapping in the even
distribution of known markers, the complementarity of parental markers
and the diametrically situated points of selection.

A set of replica plates after two days incubation is shown in
Figure 13a for the cross wvsd24 x 876. Figure 13b shows the genotypes
recorded from their growth responses of each of the 50 recombinant
patches represented on the plates. See also Table 22 and Figure 17.

In each cross, only Ll to 50 recombinants were analysed. This
was insufficient in many cases to allow unembiguous location of the
uvs mutation. Therefore the data from 23 crosses are pooled and
analysed in five groups constructed as follows.

The similarity of parental marker arrangements provided three
initial groupings: 916/uvs crossed with Th9; TUO/uve crossed with 916;
A3(2)/uve crossed with 876, The first and the third of these were
subdivided, since individual analysis of each cross in these two groups
showed the mutations to be located in one of two regions of the map.

On the assumption that the independent mutations within a group were

in the same gene or one of a number of closely linked genes (clustering,
was already known to occur in 5. coelicolor; Section I A 1), analysis
of the pooled data would indicate its location. This asswaption was
confirmed when complementation tests and finer mepping were performed.

The data for the five groups are presented in Tebles 19, 20, 21,
22, and 23 and analysed in Figures 1k, 15, 16, 17, and 18 respectively.
Table 24 summarises the probable location of each group of wvs
mutations, based upon the analysis of the five groups of pooled data.
Thus, wvs~1l, uvs-2, wws—-3, uvs—4, uve~5, uvs-7, uvs—8, uvs-9, uvs—-10,
uvs~11, uvs~14, uvs-15, uvs-16, uvs~17, uvs-18, uvs=-19, uvs=-20, uws-22,
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FIGURE 1h.

The two conceéntric circles represent the parental genomes, with

inalysis of the primary mapping crosses between
916/uvs strains and Th9: uvs located near his.

(Data of Table 19).

2
-;;;;~;3;‘\*‘\s
249 11 a4

918/uvs

£122
137,

pheA] 167

o84 203 i
strAl mthBZ2 .

the marker arrangements indicated.

749

Numbers adjacent to alleles indicate their frequencies amongst the
sample of recombinants analysed.

Numbers between the circles indicate intervals referred to in the
relevant table.
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FIGURE 15.

Analysis of the primary mapping crosses between

916/uvs strains and Tho: wuvs located near sir.
(Data of Table 20).

916 /uvs

58
pheAl

95 74
~SErAl mth

See legend to Figure 1k.
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FIGURE 16. Analysis of the primery mapping crosses between Tho fuvs

strains and 916: wuwvs located near his.

(Data of Table 21).
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See legend to Figure 1k.

59¢



FIGURE 17.  Analysis of the primary mapping crosses between A3(2) /uws

and 876: uvs located near his .

(Data of Table 22).
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Stral 137
435

See legend to Figure 1k,
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FIGURE 18. Analysis of the primary mapping cross between

an A3(2)/uvs strain and 876: wuve located near sér.

(Data of Table 23).

876

See legend to Figure 1h.
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TABLE 19. Primary mapping of 916/uvs mutants in crosses with TU9: uvse
located near his.
(Data analysed in Figure 1h4).

Crossover .
Genotype (a) intervals Mutations (b) Total
in Figure wuvs=-2 uvs~7 uvs-8 uvs—9 uvs~10 wvs~11  (c)
hom phe 2,9 5 0 0 3 2 2 12
pro hom phe 2,8 3 2 0 2 1 1 9
pro hom phe ura 2,7 2 0 0 0 0 1 3
pro hom uraq 2,6 1 1 0 1 0 0 3
arg hom phe 3,9 b L 1 4 0 2 15
pro arg hom phe 3,8 13 6 6 9 7 8 iie)
e o hom phe 4 q 2 3 0 1 0 0 6
pro arg hom ura 3,6 5 13 12 15 6 6 57
arg cys hom phe 4,9 0 1 0 0 0 0 1
pro arg cys hom ‘
o X,8 0 0 1 0 2 3 6
pro arg cys hom
phe wra 4,7 0 1 0 0 1 0 2

pro Zﬁg cys hom 4.6 o 1 9 o 10 5 o7
arg cys phe 5,9 0 1 1 0] 0 0 2
pro arg cys phe 5,8 1 ) 5 2 1 2 15
RO azg oo phe 5 g o o 1 o 3 1
pro arg cys ura 5,6 0 9 11 6 14 1L 54
cys hom phe 2,3,4,9 1 0 0 0 0 0 1
pro arg phe 3,4,5,8 0 1 0 1 0 0 2
pro arg hom 3,6,7,8 0 0] 0 1 0 0 1
pro arg ura 3,4,5,6 0 1 0 0 0 0 1
pro arg cys hom 4,6,7,8 0 0 0 0 1 0 1
pro cye ura 2,3,5,6 0 0 0 0 0 1 1
hom phe uvs 1,9 2 0 0 1 0 0 3
pro hom phe uvs 1,8 1 0 0 1 0 1 3
pro Zg’;’ phe wra 4 o 1 0 0 0 0 0 1
pro hom ura uvs 1,6 0 0 1 1 0 0 2
cys hom phe wvs 1,3,4,9 0 0 0 0 0 1 1
pro cys phe uvs 1,3,5,8 0 0 0 0 0 1 1
Total recombinants L1 48 418 50 L8 49 284

(a) Wild-type alleles omitted.

(b) Numbers given represent the frequencies of the genotypes in Column 1
amongst the recombinants recorded in individual crosses containing
different uvs mutations.

(¢) The allele frequencies shown in the relevant figure were calculated
from the pooled data of this column.,
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TABLE 20. Primary mepping of 916/uvs mutants in crosses with Th9:
uvs located near str.

(Data analysed in Figure 15).

Crossover Mutations (b)
Genotype (a) intervals Total (c)
in Figure uva=6 uvs—-13
hom phe uvs 1,9 1 3 L
pro hom phe uvs 1,8 2 0 2
pro hom ura uvs 1,6 1 0 1
arg hom phe uvs 2,9 i 1 2
pro arg hom phe uvs 2,8 9 15 2k
pro arg hom phe ura uvs 2,7 3 3 G
pro arg hom ura uwvs 2,6 8 17 25
arg cys hom phe uvs 3,9 3 0 3
pro arg cys hom phe uvs 3,8 2 1 3
pro iﬁg Zgi hom phe 3,7 1 o 1
pro arg cys hom ura uvs 3,6 0 2 2
arg cys phe uvs 4,9 1 0 1
pro arg cys phe uvs : 4,8 5 1 6
pro arg cys phe ura uvs b7 1 0 1
pro arg cys ura uvs h,6 L 2 6
arg phe uvs 2,3,4,9 0 1 1
pro arg hom phe 2,4,5.,8 1 0 1
pro arg cys phe 5,8 2 0 2
pro arg cys phe ura 5,7 1 0 1
pro arg cys ura 5,6 2 1 3
Total recombinents L8 L 95

See legend to Table 19.
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TABLE 21. Primary mapping of TL9/uvs mutants in crosses with 916:
uvs located near htls.

(Data analysed in Figure 16).

Crossover Mutations (b)
Genotype (a) intervals Total (c)
in Figure wuvs-1 wwe=3 wuvs=-4 uvs-5

hom phe uve 2,9 6 5 L 0 15
pro hom phe uvs 2,8 k 6 0 0 10
pro hom phe ura wvs 2,7 0 1 1 0 2
pro hom ura wvs 2,6 2 1 2 1 6
arg hom phe wvs 3,9 8 6 9 6 29
pro arg hom phe uvs 3,8 8 15 13 12 48
pro arg hom phe

wre uve 357 2 L 2 3 11
pro arg hom ura wvs 3,6 12 5 T 20 Lk
arg cys hom phe uvs 4,9 0 0 1 1 2
pro arg cys hom

phe ws 4.8 1 0 1 0 2
pro arg cys hom

phe ura wvs b1 0 0 1 0 1
pro arg cys hom

A L,6 1 0 0 2 3
pro arg cys phe uvs 5,8 0 0 1 0 1
pro arg cys phe

ura uvs 25T 0 0 1 0 1
pro arg cys ura ws 5,6 3 0 L 2 9
pro arg phe wvs 3,4,5,8 0 2 0 0 2
hom phe 1,9 1 3 2 0 6
pro hom phe 1.8 0 1 0 0 1
pro arg hom ura 1,2,3,6 1 0 0 1 2
pro arg cys ura 1,2,5.6 0 0 0 1 1
hom ura 1,6,8,9 1 0 0 0 1
Total recombinants 50 49 Lo 49 197

See legend to Table 19.
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TABLE 23, Primary mapping of an A3(2)/uvs mnutation

crossed with 876: uvs located near str.

Genotype (a)

pro arg cys phe

cys

cys phe

pro cys phe

+ )
)

UYS )

prhe

pro phe

pro

Total recombinants

(Analysed in Figure 18).

Crossover intervals
in Figure

1, 6

2, 4

See legend to Table 19.
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Mutation (b)

15

12

50
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ws=23 and uve-24 were located near AtsA/C, probably between htsd/C
and argd, uvs—6 and uvs=13 near strd, probably between strd and mihB,
and uvs—-21 also near sitri.

The conclusions from these data for individual crosses were necess=
arily tentative when it came to deciding between the two possible
locations indicated by the allele frequencies, that is, the order of
the uvs mutations relative to Aisd/C or strd, due to the infrequency
of critical genotypes. The allele frequencies of uvs/uvs+ which were
calculated from the pooled data did however clearly indicate that all
the uvs nutations fell into two groups, one containing 20 mutations,
located between proA and argid, the other containing three mutations
located between phed and mihB or cysC.

It must be said that when considering the crosses individually,
in only one cross (that involving the uwvs—5 strain) was the conclusion
based on the pooled data positively contradicted. In this case, the
allele frequencies located uvs-56 either between prod and hisd or
arghd and cysC (nearer argd) with two multiple crossover recombinants
in either case,

The next steps were to attempt a complementation test within the
two groups of mutations, and then to locate more precisely one or a

few representative mutations of each gene found to exist.
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B. Genetic complementation amongst the mutations located near Arsd.

