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1. INTRODUCTION

INTERALLELIc complementation has been observed at loci concerned
with purine synthesis in Aspergillus nidulans (Calef, 1956); Xeurospora
crassa (Giles, Partridge and Nelson, 1957; Giles, 1958; Ishikawa, 1960;
de Serres, 1963); Schizosaccharomyces pombe (Megnet, 1959; Leupold,
1961); Salmonella typhimurium (Gots, Coon and Hild, ig); and Sacc/zaro-
myces cerevisi& (Bevan and Woods, 1962; Costello and Bevan, 1964;
Dorfmann, 1964).

Mutants at the ad-i and ad-2 gene loci of Saccharomyces cerevisi&
accumulate intracellular red pigments which have been identified as
aminoimidazole ribonucleotide (ad-i) and aminoimidazole carboxylic
acid ribonucleotide (ad-2) (Levinthal, Fogel and Hurst, 1963). The two
loci are on different chromosomes and are functionally independent;
diploids of the constitution ad-i, ad-2/ad-I, ad-2 are white and
prototrophic.

Independently isolated mutants at both loci have been tested for
interallelic complementation. None was found between those at the
ad-i locus (Bevan and Woods, 1962; Bevan and Makower, un-
published). In this report data are presented showing that the pattern
of complementation between mutants of the ad-2 locus is complex; the
complementation map constructed from the results of tests on 150
mutants is composed of three sections, two of which are circular and the
other linear.

2. MATERIALS AND METHODS
The complete, minimal and sporulation media used were those listed by Cox and

Bevan (1962).
The standard ad-i and ad-2 alleles were derived from strains 99R (Reaume and

Tatwn, i949) and 276/3br (Ephrussi, Hottinguer and Tavlitski, 1949). Wild-type
strains WT4, WT5, Y5ob and Fi were obtained from the Oxford stock collection.
The remainder of the ,jd-i and ad-2 mutants were isolated as red sectors or whole
colonies from platings of either wild-type haploid cells, or ascospores, treated with
ultra-violet irradiation. The mutants fall into two series. Firstly, strains Ri to
R222 were isolated following irradiation of a liquid paraffin suspension of ascospores
(cf. Emeis and Gutz, 1958) from a WT4 x WT5 cross. Secondly, strains ad-21 to
04-2 22 were obtained from the irradiation of strains Y5ob, F i and WT4. To
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ensure genetic homogeneity these mutants were crossed with WT4 or WT5 wild type
haploids and reisolated.

In order (i) to distinguish the ad-i from the ad-2 mutants and (ii) to determine
their mating types, each mutant strain was replica-plated (Lederberg and Lederberg,
1952) on to plates of complete agar medium already spread with lawns of cells of
each of the mating types of both standard strains, viz. ad-i a, ad-i a, ad-2 a and
04-2 a. White diploid cells resulted only when the background cells were both non-
allelic and of opposite mating type to the replicated cells. This test depended on
the fact that neither of the standard tester strains has ever shown interallelic
complementation.

Stock cultures of each of the ad-2 mutant strains were obtained in both mating
types by crossing them to either the wild-type WT4 or WI'5 haploid strains and
selecting the appropriate ascospore cultures from the resulting diploid.

Each ad-2 strain was tested for complementation with the others as follows:
master plates each containing 30 different ad-2 strains and one ad-i strain all of a
mating type were replicated on to a series of complete agar medium plates already
spread with a background lawn of cells of strains of mating type a, including a plate
of ad-i. Master plates were also replicated on to a plate of complete medium agar.
All of these plates were incubated at 28° C. for i 0-12 hours to allow for mating and
the formation of diploid clones. Following this they were replicated on to plates of
minimal agar medium and incubated for four days. Two criteria were adopted for
showing that complementation had occurred between a pair of strains: (i) growth
of a white diploid on complete medium, and (ii) the non-requirement for adenine
and therefore growth of the diploid on minimal medium. The presence of the
ad-i strain on the master and background plates allowed the immediate detection
of any mating anomaly among the strains used. A comparison of the complete
medium plate and its replica on minimal medium provided information on the
leakiness or reversion of the strains on the master plates.

It should be noted that each pairwise combination of mutant alleles was tested
twice in the course of the main series of experiments since reciprocal tests involving
haploid strains were carried out, e.g. ad-2i a X ad-22 a and ad-2i ax ad-22 a.
Doubtful and anomalous results were retested by mating single cells of the strains
concerned and comparing the growth of the resulting diploid with that of each of the
parental haploid strains.

Both single-cell matings and ascus dissection were carried out by micro-
manipulation on open plates (Kemp and Bevan, 1959). Prior to dissection, asci
were treated with digestive juice from Helix aspersa to soften their walls (Johnston
and Mortimer, 1959).