Twenty mutations were located near AiZsd, probably between fitséd
and argd, and the question to be asked was whether these mutations
were all changes in the same or in different genes,

A test for complementation requires that part of the life cycle
of the organism involves & diploid (or partially diploid) stage during
which the phenotype of cells may be observed. The diploid is comnstructed
to be heterozygous (in trans) for two independent mutations, each
exhibiting a similar phenotype when monosomic. Such a situation exists
in S. coelicolor, in the form of heteroclone genomes, which give rise
to heteroclone colonies when grown under appropriate selective con-
ditions.

1. Rationale for the complementation test.

Zygotes in S. coelicolor are partially diploid, containing a whole
chromosome derived from one parent, and a partial chromosome derived
from the other parent (Hopwood, 1967a). The fragment is of random
length, averaging about l/Gth of the genome, and with ends at random
positions. Such a zygote and its progeny are illustrated in Figure 2.
The zygote can give rise to haploids by an even number of crossovers,
usually two, anywhere in the heterozygous region, and a recombinant
fragment which is presumably lost. & single crossover, or any odd
nunmber of crossovers, yields a terminally repeated linear heteroclone
genonme which is still heterozygous to the same extent as the zygote.

A further crossover, or any other odd number of crossovers, in the
heteroclone genome will yield a haploid, and this process is the
normal consequence for heteroclone genomes in the progeny of any cross,

unless a special selection which selects against the haploids is
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applied to these progeny. If selection is made against two closely
linked markers in different genes such as Aisdl and AZsC9 [i.e. the
progeny of a cross between a parent A¢sdl, and a parent A2sC9 are plated
on medium lacking histidine), then only progeny phenotypically His '
are able to grow (Figure 19). These will consist of two types, both
arising only from zygotes heterogeneous for Azsd and hisC;, true nis"
haploid genomes which arise by an even number of crossovers of which
one must be in interval 2 (as illustraoted in Figure 19 the other is in
interval 3), and heteroclone genomes which arise by an odd number of
crossovers anywhere in the heterozygous region. The latter will be
His+ because of complementation between hisa’ and hisc™. Haploid
cells will grow into uniform, circular colonies whereas heteroclone
cells, except for those which segregate a His® haploid clone early

in development, by a further crossover in 2, will grow into irregular
heteroclone colonies of variable size.

Heteroclone genomes cannot be directly seiected for heterozygosity
of uvs mutations in the way that auxotrophic mutations may be selected.
However, since the twenty wuvs mutations to be tested were located near
to the AisA hisC region, heteroclone genomes selected in the way
already described were almost always heterozygous for the region
controlling UV sensitivity.

Consider a cross made between a strain Aisdl wvs=x and a strain
hisC9 uve-y from which the progeny were plated on mediwm lacking
histidine (see Figure 19). Amongst these the viable progeny were
either His+ heteroclones or haploid cells, which had arisen from the
zygotes as already described. Since interval 4 is small (see Section
IV C) most haploids carried either uvs=y or uve-x and were therefore
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FIGURE 19. Tllustration of the rationale for the complementation
tests.

Based on the model for the origin of haploid and heteroclone genomes
from merozygotes (Hopwood, 1967a).
hisAl

ilerozygote

1 crossover 2. crossovers

e.g. in interval 1 1 obligatory in interval 2

the other e.g. in

+-hisC9

uvs
=X

Heteroclone
genome

Haploid
genome

J—— —

Hist progeny

See text for explanation
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Uvs ; haploids both hist and wws' were rare. Colonies with uniform
circular haploid appearance constituted approximately five per cent

of the total colonies appearing in a cross with selection against AisAl
and A2sC9 (Hopwood, 1967a). Since, however, heteroclone genomes were
almost always heterozygous at the uvs region as well as at the hAzs
region, their UV sensitivity depended upon both wvs-x and uvs-y.

If uvs-x and uvs—-y were in different genes, complementation could occur,
and these cells were Uvs . If however uvs—x and uvs~y were in the

same gene, complementation could not occur (assuming no intragenic
complementation), and these cells were Uvs .

Two classes of results were therefore expected, depending on the
UV sensitivity of heteroclone plating units. In both classes, haploid
cells would be UV sensitive. However, in the crosses in vhich comple=
mentation occurred, and since haploids were & small minority, the total
His+ progeny of the cross should have exhibited approximately wild-type
sensitivity, whereas in the crosses in which complementation did not
occur, the total His+ progeny would almost all have been of mubtant
sensitivity.

2. BExperimental procedure.

Helf the twenty uvs mutatbtions were obtained in hisA? strains either
directly or by recombination with AZsAl strains. The remaining uvs
mutents were crossed with a A7sC9 strain and uvs hisC9 strains isolated.
Crosses were made in all possible pairwise combinations between
uvs hisAl strains and uvs hisC9 strains. 0.Ilml samples of the spore
suspensions from the crosses were spread in duplicate, undiluted and
at an approximete ten=fold dilution (Section II C 2 iii), on MM agar

plates lacking histidine but containing any other nutrients required
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by either parent. One of each set of duplicate plates was exposed to a
dose of UV (approximately 1200 ergs mmfe) sufficient to kill approx-
imately 50% of cells with wild=type sensitivity but killing more than
99% of cells with mutant sensitivity. All the plates were incubated
for three days., when total colony counts were made.

For each cross, the number of colonies counted on the irradiated
plate was expressed as a percentage of the number of colonies counted
on the unirradiated control plate. Counts obtained at different
dilutions for the same cross were added together, provided that
counts could be obtained for both control and irradiated plates at
each dilution.

3. Results.

The results obtained from up to three crosses between each pair
of strains are presented in Table 25; they may be divided unambiguously
into two classes. One class contains those crosses where the survival
after irradiation was of the order of one per cent or less, indicating
non-complementation, the highest survival in this class being less than
or equal to 3.2%. The second class contains those crosses in which
the survival after irradiation was between 82.4% and 14.3% indicating
complementation, with an average value of 48.6% in this class.

This was in good agreement with the value expected in fully comple=
menting combinations derived as follows: 5% of viable progeny were
haploid and Uvsn; the remaining 95% were heteroclone cells almost all
of which would have been Uvs+, therefore the overall survival should
approximately equal 100 = 5 x SO/lOO = U47.5%.

On the basis of these results, the twenty uvs mutations were

divided into three complementation groups defining genes uwsd,
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LADLIL 2D,

uvs
mutation
in hisdl
parent

uvsds a

uvsd4 a

uvsd9 a

uvsd2g a

v b

uvsC?7 a

uvsC8

n
oo

uveCio

oy}

uvsDl

uvsD3 a

uvsbhs

uvsDil
n

T o

he results of complementation tests between

uvs
Alb

224
<0.45

218
<0.46

80
<1.25

66
<1.6

18
77
23,4

15
65
23,1

118
228
51.8

63
189
33.3

33
b2
29,5

196
415
47.2

209
663
31.5

uvs
A19
o

0
499

367
<0.28

994
£0.11

195
<0.52

74
228
32.5

123
205
60

799
1278
62.5

430
1072
40, |

340
716
47.5

318
677
47,0

500
759
65.9

uvs mutations,

uvs mutation in A7sC9 parent

uvs uyvs uvs uvs uvs
A22 A23 Ad4 c14 Cil6
0 | A a )
1 4 191 47

0
04 346 60

342 1286 5
0.29 0.31 <0.2 55,2 78.3
0 0 0 50 16
72 111 ocC 178 43
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] 0 0 187 ¥:!
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0 0 0 I6

|
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5] 82 79 0 1

| 36 247 173 400 51
37.5 33,2 45,7 <0.25 2.0
203 {88 112 207 26
462 386 | 36 426 50
43,9 48,7 82.4 48,6 52
71 367 69 29 28
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45.5 65.2 63,9 27.4 57.|

148 I 31 72 495 2|
327 23| 93 1400 39
45,3 56.7 77.4 35,4 53,8
88 26 57 253 24
213 240 68 443 47
41.3 40,0 54,4 57, 51.1
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39
|37
28.5

| 34
337
39.8

17
34
50

0
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1.1

3
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0.28

0
301
<0.34

147
248
59.3
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310
59.0

74
160
46.53

119
235
50.6
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D18
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17
36
47.2
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264
36.4

15
36
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144
42.4
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20
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36
45
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TABLE 25 (continued).

NOTES.
8) Number of colonies on irradisted plate(s).
b) Number of colonies on unirradiated plate(s).

c) % survival(%-x 100. )

Results for crosses showing no complementation are in heavy type.

Results for crosses showing complementation are in |ight type.
uvsdls, A18, A22, A23, Cl4, Cl6, C17, and D18 strains also
contained prodl strAl.

uvsA24 strain also contained strdl and a spore colour mubation
C73.

» uvsdae, A9, C7, C8, CI10 and DI1 strains also contained mthB2
phedl strAl,

A uvsdd, DI, D3 and D5 strains also contained pheAdl.

v uvsd80 strain also contained stral,
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uvsC, uvsDh. Crosses involving uvs mutetbtions within a gene showed non-
complementation, and crosses involving uvs mutetions assigned to different
genes showed complementation in every case. There was no indication
that the results observed were due to the occurrence of intragenic
complementation., If this had been the case, and all the mutations
were in the same gene, a frequent class of uvs mutants would have

been expected to show non=complementation with all of the other uvs
nutants. This group would have contained the mutants coding for no
protein at all, or one so grossly altered that it was incapable of
complementation. Thus the results obtained were entirely consistent
with the existence of three genes controlling UV sensitivity in this

region.

C. TFine mapping of representative mutations of uvsd, uvsC

and uvslD, and uvsB6, uvsEI13 and uvs-21.
1. Rationale.

Ordering of mutations relative to other markers within a small
region of the map can serve two purposes. If two independent
mutations with similar phenotypes can be located on either side of
a knovn gene, which has an unrelated phenotype, then this is evidence
for two separate genes which should be supported by any complementation
data available. Alternatively, if a number of different genes,
defined by complementation data, cannot be separated by any of the
known markers located in this region, then this is a preliminary
indicetion of a gene cluster, perhaps an operon, and the possibility

of co=ordinate gene control.

The characteristics of a cross designed to order a new marker
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relLative to other known markers, all located within a fairly short region
of the map, differ in one respect from those of a cross designed to give
a first approximate location to the new marker, in that the two points
of selection should be chosen to define the short section of the map
within which the new marker is known to lie. The genotypes of the two
parents should again be complementary for the known ordered merkers in
the short region, and ideally these should be evenly distributed. The
ratio of allele frequencies for the new marker will locate it as before
with respect to the knowm markers in a position which should minimise
the number of multiple crossover recombinants.

2.  Experimental procedure.

Crosses were performed. and analysed as described in Section IV A 3.
3. Results for uvsd, uvsC and uvaD.

The primary mepping described earlier had located the uvsd, uvsC
and uvsD group of mutations between prod and argd, probably between
hisA and argA. The following crosses were performed and analysed in
order to confirm the location with respect to AZsd. ProAl uvsdd,
proAl wvsC7 and prodl uvsD3 strains were obtained by recombination, and
were each crossed with strain 26 AZsAl argAl and.proA+ argA+ recoubinants
selected.

The crosses, the results and their analysis are illustrated in
Table 26. The allele ratio for the pooled results, qu+/qu = 12h/999
clearly located uvs between %784 and argd. This location was supported
by each of the individual crosses analysed alone. It required four
of the observed recombinants to occur by multiple crossovers, whereas
the other possible order, prod uvs hisd argd,required 21 multiple
crossover recombinants. Therefore the order was prod hishA (uvsA uvsC

uvsD) argA. 66



TABLE 26. The ordering of uvsd, uvsC and uvsD relative to AisA.

0 82 99 223
proAl + uvs +
t t { A
Cross: 1 2 3
A- } $ -4
+ hisAl + argAl
223 141 124 0
Crossover Mutations (a)
Genotype interval uvsi4 uvsCl0 uvsD3d Total (b)
+ uvs 1 23 38 17 78
his uvs 2 T 6 8 21
his + 3 59 43 18 120
+ 1,2,3 2 0 2 4
Total 91 87 15 203

Recombinants

The strains used were V1T proAl mthB2 uradl strAl wuvsd4d, Vil proAl
cyeD18 wradl wwsCl0, and V20 proAl mthB2 uradl strAl uvsD3, each
crossed with 26 hisAl argAl.

Markers not included in the table were located outside the region

of interest, were unselected in the crosses and were ignored.

For simplicity only the region of the parental chromosomes in
which the uvs mutations were already located is represented by
the straight lines and the markers placed equidistant.  Their

actual locations msy be seen from Figure 1,

(a) Numbers given represent the frequencies of the genotypes in
Column 1 amongst the recombinants recorded in crosses containing

the uvs mutations indicated.

(b) The allele frequencies shown in the figure above the table were

calculated from the data of this column.

66a,



The following crosses were performed to obtain & more precise loc=
ation for wuwsd, wwseC, and wwsD in the region hisd argA. ArgAl uvs
recombinants were isolated for the mutants uvsd4, wwsC7, uvsDl, uveD3
and uveD5. These recombinant strains were crossed with 948 hisdl ammAS
serdAl. 'The order of the markers involved in the cross was htgd -
ammd = serd = argA, with the gene for UV sensitivity expected to fall
somewhere within this series. The recombinants were selected to be
WisA® argA+.

The crosses, their results gnd their analysis are presented in Table
27. The allele frequencies of “vs+luvs = 35/296 for the pooled results
clearly located uvs between ammd end serd. The data for the individual
crosses all supported this location, which required only 5 observed
recombinents to arise by multiple crossovers for this arc of the mep.
Any other order required many more multiple crossover recombinants,

33 for the order AisA wvs ammA serd argf and 51 for the order Aisd
ammi serA wvs argA. The order of the genes was therefore hisd anmd
(uvsd uvsC uvsD) serd argh.

k., Results for uvsB6, wwsE13 and uvs-21.

A complementation test of the type used to discriminate different
genes amongst the top group of 20 mutations has not yet been successfully
applied to these three mutations, uvs—6, we-~13, wwe=~21. Uvs=6 was
used to define gene uvsB.

Since the primary mapping had not conclusively ordered these
nutations with respect to strd, this was done for each mutation as
follows. Strains of.genotype mthB2 uvsB6, cysD18 uvsE1l3, and
pheAl wws—-21 were obtained by recombinastion. The uwsBf strain was
crossed with strain 59 #7sD3 argAl uradl and mthBT urad® recombinants
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TABLE 27. The ordering of wvsd, uvsC and uvsD relative to
ammi and serd.
0 35 84 331
hisAl ammAS + serAl +
+ ¢ { t i
Cross: 2
'y % t )
+ uvs + arghAl
331 296 247 0
Crossover Mutations (a)
Genotype interval uved4 rorlovd uvsD3, 6, 1 Total (b)
amm + sey 1 2 0 3 )
+ + sger 2 2 13 13 28
+ uvs ser 3 11 17 23 51
+ uvs + h 79 61 103 2h3
+ o+ F 2,34 1 0 1 2
amm uws + 1,24 0 0 o 2
Total
recombinants 92 91 145 331

The strains used were: V22 argdl mthB2 pheAl strAl uvsedd,

V1h5 argAl wwsC?, VT argAl mthB2 pheAl strdl wwsDl, V19 argdl mihB2

phedl strdl wwsD3 and V23 argAl cysD18 mthB2 phedl strAl wvsDS each

crossed with 948 hisdl ammd5 serdl.

See also legend to Table 26,
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selected; the uwsEl3 strain was crossed with strain 36 AZsD3 phedl
and cysD+ pkeA+ recombinants selected; and the uvs—21 strain was crossed
with 59 AisD3 argdl uradl and hisD® pheA+ recombinants selected.
The parental marker arrangements of these crosses, the results
and their analysis are illustrated in Tables 28, 29 and 30 for uvsBé6,

uvskF13 and uvs—21 respectively.

uvsB6 + 16/81, ust13/ + 17/31

The allele freguencies Juvs = UVS

u”3“31/u93+ = 36/52, located each uvs mutation between strAd and

and
hisD.,  This location required a minimum number of multiple crossover
recombinants, one for the uvsB6 cross, none for the uvskEl3 cfoss, and
one for the uvs-21 cross.

Finally these mutations were ordered relative to strd guad hisD
by crossing them with strain 255 argdl guadl.

The results for uvsB6 and uvs—13 will be considered together
since the crosses were similar with selection for strdl mthB
recombinants and they had & similar location. The cross with uvs—-21
will be considered separately since the wild=-type allele of a different
gene, cysC was used instead of mthB+ as one of the points of selection.

The results for uvsB6 and uvs—-l13 are presented in Table 31, and
for uvs=21 in Table 32. The known order of all the markers between
strd .and cysC involved in the crosses described was strd-guad~hieD+
mthB-gysC, Region 3 was therefore longer in the cross with uvs-21,

+

For uveB6 and uvs—I13 the allele ratios of uvs Juvs = Ll8/225
located uvs very close to guad between guad and mthB.  Amongst the
recombinants analysed in these crosses there was only one observed
recombinant in each cross, of genotype guaA+ hisD+; which -gave

information on their order with respect to guad amongst 162 and 111
68



TABLE 28, The ordering of uvsBf relative to strd.

0 33 74 81 92 97
uraAl + + + hisD3 +
4 ] ' £ )
Cross: 1 2 3 4 5
r t 4 t ¥ ¥
+ pheAT stral uvsB6 + mthB2
97 64 23 16 5 0
Crossover Mutation (a) (b)
Genotype (c) interval uvsB6
his 1 32
phe hts 2 42
phe str his 3 6
phe str wvs his L 11
phe str uvs 5 >
str his 1.,2,3
Total recombinants 97

The strains used were V30 prodl mthB2 phedl strAl uvsB6 crossed with
59 hisD3 argdl wraAl.

TABLE 29. . The ordering of uvsEI3 relative to sird.

0 29 31 35 48
pheAl + + hisD3 +
- + t -+ —&
Cross: ] 2 3 4
2 ¥ + 4 1
+ strAl uvskl3 + cysD18
48 - 19 17 13 0
Crossover Mutation (a) (b)
Genotype (c) interval uvskE13
his 1 29
str his 2 2
str uvs his 3 L
str uvs L 13
Total recombinants L8

The strains used were V4T prodl argAl cysD18 uradl strAl uvsE13
crossed with 36 hisD3 pheAl.

(¢) Wild~type alleles omitted.
See also legend to Table 26,
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TABLE 30, The ordering of uvs—21 relative to stri.

88 58 52 0
+ + + hisD3
A 3 : +
Cross: [ 2 3
{J t . ae -
pheAl strAl uvs-21 +
0 30 36 88
_ Mutation (a) (b)
Genotype Crossover interval uva—=81
sty uvs 1 29
e uvs 2 T
+ + 3 51
str + 1,2,3 1
Total recombinants 88

The strains used were V123 prodl cysC3 pheAl strAl uvs~21 crossed
with 59 A7ZsD3 argAl wuradl,

TABLE 31, The ordering of wuwsB6 and uvsEl3 relative to guad .

0 46 48 273
+ guaAl + +
' t 4 e
Cross: 1 2 3
A - ¢ -4 -+
stral + uvs mthB2
273 227 225 0
Crossover Mutations (a)
Genotype i terval uvsB6 uvs—13 Total (b)
gua + 1 26 20 L6
+ o+ 2 1 1 2
+ Uvs 3 135 90 225
Total recombinants 162 111 273

The strains used were VO Aisdl mthB2 pheAl strdl wwsB6, V25 hisAl
mthB2 phedl strdl wwsEl3 crossed with 255 argAl guadl.

See legend to Table 26.
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TABLE 32. The ordering of wws—21 relative to guad.