3. RESULTS

Out of the total of 240 pigmented adenine auxotrophs 78 proved
to be mutant at the ad-i locus and i 62 at the ad-2 locus. Tests for
complementation were confined to 150 of the available ad-2 mutants
and these were classified initially either as non-complementing, of
which there were 56, or complementing, of which there were g. Of
the latter, 5' proved to be non-leaky and 43 leaky. Only one of the
non-complementing mutants (ad-2 3) was leaky.

Thirty of the leaky mutants could be scored satisfactorily in all the
tests and are included in the matrix and maps together with the non-
leaky mutants. The designation of these in the order in which they
occur in the matrix (fig. z) is as follows: R,io, Ri, R67, Ru3, Rx8,,

RI 17, ad-215, Ri,6, R162, Ri67, R36, R82, R26, Ri84, R27,
R25, R6, ad-2•13, ad-2I9, ad-2i4, ad-25, Ri9, R57, R122, Ri56, Rt63,
Ri89, R172, Rx98.
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Fic. s.—Matrix of results for 78 complementing ad-2 mutant alleles.
A Growth poor, pigmented.
• Growth good, pigmented.

Growth poor, white.
o Growth good, white.
+ Result positive but contaminated or reverting.
Anomalous results: E Negative in matrix, positive in map (13).

Z Positive in matrix, negative in map (io).
The series prefixes of the mutants have been omitted.
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Eleven of the complementing mutants are omitted because they
proved either to have high reversion rates or were too leaky to score
with confidence in all the tests.

The matthç of results of 78 mutants is shown in fig. 1, and an
interpretation of this matrix in the form of a linear complementation
map is shown in fig. 2. The map is subdivided into three sections:
Section A has 12 sub-units (1-12), Section B has 14 sub-units (13-26),

C
30 31 32 33 34 35 35

"
Fic. 2.—Linear representation of the complementation map of the ad-2 mutants. The

three sections of the map are separated in the figure. The arrowheads indicate the
limits of the individual mutants in the map.

and Section C has io sub-units (27-36). In a conventional linear
complementation map some of the mutants allotted to Sections A and B
can only be represented by broken lines. Thus R3 complements Ri4,
Ri 13 and R32 which are in the centre of Section A, but fails to
complement other mutants which are placed to the left and right of
these three. However, R3 can be represented as an unbroken line if
the ends of Section A are joined to form a circular map. Similar
considerations apply to some of the mutants allotted to Section B, e.g.
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Ri i. Therefore, both of these sections can be planned in a circular
fashion, whereas Section C remains linear. Fig. 3 shows a more
complex map form in which circularity for Sections A and B has been
achieved, whilst Section C is shown as a linear structure between them.

Twenty-three anomalous complementation reactions involving a
total of twenty-eight mutants are portrayed as either negative in the
matrix and positive in the map or vice versa (see fig. i). Any other
arrangements of these twenty-eight mutants would lead to more
discrepancies between the matrix and the map. These anomalies do
not appear to be more common in particular regions of the map (cl
Dorfman, 1964) and in several instances pairs of mutants with identical
or very similar complementation patterns give the same anomalous
result when tested with a third mutant, e.g. R85 and Ri 90 (identical)
xad-22I; Ri34 and Rr6i (similar) xR87, R2o3 (similar) and Ri84.

TABLE i

A comparison of the complementing ability of leaky and non-leaky mutants

Mutant combination

Results

Possible Positive Positive
(per cent.)

Leakyxleaky . . .

Leaky x non-leaky

Non-leakyx non-leaky

420 310

i o 85o

1104 330

738

59o

299

Most of the anomalies concern mutants which just overlap or are
separated by only one or two sub-units of the complementation map
but two, R85 and R19o >< ad-221, and Rioo xRio5, involve mutants
which, in the first instance are separated by five sub-units, and in the
second, overlap for six sub-units of the map. It is, of course, possible
that these anomalies would disappear if the complementation map were
run into the ground.

Five leaky mutants, ad-22, R23, Ri46, R175 and R192 could not
be integrated into the proposed map. If included, they would cause a
significant increase in the number of anomalous results.

Excluding homoallele tests there are 3003 pairwise combinations of
the 78 mutants. Of these 1490 showed complementation. The
average number of positive reactions per leaky mutant was 38 6
whereas the average for non-leaky mutants was 246. This difference
between the two types of mutants is further illustrated in table i.

The average number of map sub-units covered per leaky mutant is
46 compared with I43 for non-leaky mutants. The molecular
defects in leaky mutants might be expected to be less extensive than
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those in non-leaky mutants. If this is so, they are expected to be
involved in a greater proportion of positive complementation reactions.