0 3 10 139
+ guaAl + +
! t t -
Cross: 1 2 3
A ¢ t '
strAl + uvs cysC3
139 135 129 0
Genotype Crossover interval Mutazigfgéa)(b)
gua + 1 3
+ -+ o 7
+  uvs 3 129
Total recombinants 139

The strains used were V133 prodl cysC8 pheAl strAl wvs—-21.crossed with
255 argdl guadl.

See legend to Table 26
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recombinants observed, respectively. This location requires no multiple
crossover classes in the recombinants observed for the region strA=mihB,
The evidence for uvs—-21 was stronger; the allele ratio for uvs+/uvs =
lo/129 clearly located uvs—-21 between guad and cysC. This location
again required no multiple crossover classes amongst the recombinants
observed for the region strd - ceysC.

The overall order for all three uvs mutations was concluded to be

strA-guad=(uvsB6, uvsEl3, uve=21)~higD=mthB=cysC.

D. Ordering of the genes uvsd, uvsC and uwvsD. o
1. [IExperimental procedure.

Pairwise crosses were made between representative mutations of
each of the genes uwsd, uvsC and uvsD, in both coupling arrangements
with respect to the outside markers A7sAl and argdl, selecting
his® arg+ recombinants.  The proportion of ws™ haploid recombinants
amongst the progeny of each cross was determined. For each pair of
crosses, depending upon the order of the uvs markers in the region
between hisdA and argh, one cross was expected to yield ws”
recombinants by & single crossover in this region, and with higher
frequency than the other in which three crossovers were required.

ArgA+ hisA” recombinants were selected from O.lml aliquots plated
at accurate dilutions (Section IT C 3) of 10°, 107 and 10 °. These
trial platings were incubated for two days, when recombinant colonies
were counted, the spore suspénsions having been stored at 4°C meanwhile.
A suitable dilution was calculated from the resulbs of these counts
which would yield approximately 200 recombinant colonies per plate;

12 such plates were prepared for each cross. These plates were
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incubated for five or six days, when well=sporulating colonies had
developed, Two replicas of each plate were made with a velvet pad to
plates of the same medium. The first of each pair of replicas was
exposed to a dose of UV which would kill approximetely 50% of uvs+
spores transferred to the replica but more than 99% of uvs spores.

The second replica was kept as a control of successful replication of
each colony. The pairs of replicas were incubated together for two
days, when the control replica was counted to give the number of recom=
binant colonies successfully screened. Then a comparison of each pair
of plates was made, and any replica patches which appeared to represent
confluent (Uvs+) growth on the irradiated plate were inoculated to a
defined patch of a new plate of the same medium (20 patches per plate).
These putative uvs+ recombinants were again tested for Uvs+ phenotype
by comparison of the replica plates and the number confirmed as uvs+
was recorded.

2, Results.,

The coupling relationships of the parents in the crosses, the
nunmber of colonies screened, and the numbers of uvs+ recombinants
amongst these are presented in Table 33.

It can be seen from the results that, for each pair of reciprocal
crosses, one yielded eight to seventeen times more uvs” recombinants
than the other. These results were consistent with the orders of genes
illustrated in Table 33 for each cross and an overall gene order of
hisd=uvsC=uvsA~uvsD=argA.

One possible source of error in this experiment may lie in the
fact that not all the recombinants were tested for their UV sensitivity,
only those that could replicate successfully were screened, and this
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TABLE 33, The ordering of the genes uvsd, wwsC and uvsDh.

CROSS RECOMBINANTS Tuvs”
TESTED
 hisAt uvsC7 + +
- - - : ; A— - --
/ 1909 5.6
bl : ) p—
< + + uvsAd argAl
hisAt  + uvsAd4  *
-« - : el - - -
[ \ j 2285 0.7
--- -4 : : p—m =
. % uvsC7  + arg A1
r hisA1 uvsA4  + *
- } } A ==
‘ / 4197 0.24
--- 4 ; : e =
+ + uvsD1  argA1

T

3 4 -—
¥ . -

- + uvsA4 + arg Al

his A1 + uvsD1 L

e e e

" hisAf1 uvsC7 + +

i e wm ‘r

/ 1646 2.0
..-...‘ : \ i

.< + + uvaD1  argA1

hisl,A1 + uvs D1 I___

[\

i e o "} H 1
L]

- + uvéC? + aré Al

o wem

- . » 4 + »
/1nd1cate the half-crossovers required to give wuvs recombinants.

See text for explanation.
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proportion varied according to their density on the plates. Although
this was always a large majority of the total recombinants, the
possibility remeins that those not tested because of their failure to
replicate did not represent a random semple with respect to UV
sengitivity, so that the results might have been distorted. This gene

order 1s therefore presented with this reservation.

B. The analysis of strain V60 as a double mutant.
1. The detection of two levels of UV sensitivity in recombinants of
v60.

During the course of studying survival curves of the mutant
strains, some uvs recombinant strains were also studied. One of these,
a recombinant from a cross involving strain V60 uvs-~18, which was the
most sensitive mutant strain obtained, exhibited a UV sensitivity much
lower than that of V60, but grester than that of uvs+ strains. The
date for the survival curves of this recombinent strain, which was
designated V115 prodl hisC9 strAl wvsD18, and V60 uvs—-I8 are presented
in Table 34 and the curves plotted in Figure 20 together with a
representative curve of a uvs+ strain. V115 was used in the comple=
mentation tests already deseribed, and uvs—l16 was found toe be a mubtation
in gene D. However, this mutation, uvsDIl8, was clearly not responsible
for the whole of the greater sensitivity of strein V60 when compared
with uvs+ strains. It was postulated that V60 contained a second
mutation (conferring UV sensitivity) which was designated uvs=25 and
which might be separable from uvsDI8 by recombination. The fact that
V60 contained two mutations would, if proven, explain why this particular
apparently single step mutant strain was appreciably more sensitive
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than the rest.

In order to test whether or not the appearance of strains with the
sensitivity of V115 was an unusual event, & cross was made between V60
uvsD18 uvs~25 and 876 proAl hisC9 argAl cysC3 pheAl strAl and s sample
of the recombinants selected to be pro+ strAl was analysed for auxo-=
trophic merkers as described in Section IV A 3.

Classification of the UV sensitivity of the recombinants was done
using three replica plates with the same composition as the master plate.
The first replica was exposed to about 150 ergs mm.m‘?‘9 the second to
about 900 ergs mmm2 and the third kept as an unirradiated control of
satisfactory replication. The dose of 150 ergs mm.n2 should have
killed more than 99% of spores which were uvsDI8 uve-25, but not more
than T0% of spores which were uvsD18 only, end a considerably smaller
proportion of spores which were uvs+; this dose should therefore have
distinguished uvsD18 wvs=25 strains from the others. The dose of 900
ergs mm“2 should have killed more than 99% of spores which were wweDI18
and even more of spores which were uweDI18 uvs—-256, but less than 50%
of spores which were uvs+; it should therefore have distinguished
us” recombinants from both wvsD18 uvs—-25+ and uvsD18 uvs—~25 recombin=
ants. The characterisation of the recombinants, by their growth
response on the three replicas, is summarised below.

UV dose ergs mmne.

Presumed Genotype 0 150 900
uvsD18 uvs-25 + = -
uvsD18 wve=25" + * -
wsD™ uws=-25" + + +

where + indicates growth gpparently unaffected by the irradistion
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and = indicates absent or poor growth compared with that at 0 ergs mm 2,
The classification of UV sensitivity was first carried out on
replicas of the original master plate, then repeated on secondary master
plates made by subculturing recombinant patches from the original master

plate to larger defined areas of a fresh plate of the same composition
(20 recombinants per plate) to clarify the classification. As a final
test of this classification, two recombinants of each mutant UV
sensitivity group were isolated and purified by streaking and the
survival of a spore suspension measured at two low doses of UV,
sufficient to distinguish the levels of sensitivity of strains like V115
from that of strains like V60. Spore suspensions were prepared and
treated for UV survival measurements by the methods described in Section
IIT C 1, except that a general inoculum from a stock slant was used to
inoculate the large slant from which the spore suspension was prepared.
The results for the four isolated recombinants, their classification
from replica plates and survival levels of strains V60 and V115 at the
same UV doses are presented in Table 35a, and clearly confirm the
classification made from the irradiated replico plates,

2. The location of uvs-25.

Analysis of the results obtained for this cross were complicated,
since although four UV sensitivity genotypes could theoretically appear
in the recombinant progeny, only three phenotypic classes could be
distinguished: those due to the uvsDI8 wvs~25,uvsDI8 uvs-25" and
uvsD+ uvs—25+ genotypes. UvsD® wvs~25 recombinants were either absent
from the progeny or present but classified as one of +the three other
groups. If they were absent, then analysis of the recombinants
observed would give a true location for uvs—25. If they were present,
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TABLE 35.

uwvsD18 uvsFas,

(a)

Genotype fron
replica plates

phedl strAl
uvaD18 uvslFas

eysC3 pheAl
strAl uwsD18
uveklas

pheldl strAl
uvsD18 uvsF

eysC3 pheldl
strA; uvsD18
o

Strain V60
Strain V115

(b)
uvsD18 uvskFas

uveD18 uvsF25

cysC3 uvsD18
uvslfad

eyscg uvsD18
uvskt

uvsD18 uvsF25

eysCq uvsD18
uvsk

(e)

ergs mm

0 150 300
i 1065 x10° Tihx10 1l x1
ii 1.0 5.5 x 1075 1.0 x 1072
i 363 x 105 55 x 10 3x1
ii 1.0 1.5 x 1003 6.9 x 10°°
i 1hh9 x 10h 4220 x 10° 6980 x 10°
i1 1.0 2,9 x 10T 4.8 x 1072
i 860 x 105 k20 x 10° T16 x 10°
ii 1.0 4.7 x 100F 8.1 x 1072
it 1.0 1.5 x 1073 2.3 x 1077
ii 1.0 4,1 x 10T 1.2 x 107%

Strains from V60 wwsD18 uwsF25 x V155 wwsDi18

i 1k ox 100 68 x 10° 7 x 10
it 1.0 5.7 x 21070 4,5 x 1070
i 387 x 10h 202 x 10° 12 x 10
ii 1.0 5.2 % 100 3.0 x 1077
i 195 x 105 11 x 10 2x 1
ii 1.0 5.7 x 16™% 1.0 x 107
i Lo x 105 b2 x 10° 711 x 10
ii 1.0 1.4 x 1070 1.6 x 1072
i 156 x 10h 1030 x 10 138 x1
i1 1.0 6.6 x 1075 8.7 x 1077
i 306 x 105 370 x 10° 261 x 10
i1 1.0 1.2x 101 8.5 x 1073

Strains Trom V15T wwsD® wveF25 x V155 wupsDI8

.o . . + +
The classification of strains as wvs , wsD18 uvsF  or

Strains from V60 wuwsD18 wwsF25 x 876 uvs+ CrOSS.

Uvs genotype
from UV sur=
vival

wvsD18 uvsk25s

uvsD18 uvsF25

uvsD18 uvsF+

uvsD18 uvsF+

+
uvsF cross.

uvsD18 uvsFas
uvsD18 uvsFa5
wwsD18 uvsFas
wsD18 wsF"
uvsDI18 uwvsFas

wwsD18 wvsF

e
uvsk cross.

phedl strAl i 451 x 10° 145 x 10 9.0 x 1

uvsDI8 uvskF2s i3 1.0 3.2 x 10-3 1.9 x 10“5 uvsD18 uvsFas
phedl stral i 50x10° 33x10 2x1

uvsD18 uvsF256 1.0 6.6 x 10—3 4.0 x 1on5 uvsD18 uvsFas
i, Average of the number of colonies counted per replicate sample x

dilution factor,

ii.

Surviving fraction.

Two replicates were counted for all samples.

See text for explanation.
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but misclassified then the following table indicates whether or not the

uvsD18 uvs=25

allele ratios of /uvsDﬁ and /uvs-25+ would be correct.

uvsD+ uve~25 clagsified as:

. '{'

Allele ratios uvsD18 uvs-25 uvsD18 uwwe~25" uvsD+ uvs—295
+ . .

uvsDIB/quD incorrect incorrect correct

“93'25/uv3-25+ correct incorrect incorrect

The data for the cross are presented in Table 36 and analysed in
Figure 21. Analysis of the recombinants as a whole, Figure 2la,

located uvleB/

uvsD+ correctly between hisd and argd; therefore uvsD+
ws-25 was either classified as uvsD’ wvs~25" or it was sufficiently
infrequent not to cause mislocation of wwsD. In the first case, the
uvsD18 uvs—-25 and uvsD18 uvs—25+ classes would have been correctly

uvs-25/uvs_g5+ by considering only

classified and we could locate
uvsD18 recombinants (equivalent to introducing uvsD18 as an additional
point of selection) as in Figure 21b. In the latter case, analysis of
all the recombinants would give at least an approximate location for
uvs—-25, Figure 2la. 1In fact both analyses gave the same location

for uvs—-25, between eysC end argd. This location was compatible with
the recombinant genotype uvaD" uvs—-35 being a rare multiple crossover
class.

In order to observe an unambiguous segregation of uvs=-25 two
strains both carrying wuvsD18 (V60 uvsD18 uvs—25 and V155 cysC3 phell
strdl uvsD18) were crossed, enabling uvs-25 to be mapped in the usual
way .

The two levels of UV sensitivity (due to uwsD18 uvs--25+ or uvsbhI18

uvs—=25 recombinants) were classified on three replica plates exposed to

0, 150 and 900 crgs mm.”2 as before. This classification wos repeated

Th



FIGURE 21. Location of uvsF25 in a cross heterozygous for wuvsD
and uvsk. (Data of Table 36).

(a) Analysis of proA+ strAl
recombinants. . 8

Pogsible
locations Multiple
of crossover 876
wvskF25, recombinants
eysC argA 6
phed prod 9 4
o+
31
(b) Analysis of proA+ strdl wveDl8 recombinants only.
Possible
Locations Multiple
of crossover
uvelas recombinants /
eysC argh L
phed prod 5
376
51
uvsF25/ 4
pheAl 3
*18

See text for explanation.

See also legend to Figure 1k,
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TABLE 36.

heterozygous for uvsD and uvsF.

Figure 21).

Genotype

his arg cys phe

his arg cys

arg cys phe

arg cys

uvsD18 arg cys phe
uvsD18 cys phe

uvsD18 cys

uvsD18 uvsF25 cys phe
uvsDI18 uvskFa35 cys
uvsD18 wwskF25 phe
uvsD18 wvskFas

his arg phe

arg phe

uvsD18 wvsF25 arg phe
uvsD18

uwsD18 phe

Total recombinants

Crossover
intervals

4o

Ss
s

25
s

AN O O O O

<o

0

o

o ~3 O o

The frequencies of recombinants observed in a cross

(Data analysed in

Numbexr

b

H H Now

12

10

25

TR YR I S
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from secondary master plates streaked with 20 recombinant patches, and
six recombinants were purified and their sensitivity checked by
determining the surviving fraction of a spore suspension exposed to O,
150 and 300 ergs mmfg. The results are presented in Table 35b together
with their classification from irradiated replicas, and it can be seen
that the two methods of assessing the sensitivity were in agreement.
The data for the cross are presented and analyscd in Figure 22. The

) ¥
uvs 2d/uvs—25+ = 92/7 located uvs=256 in regions 1 or 2 of

ratio for
Figure 22. The location as illustrated near cysC was compatible with
the polarity of the cross (the crossovers were concentrated on either
side of strd) and the location already indicated by the previous cross.
This location required none of the observed recombinants to be
multiple crossover classes. The location of this mutation in a
position distant from the genes uvsd-F defined another gene affecting
UV sensitivity, designated uvsF.
3. Isolation and characterisation of o strain uvsD+ uvsFas.,

A cross was made between V60 upsD18 uvsF25 and 999 hisdl argAl
cysD18 pheAl tps=30 atrAl, and strAl cysD+ reconbinants selected.
The cross is illustrabted in Figure 23. A sample of recombinants
was analysed, and four hisAl argAl pheAl tps+ recombinant strains
were purified. They should all have been uvsD+B on the assumption
that they were simple crossover recombinants, but might have shown
segregation for uvsF+ and uvsl25. None of these recomwbinants was
apparently sensitive on replica plates exposed to doses of UV up to
1600 ergs m e,

Two of these strains were crossed with V155 eysC3 phedl strAl

uvsD18 and selection made for cy30+ argA+ recombinants (the cross is

T5



FIGURE 22. The location of wuwsF25 in a cross homozygous for uvsd
and heterozygous for uvsF.

uvsD18

Genotype Crossover Number
intervals
+ uvsD18 uvs~25 h,s5 87
cys uveDI8 uve—-26 3,5
cys uvsDl8 + 1l or 2,5 T
Total recombinants 99

See legend to Figure 1k,
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FIGURE 23, Cross for obtaining a uwsFas wwsD " strain,

999

=" CYSD18
stral ‘

{indicates that uvsF25 had not been ordered with respect to tps-30.

FIGURE 2k,

Cross for detecting uvsF25 in @

a, parent strain by the presence 2

of highly sensitive recombinants 2
(uvsD18 uvsF25) in the progeny. .. .h. +

—

=t
o
=
)

Recombinant of

cross in Fig. 23. Vib5

uvsF25 4

pheAl >

" cysC3

stral

}indicate the intervals in which recombination would produce
the desired recombinant.
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illustrated in Figure 24); it was expected thet if the mutation uveF25

had been present in either of the strains then highly sensitive

uvsD18 wvsF25 recombinaent strains should have appeared in the progeny

of the cross as simple crossover classes. This was so for one of

the crosses; two recombinants classified from replicas of primary and

secondary master plates as having sensitivity due to the genotype

uvsD18 uvsF26 were purified and showed the survival levels presented

in Table 35c¢, when spore suspensions prepared for UV survival curves

were exposed to 0, 150, and 300 ergs mm—z. These results confirmed

the presence of wwsF25 in this recombinant derived from the V60 by

999 cross and this strain was designated V15T AiZsdl argAl pheAl strAl

uvsF25. UV survival curves were obtained for this strain as described

in Section IIT C 1. The results are presented in Table 37 and plotted

and compared with the curve for A3(2) in Figure 25. C(learly the

uvsF256 mutation by itself did not enhance the sensitivity of a strain

otherwise we”,

L. The effect of uwsF25 cn the sensitivity of strains containing
uvsD3, uvshA4 or uvsClo.

UvsF25 was recognised by its enhencement of the sensitivity of
strains bearing uvsDI8. Crosses were performed to see if uvsF26
sensitised strains carrying another mutation in uveD, wwsD3, and also
strains bearing mutations in the other genes closely linked to uwsD,
uvsdd and uwsC10.

The marker arrangements of the parents and the points of selection
are indicated in Figure 26. A sample of recombinants from each
cross was characterised and apparently highly sensitive recombinants

detected as previously described from irradiabed replicas of primary
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Surviving fraction

10

-t
o

1073

10 4

ergs mm

1000 2000 3000 L4000
—t i .. A

FIGURE 25.

The survival curve of a uvsFas
strain. (Data of Table 37).

Vi57
uvsF25

A3(2)

The survival curve of A3(2) was taken from Figure 6.

T6a



¢ 0T X #°g
0T ¥ L°T
OT X 2°Y
OT X 4'T

QT X ¢*¢

0T X €°4

e

c
€

€

€

#

ot

Ot

Ot

OT

OT

ot

OT

X

X

2
SST3URTIF PILISAUT POSOT)H

690T
HTE
les
Lt
g1t
6£S

let

a9l

*€T 9T4BL 0% PUSSaT 338

2s0p yoee 9e so1dwes JO *Of

¢ 0T X 9°¢ 0T X £9€ 009€
5 0T X &°T 0T X §€6 0$TE
Nlo.m X Ly No._” X g0t 00.l2
- - gec0e
10T X 278 cOT ¥ 6ET 008T
- = GLST
70T X §°2 cOT * 9T 0SET
- - G21T
.mlo.n X €°g mo.m X THE 006
0°T 0T X 49 0
q B T S8a9
seT8urTa) 90312 PISOTH o=
T 280

2anSTg Ut ToqmAs pus °*of JuswWriadxH

*(6g 2am8Tq UT PO330Td)

*ggdsan [yaqs [yeyd [ybav [ysiy LSTA UTBIZS JO 2AMO TEATAINS 23 J0F B3E( "l TIgvi



FIGURE 26, Crosses for obtaining uvsdd wwsF25, wwsCl0 uvsF25
and uvsD3 uvsF25 strains.,

V157

V157

\indicates the interval in which recombination was required to give
the desired recombinant.
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FIGURE 26 (continued).

Crosses for obtaining uvsd4 uvsF25, uvsCl0 wvsF25 and uvsD3 uvsFab
strains,

V157
F uVsF25

lindicates the interval in which recombination was required to give
the desired recombinant.
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and secondary master plates were purified. These were prepared as
spore suspensions for UV survival curves, and their sensitivity measured
for two doses of UV. The results are presented in Table 38a, b, c,
together with the survival levels of the parent strains at the same
doses of UV. Highly sensitive strains were obtained from the crosses
involving uwsCl0 and uwwsD3, but of six recombinants tested from two
crosses with the uvsd4 strain none were of sensitivity similar to that
of strain V60.

These results showed that wwsF25 was not specific in its action
on uwsD18 but was effective in enhancing the UV sensitivity conferred
by a mutation in wws( and also a second mutation in wwsD. There was
no conclusive evidence of the effect of uvsF25 on mutations in uwsd,
in the absence of proof that recombinants of the critical genotype

uvsd4d wwslk25 were obtained.
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V. FURTHER STUDIES ON UV SURVIVAL.

A. Survival curve studies on strains containing two mutations

affecting UV sensitivity.

1. Rationale.

It should be possible, by the use of double mutant strains, to
obtain information as to whether two UV sensitive mutations affect
related or unrelated functions. If a strain contained a mutation which
eliminated one function in a pathway of genetically determined fumctions
leading to repeir of potentially lethal lesions in that strain, then
a further mutation eliminating another of the functions in the same
pathway would not be expected to increase the sensitivity of the
strain. If, however, the second mutation eliminated a function in
another pathway, aeble to repair the same or different potentially
lethal damage, then the strain containing both mutations would be
expected to be more sensitive than two other strains, each containing
only one of the mutations. However, if one or both singly mutant
strains carried a mutation only partially eliminating a funetion,
both functions acting in the same pathway, then the double mutant might
be expected to be more sensitive than one or both of the strains
containing only one of the mutations, but its sensitivity should not
exceed that of a singly mubant strain which completely lacked one of
the functions of the pathway.

2. Preparation and confirmation of double mutant strains.

Three double mutant strains were prepared with mutations in
uvsd and uvsB, wvsC and uvsB, uvsld and uvsB respectively.

Since uwsd, uvsC and uvsD mapped distantly from uveB, these

T8



double mutants were readily obtained by recombination from the three
preparation crosses illustrated in Figure 27. The strains Vi2h

hisAl mthB2 phelAl stvAl wvsAd wvsB6, V121 hisAl argAl cysD18 mithB2
pheAl etrAl uvsB6 wvsCl0 and V13k argAl mthB2 pheAl striAl wwsB6 uvsD3
were isolated from these crosses and purified by streaking. In all
three cases, the strains were detected as UV sensitive from replica
plates exposed to UV doses of about 1200 ergs mm?gg sensitivity to

this dose could have been due to the presence of only one uvs mutation
in these strains. However, the marker combinations of parental and
recombinant strains were chosen in such a way that the recombinants would
have been members of rare multiple crossover classes if they had not
carried both uvs markers; a marker on either side of each uvs mutation
was present in the chosen recombinants. The three recombinant strains
were checked for the presence of each of the two uvs mubations that
they were presumed to contain by the following tests designed to re=
isolate and prove the identity of each separste uvs mutation.

Crosses were made between each of the presumed double mutant strains
and another suitably marked ws” strain; recombinants were selected
from the progeny in such & way that they would all be likely to be
wws® for one of the uvs mutant sites in each doubly mutant parent
but some st least would contain the other wvs mutation. A separate
cross was required for each component of each presumed double mutant
making six crosses in all.

The strains and the selections applied in this first step of the
analysis are illustrated in Figures 28, 29 and 30, together with the
frequencies of Uvs+ and Uvs recombinants observed in the progeny
analysed. In every case, there was an apprecisble proportion of
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FIGURE 27. Crosses for obtaining wvsd wvsB, uvsB wuvsC and uvsB uveD

strains.

V46

V30

~ (0
=L
ion
=
3

V9

\indicates the interval in which
recombination was required to
give the desired recombinant.
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AVURD 2. neElegaltlon O uvs recombinants a4t two lLoci in different
crosses from a presumed uvsd uvsB strain,

a
V124
uvs 600
uvs+ 20
A\
Q —
T8 R
a3 B
b
V124
uvs 59
uvs’ 28

See text for explanation.



FIGURE 29. Segregation of uvs recombinants at two loci in different
crosses from a presumed uvsB uvsl strain,

a
Vizl
uvs L&
-—-+=m
uYs 16
. ®
Q —
=8 B 7
s own = )
- o> 2 0
n S =
< O
28 3
.:::Sé‘
b
Vi2]
Uvs 8
,..._......+_--_,_._..
uvs 20

See text for explanation.



FIGURE 30. Segregation of uvs recombinants at two loci in different

crosses from a presumed uveB uvsD strain.

a
V134

uvs 98

ws” 145

b

V134

uvs _ 107
s 163

=
“ wn
- >
wnn =

79d

See text for explanation.



Uvs recombinants, as was expected.

One of the following strains was isolated and purified from each
of the above crosses, V12T Acsdl uvsdd, V128 AisAl wwsCl0, Vikh wradl
strAl wvsD3, V132 arghl cysD18 pheAl strAl uvsB6 (recombinant derivative
of Vi2h), V13l adedd cysD18 urall strAl uvsB6 (recombinant derivative
of V121), and ViL3 A7TsAl mthB2 uradl strAl wwsB6 (recombinent derivative
of V13k). The identity of the uvs mutation in each strain was tentative
at this stage, and the next step in the analysis was designed to confirm
it,

V127 and V128 were crossed in turn with strains carrying
representative mutations in uvsd, ¢ and D (V10T prodl hisC9 strdl
wwsA22, VLO4 prodl hisC9 strAl wvsCl? and V115 proAl hisC9 strAl wwsD18);
heteroclones were selected between hisA’ and AisC” and the progeny
tested for complementation by the method described in Section IV B.

The results are presented in Table 39 and fully support the expectations
that V127 contained a mutation in uwsd and V128 g mutation in wwsC.

The four remaining strains (Villh (uwsD3), Vi32, V131, Vik3
(uvsB6) Jwere tested for the presence of their presumed uvs mutation by
mapping them in an appropriate position. Crosses were made between
V1kh and 651 AisAl argAl cysD18, V132 and 681 hisAl mthB2 uradl,

V131l and 922 proAl argAl mthB2 pheAl strAl, V143 and TUO proAl argAl

cysD18 wraAl. The parental marker arrangements and the analysis of

these crosses are presented in Figure 31. In each case, one of the

two locations indicated by the ratio of qu/uvs+ frequencies was that
expected from the ancestry of the uvs mutation; the second possible

location was never that of the other wvs mutation expected to be

present in the double mutant strain from vwhich the strain under study
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TABLE 39, Tdentification by complementation that strain V127
was mutant in uvsd and strain V128 in uvsC.
Colony Counts % Comple=
Cross Unirradiated Irradiated survival mentation
a b P-~x 100
a,

V127 hisAl uvsAdd4

X 25 2 0.8
V10T proAl hisC9 strAl uvsd22
V127 higdl uvsd4

x 342 53 15.5
V10h prodl hisC9 strAl uvsCi?
V127 hisdl uvsdd
V115 prodl hisC9 strAl uvsD18
V128 AisAl uvsCio
V10T proAl hisC9 strAl uvedA22
V128 hisAl uvsC10

X 510 0 <0.2
V104 proAl hisC9 strAl uvsC17
V128 Aisdl uvsCio

X 32 5 15 D
V115 proAl hisC9 strAl uvsDI8

+ indicates complementation.

= indicates non-complementation.

See text for explanation.,
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The location of uvs mutations carried by recombinant

progeny of double uvs mutants.

FIGURE 31.
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FIGURE 31 (continued), The location of uvs mubtations carried by
recombinant progeny of double uvs mutants.
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was derived.

Since the results had sgreed with the expectations throughout,
the strains V12k, V121 and V13k were confirmed as double uvg strains
carrying uvsB6 in cowbination with mutations in uvsd, wvselC and uvsD.
3. Survival curves of the double mubants,

UV survival curves were obtained for each of these strains; the
data are presented in Table 40, and the survival curves are plotted
in Figure 32, together with survival curves for V2 prodl argdl cysDI18
urall uvsdd, V9 hisdl mthBE pheAl strdl wvsB6, V13 hisdl mthB2 phell
strAl wvsCl0 and V1 proAl argll cysD18 uradl wwsD3.  The survival
curves for the three double mutants are clearly very similar and
follow closely that for uvsd4. This was the most sensitive strain
amongst those studied by survival curves which were mutant in any
of the genes uvsd, uvsC or uvsD, apart from strain V60 which was
shown to be & spontansous double mutant (Section IV E).

L., Investigation of the number of uvs mutations in the original
uvsAd mutant.

To investigate the possibility that the uvsd4 strain was itself
a double mubtant, a cross was made between strain V2 proAdl argdl cysDI18
uradl uvsd4 end strain 921 hisdl cysAl5 mthB2 pheAl strAl and & sample
of recombinants analysed which had been selected to be mthB" pheA+
argA+. The parental marker arrangements and the genotypes of L5
recombinants are illustrated in Figure 33.

The genotype cyaA+ cysDI18 was distinguished from cysidls cysD+
and cysAl5 cysD18 recombinants by substituting sodium thiosulphate for
cystine as a supplement in an additionel plate in the series of

replica plates for analysing the recombinants; cysA+ cysD18 strains
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FIGURE 33. Cross designed to detect segregation of two uvs mutations
in strain V2 if they were separable by recombination.

Genotype (a) g§32i$:iz Number
(eysD) cysd his Lor 2,5 l
(cysD) ura cysd his lor2, 6 9
eysD ura his 1., 7 p
eysD ura pro his 1, 8 8
eysl ura pro 1,9 2
cysD ura pro uvs 1, 10 5
ura his 2, T 2
ura pro his 2, 8 1
eysD ura 1, 7, 8, 9 2
(eysD) str cysA his lor2, 3, 4,5 3
str ura pro his 2, 3, 4, 8 1
str his 2, 3, 4, 5,6, 7 1
Total recombinants 45

Parentheses indicate that the cysD allele in these strains was not
determined due to the presence of cysdls.

(a) Wild=type alleles omitted.
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{end cf course eysA+ cysD+ strains) caen grow on this supplement as a
source of sulphur. UV sensitivity was detected on three replica

plates on the same medium as the master plate; one was kept as an
unirradiated control, one exposed to about 1200 ergs mm'-2 and another

to about 1800 ergs m e, Tt vas hoped that this selection would allow
any other possible uvs mubation located in the long arc between nisa™
and close to argdl to enter recombinants separately from uvsd4, and

that i1f the possible second mutation conferred UV sensitivity no greater
than that conferred by wwsE13, which was the least sensitive mutation
known to confer sensitivity by itself, the dose of 1800 ergs mm.-2

would detect it. In fact five uvs recombinants were found amongst

45 recombinants analysed, which were all sensitive to the dose of

1200 ergs mm,“g° They were also proAl c¢ysD18 and therefore almost
certainly uvsA4. There was no indication that any other recombinants
were UV sensitive although, between them, they contained regions of

the V2 genome from hisA™ round to cysD18, and presumably beyond, without
including uvsd4. In particular two recombinants which were cysDI18
uradl proAl were clearly of wild~type scnsitivity. Therefore on this
test strain V2 did not appear to be a double mutant.

5. Conclusions.

Since the constructed double mutants were no more sensitive than
strain V2 it may be concluded that wvsd, wwsB, uwvsC and uwsD probably
act in the same pathwaey of repair of lethal UV damage. As a result
we might expect some further mutations of all four genes to be as
sensitive as uvsd4. In particular we might expect further mutations
in uvsB to result in greater sensitivity thon that of uwsB6, which
conferred the least sensitivity in the uvsd, B, €, D group of mutations.
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Thus most of the mutations in uvsd, B, € or D which have been studied
by survivel curves appeared to have retained residual activity in the
UV repair system affected, since they showed less sensitivity than

uvsd4.

B. Photoreactivation in Streptomyces coelicolor.

The first demonstration of photoreactivation in any organism was
by Kelner (1949) who discovered that when visible light was administered
to & spore suspension of Streptomyces griseus after it had been
irradiated with UV, there was an increase in the survival of the
irradiated spores; a large fraction of the lethal effect of the UV
had been reversed., The action spectrum for photoreactivation in
S. griseus was determined by Kelner (1951). Below a wavelength of
360 nm, post-irradiation light treatment had little effect. From
360 nm the light treatment had increasing effect up to a maximum &t
450 nm, and then fell to zero effect above 525 nm. On the basis of
this information, irradiation and plating for quantitative studies
of the effect of UV on strains of S. coelicolor A3(2) were carried
out in light from a sodium vapour lamp as described in Section IIT C 1.
This lamp enits at 589 nm, well above the upper limit for photoreactive
ation found by Kelner, and therefore photoreactivation would have
been avoided.

Later when photoreactivability of A3(2) was investigated, this
strain was found to be incapable of classical photoreactivation.
1. Experimental procedure.

The procedure for determining the photoreactivability of a strain

was & modification of the procedure for obtaining UV survival curves
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(Section IIT € 1 a). The modification was as follows. After the

UV irradiation and sampling at various doses, the various samples were
divided, and one of each of these was incubated for 35 minutes at 30°C
in the dark. The other was incubated for 35 minutes at 30°C in a
temperature~controlled waterbath, illumingted by two Osram Series B,
500W, UMA9, photographic bulbs 22.6cm apart when placed against the
sides of the bath. This treabtment was known from a trial experiment
to give maximel photoreactivation of K673. The different samples
were diluted to the first dilution which was to be plated, before
being exposed to one of the treatments at 30°C.  This dilution varied
with the UV dose and the postQirradiation treatment which the sample
received. After the treatments at 30°C, the samples were further
diluted as necessary and O.lml aliquobts plated in duplicate at room
temperature (approximately 2000) in MM agar held st SOOC, supplemented
with glucose, and with actidione at o concentration of T.5ug/ml to
inhibit possible fungal contamination. The plating was performed in
light from the sodium vapour lamp, and subsequent incubation was in
the dark. Thus two survival curves for each spore suspension were
obtained with and without post=irradiation light treatment.

2. Results.

The photoreactivability of two wild=type strains, A3(2) and K673
was studied. The results for two experiments with each of these
strains are presented in Table 41 and their survival curves in Figure
34, It was clear that K6T3 exhibited a classical response to photo-
reactivating light with a constant dose reduction factor (DRF) of
about 0.5; that is, the visible light treatment reversed the lethal
effect of about half the UV dose. This DRF was similar to that found
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in a variety of other micro-organisms (Rupert, 1964). A3(2) did not
exhibit such photoreactivation response; there was a slight but
consistent increase in survival after high UV doses, due to the

exposure to0 visible light, which was clearly not a classical photo-=
reactivation response; it may have been due to some phenomenon such as
photo~protection in which exposure to visible light before the UV was as
effective as exposure after the UV. 1In E. coli B the action spectrum
for this was the seme gs that for induction of delayed cell division
but it was different from that for photoreactivation (Jagger and

Stafford, 1965).

C. Factors influencing UV survival.
1. Effect of genetic background on UV sensitivity.

Tt was shown in Section IIT that the three uvs strains, from
which uvs mutants were obtained, were similar but not identical in
their UV sensitivities. When survival curves were obtained for some
recombinant uvs strains, VLT proAl mthB2 uradd strAl uvsA4, V4l proAl
cysD18 uradl wwsCl0 and V20 proAl mthB2 uralAl strAl uvsD3, it was
possible to compare them with those of the original uvs strains.
(These survivel curves were also needed for comparison with the
presuned uvsdd uvsF25,uvsCl0 uvsF25 or uvsD3 uvsF25 recombinants
from crosses of V17, V4l or V20 with V157 (Section IV E L4)).

The results for these three strains erc presented in Table 42
and their survival curves plotted in Figure 35 together with those for
the original wuvsd4, uvsCl0 and uvsD3 mubtant strains. The wuvsdd
and uvsD3 survival curves were similar; the differing genetic back-
ground had little effect. However, the two strains containing uvsCi10
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showed quite different curves, the recombinant uvsCl0 strain being more
sensitive than the original strain. The cause of this difference
was not investigated, but it may have been due to one of the modifiers
postulated earlier to account for the variations in ws” curves.
The two uvsCl0 curves still fell within the range of sensitivities
of all the other uvsid, uvsC and uvsD mutants studied.
2. Effect of the growth medium after irradiation on UV

sensitivity.

Survival curves for different strains were performed under ident-
ical conditions on all strains except when growing survivors after
the irradiation. Each strain was grown on MM supplemented only with
its own growth requirements. Different supplements might have had
differing effects on the viability of a given strain. One experiment
on A3(2) was performed to test the likelihood of this. A spore
suspension prepared in the usual way for a survival curve was exposed
to 0, 2250 and 4500 ergs mn™® and suitable serial dilutions of each
sample were prepared. Six 1.0ml samples of each of the appropriate
dilutions were pipetted into empty Petri dishes. Pairs of these
samples were suspended in MM, or MY + Pro Arg Cys Ura, or MM -+ His
Hom Phe and incubated. (These were the three most commonly used media
in the experiments on survival curves in earlier sections). The
results are presented in Table 43.

Although from these results the survivael of A3(2) was higher
on MM + His Hom Phe than on MM or on MM + Pro Arg Cys Ura, the increase
in survival was proportionally the same irrespective of the UV dose,
s0 that the surviving fractions calculated from the counts obtained

on the three media were similar to one another. Therefore, the
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different compositions of the plating media would not appear to have
been an important cause of variations in the UV survival curves of

the different mutants.

TABLE 43 The survival of irradiated S. coelicolor A3(2) when grown

in the presence of different combinations of nutrients.

s

Composition of ergs mm
plating medium 0 2250 4500
- 205 x 10° 140 x 1032 133 x 10?-1;
1.0 6.8 x 10 6.5 x 10
. 227 x 106 218 x 10° 136 x 10°
MM + His Hom Phe 10 9.6 ‘X 10-2 6.0 x 10—u
185 x 106 112 x 10° 108 x 10°
MM + Pro Arg Cys Urs 1o 6.1 % 1072 5.9 x lO_h
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VIi.  DISCUSSION.

The results presented in this thesis have established that
S. eoelicolor contains a number of genes in which mutations to greater
UV sensitivity may be obtained. This implies that S. coelicolor, like
meny other protokaryotes, has mechanisms for preventing or repairing
demage induced by UV. Mutants of this type have been most extensively
characterised in strains of Escherichia coli, but the more limited
studies that have been reported using other protokaryotes indicated that
the genes shown to exist in E. coli are probably widespread amongst the
protokaryotes (see Section I, B and C). Thus S. coelicolor mey well
have genes with similar functions to those discovered in E. colt.
Since Clark and Margulies (1965) had shown that rec mutants of E. coli
were also UV sensitive, it was hoped that some of the UV sensitive
mutants obtained in S. coelicolor would also be rec, so that they could
then be used to test a hypothesis for the origin of heteroclone
genomes as described in Section I, A 3. However, despite the fact that
none were apparently both UV sensitive and rec, other comparisons with
E. coli and other protokaryotes were attempted.

The genetic map of S. coelicolor in Figure 1 includes the locations
of genes shown to affect UV sensitivity. Three genes, uvsd, uvsC
and uvsD are located in the short region between ammid and serd, three
mubtations (probably representing at least two genes, uvsB and wvsE),
between guad and hisD, and one gene, uvsF, between cysC and argA.
The data for the order of the two genes uvsB and uvsE relative to guad
are very limited whereas those for uvs-21 are more conclusive.

Uvsd, uvsC and uvsD were defined by a complementation test
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described in Section IV B, Attempts were made to apply a similar com-
plementation test to the group of mutations uvs-6, wvs—13 and uvs—-21
using pairs of complementing auxotrophic markers located near to this
region, but so far without success since typical heteroclone progeny
were not obtained. Further investigations are needed to clarify the
reasons for this. However, uvs~6 defined wvsB and wvs—I13 defined uvskE
on the basis of phenotypic differences.

The genetic studies of UV sensitivity contribute to two character:-
istics of the distribution of genes with related functions already shown
to exist in 5. coelicolor. The two groups of genes, uvsd, C, D and
uvsB, F are examples of clustering of related genes (Hopwood, 1965a,
1965¢). The two groups are also approximately diametrically located
and are members of the two sequences of functionally related genes or
gene clusters composed of several approximately diametrically located
pairs of related genes or clusters (Hopwood, 196Tb). In Escherichia
col? the members of two pairs of loci, exr (E. coli B) and wvrd (E.
coli K12), and recB and recC have not so far been separated by other loci
and therefore form clusters of related genes (see Figure 4). There
are, in addition, other regions of the map where, with finer mapping,
other clusters of phenotypically distinct but related genes may be
shown to exist, for example, uvrD and dard or uvs-1l, --8, phr and fil.

Since photoreactivation treatment has been shown to remove
pyrimidine dimers from the DNA of photoreactiveble cells (Setlow, 1966)
it would De expected that photoreactivable strains which lacked a dark
repair mechanism for dealing with pyrimidine dimers would still approach
the sensitivity of wild--type strains under optimum conditions for
photoreactivation. If the mutant strains were UV sensitive because
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of inability to deal with damage other than pyrimidine dimers then
photoreactivation treatment could not compensate for this deficient
mechanism, and they would still be more UV sensitive than wild-type,
despite photoreactivation treatment.  Thus the photoreactivability of
uvs mutants compared with uvs+ strains enables deductions to be made as
to whether the wvs mutants are deficient in a system involving elimination
of the lethal effect of pyrimidine dimers or of some other kind of
lesion. This indirect test of dimer eliminating ability was not
applicable to strains of S. coelicolor A3(2), since A3(2) was not
photoreactivable (see Section V b).  Although another S. coelicolor
strain, K673, was photoreactivable, crosses attempted between the two
strains so far have proved infertile (D.A. Hopwood, personal communic—
ation), so that it was not possible to obtain a hybrid photoreactivable
wvs strain by recombination.

Witkin (1963) showed that the addition of acriflavine at a concen-
tration of lug/ml to the plating medium of UV irradiated E. coli B/r
with incubation in the dark greatly increased the lethal effect of the
UV, presumably by interfering with dark repair. However, there was
no effect of acriflavine on the sensitivity of S. coelicolor A3(2)
after UV irradiation, using acriflavine at a concentration of 1 ug/ml
which did not affect the unirradisted viable count but caused the colony
morphology to be more compact.

Metzger (1964) showed that dark repair in E. col? B and dark repair
and Her of UV irradiated bacteriophage grown on E. coli K12 was also
inhibited by caffeine using concentrations up to 1 mg/ml. Caffeine

(at concentrations of 0.5 or 1.0 mg/ml) has also been shown to increase
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UV induced lethality in the eukaryote Schizosaccharomyces pombe (Clarke,
1968). However, irradiation of S. coelicolor A3(2) suspensions and
plating in medium with and without caffeine at 1.5 mg/ml (a concentration
which did not affect the viability of unirradiasted cells), showed no
effect of the caffeine in enhancing the UV effect. Thus, it was not
possible to implicate a dark repair system similar to that of other
organisms by demonstrating its caffeine or acriflavine sensitivity.

The absence of a suitable bacteriophage with S. coelicolor as the
host strain also prevented any attempt to detect a differential Her effect
between the wild-type strains and any of the wuvs mutants. Since Her
ability has been shown to be correlated with dark repair (uvr) ability
in E. coli (Howard-Flanders, Boyce and Theriot, 1966, for example)
and other protokaryotes, the uvs mutants of S. coelicolor might in fact
be Her and the wps® strains Her' . This possible similarity with an
E. coli mechanism known to excise dimers would have implicated a dimer
excising mechanism in S. coelicolor. The only alternative method would
have been to attempt the demonstration of thymine dimer excision using
cells labelled with H3— thymidine by methods much as those of Setlow and
Carrier (1964) and Boyce and Howard-Flanders (196k4).

Thus in comparison with E. coli, all that can be said is that
E. coli has at least four genes involved in dark excision repair of UV
induced pyrimidine dimer damage and that S. coelicolor also has four
genes having similar phenotypes that appear from double mutant studies
to have related funcbions. These may be involved in the excision
repair of dimers, but no real evidence of this was obtained.

Most uvs strains of S. coelicolor appeared to retain residual
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repair activity since they were not as UV sensitive as the constructed
double mutants nor the most sensitive single mutant in this group.
They also appeared to retain another mechanism (or mechanisms) for
overcoming UV induced damage since they were less sensitive than
strains which contained some uvsd or D mutations as well as the UV
sensitivity enhancer mutation uvsF25s. Their survival curves were
similar in shape to the ws” survival curves, having a ‘shoulder’,

an exponential region and a 'tail'. This was in contrast to the
mutation uvsEIl3 (provisionally defining gene wwsE) which had a sur=
vival curve lacking only the shoulder of that of its uvs+ progenitor;
its survival curve was exponential from the origin with the same slope
as the exponential region of the uvs+ curve. It would appear to have
lost completely a repair mechanism which becomes saturated above about
1500 ergs mn”©.  The nature of this mechanism was not investigated.

One of the original wuvs strains, V60, was found to be a spontaneous
double mutant, containing a mutation in uwsD, (uwvsDi8) and another
mutation, wvs=25, which was located distant from all the other mutations
and defined the gene uvsF.  The mutation uwvsF25 had no effect in a
strain which was otherwise uvs+o However, if the same strain contained
the wwsD mubations, uvsD3 or uvsDI18, or the mutation uwsCl0, the
sensitivity of the double mutants was much greater than that conferred
by the single wwsC or wuwvsD mutation. UvsF25 was therefore an enhancer
of the sensitivity conferred by these uvsC or wvsD mutations. Thus it
would appear that the function affected by uvsF25 was of no importance
to the cell, provided uvsC and uveD were functioning noxrmally, when

they could presumably cope with whatever was the deficiency due to
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uvsFas, In the presence of defective uvsC and uvsD genes, which
themselves conferred UV sensitivity upon a strain containing them, the
state of wvsF was then of importance to the cell for overcoming the
effects of UV, Thus there would seem to be at least two mechanisms
affecting UV sensitivity in S. coelicolor. Since the effect of
uvsFas on wwskl3 was not known, these genes mey or may not have re-
lated functions. If we accept, as seems likely, that UV in S.
coelicolor as in other organisms induces pyrimidine dimers in its
DNA and that these, unless dealt with by some mechanism, will be lethal
to cells that contain them (it cannot be ruled out, however, that there
are other minor products in DNA induced by UV), then alternative
mechanisms of repair of the same lesions (pyrimidine dimers) seem more
likely then separate pathways acting upon distinct lesions (unless
these were different pyrimidine dimers, for example, cytosine=cytosine
as opposed to cytosine=thymine or thymine=thymine dimers). The wwrp
and pAr mechanisms certainly operate on more than one type of dimer
(Howard=Flanders, Boyce and Theriot, 1966, Setlow, 1966).

(a)

Pyrimidine /,,/""”#"”##a“*"““~ﬁ*~ﬁ‘h“\““““~55 Intact DNA containing
adjacent thymine
dimers in DﬁK‘“\-~h~___ ddw,ﬂw’f”’:? monomer residues.
(b)

The two candidates for (a) and (b) from the studies of E. coli would

be dark repair and recombinational repair. In this organism a defect
in either mechanism confers an increased UV sensitivity upon a strain
containing the defect, but this may not necessarily be the case in

other organisms. For example, we may postulate that the intact
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mechanism involving the genes uwsC and uwsD (and wvsA and uveB) has
sufficient capacity to repair any UV damage not repaired by the
defective mechanism, e.g. that caused by wwsF25; or that it is so
efficient that the second mechanism does not normally act on UV induced
defects, but that the reverse was not so. When both are defective,
howvever, much less (if any) repair occurs and the cell is more sensitive
even than a cell in which the least efficient mechanism is intact.
Since crosses in which hoth parents carried the same mutation, using
representative mutations of all the loci so far defined, have yielded
recombinants, none of these loci were apparently concerned with
recombination. However, this test for recombination in 8. coelicolor
would not have detected a reduced level of recombination because of the
difficulty of making absolute comparisons of recombinant frequencies
between different crosses. However, it is possible in organisms
other than E. col< that the recombinational mechanism of repairing UV
demage may not be involved in normal recombination, but that such a
mechanism could involve steps which had counterparts in recombination;
perhaps they could have had a common evolutionary origin.

From the results so far obtained with uvs mutants other approaches
for the isolation of rec mutants would probably be more promising.
As an indirect approach, isolation of mutations causing X=-ray sensitivity
might yield some mutants which were also ree, since three out of four
loei in E. col? which control X-ray sensitivity also control recombination.

In conclusion, the discovery of UV sensitive mutants in S.
coelicolor has provided the material for further comparative studies

with other protokaryotes. Thus the mechanisms of UV repair could be
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further investigated, for example, by a direct assay for thymine dimer
excision; and the mechanisms of UV mutation and their relation to
mutation by other mutagens could also be studied. Once again, this
field has already been extensively investigated in E. coli using

UV sensitive mutants.
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