There is some evidence for clustering of the leaky mutants in
particular regions of the complementation map. Six of them (Ri 10,
Ri, R67, Ru3, Ri8u and R117) are confined to sub-units u to g of
Section A; seven (R162, Ri67, R36, R82, R26, RuB4 and R27) to
sub-units 21 to 26 of Section B, and fourteen (R25, R6, ad-2i3,
ad-219, ad-2I4, ad-25, Ru9, R57, R122, Ru56, Ru63, Ri89, R172
and Ru98) to sub-units 28 to 36. Of the remaining three mutants,
ad-24 extends into all three sections, ad-215 into Sections B and C,
and Ri x6 is confined to Section B.

4. DISCUSSION

Interallelic complementation is thought to be due to the interaction
of differently defective polypeptides to give an aggregate with some
activity. This hypothesis, initially proposed by Catcheside and
Overton (1958), was elaborated by Brenrier (ig) who suggested that

TABLE 2

Conzplementation at analogous loci concerned in adenine synthesis

Organism Complementing
locus

Non-complementing
locus Reference

Salmonella . .

Neurospora

Saccharomyces

Schizosaccharomyces

ad-E

ad-3B

ad-a

ad-6

ad-C Gots, Coon and Hild
('959)

ad-3A de Serres
(1960, 1963)

ad-s Bevan and Woods
(1962)

ad-7
j

Leupold (1961)

enzymes showing complementation might be normally polymeric and
the constituent monomers identical. Thus the units involved in
complementation were defective monomers which somehow com-
pensated each other when polymerised. More detailed proposals
concerning the molecular mechanism of complementation have since
been made by Crick and Orgel (1964).

Experimental support for the polymer hypothesis is mainly drawn
from studies on the alkaline phosphatase of Escherichia coli. This
enzyme has been shown to be a dimer, composed of two apparently
identical monomers (Levinthal, Signer and Fetheroif, 1962; Rothman
and Byrne, 1963). Further, Schlesinger and Levinthal (1963) have
shown that complementation between alkaline phosphataseless mutants
involves the formation of hybrid dimers.

Similar conclusions have been reached concerning the mechanism
of complementation at the am locus of Jtfeurospora crassa. Complement-
ing mutants form hybrid aggregates (Fincham and Coddington, 1963)
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and it seems probable that the enzyme is polymeric (Fincham and
Stadler, 1965).

However, detailed biochemical and biophysical analyses of corn-
plementation have been attempted in relatively few instances and for
the majority of the loci at which it has been reported there are only
complementation maps.

Initially complementation maps were all linear with end points,
though exceptional mutants were noted. More recently the patterns of
complementation at a number of loci have required the construction
of non-linear, circular, or helical maps. A circular map allows con-
siderably more latitude in mutant placement than a simple linear
one with the same number of sub-units (Carison, 1961), consequently,
it might be supposed that complementation maps have limited
biological significance. This seems unlikely in view of the high degree
of colinearity which has generally been found between genetic and
complementation maps. For example, colinearity has been demon-
strated for a linear map (Case and Giles, 1960) a circular map (Kapuler
and Bernstein, 1963) and a map containing both circular and linear
sections (Leupold and Gutz, 1964). It thus seems possible, as has
been suggested by Kapuler and Bernstein (1963), that the comple-
mentation map of a locus may bear direct relationship to the tertiary
structure of the enzyme sub-units specified by that locus.

With this possibility in mind it is interesting to compare the occur-
rence and pattern of complementation at what are almost certainly
analogous loci in four microorganisms ; Salmonella typhimurium, Jsfeuro-
spora crassa, Saccharomyces cerevisite, and Schizosactharomyces pombe. In
these organisms mutations at two loci concerned in adenine synthesis
result in the accumulation of red pigments. Mutant alleles at one of the
two loci in each organism show complementation but not those at
the other (see table 2).

Furthermore the maps for ad-3B, ad-2 and ad-6 are complex. That
for ad-3B is linear (de Serres, personal communication) and has 17
sub-units (de Serres, 1964), whereas the maps for ad-2 and ad-6 both
consist of three sections, one linear and two circular (Leupold and
Gutz, 1964). On the present hypothesis of complementation these
four loci specify polymeric enzymes and probably carry out the same
reaction in the organisms concerned. The similarity between the
saccharomyces suggests that in these two organisms the enzymes may
resemble each other in their tertiary structure.

5. SUMMARY

i. One hundred and fifty mutants at the ad-2 locus of Saccharomyces
eerevisiee have been tested for interallelic complementation. Fifty-six of
the mutants failed to complement in any of the tests; of the remainder
which did complement fifty-one were non-leaky and forty-three were
leaky.
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2. The complementation map for seventy-eight of the complement-
ing mutants comprised three sections, two circular and one linear.

3. There were twenty-three results in which the complementation
matrix and map did not correspond.

4. Analysis of the complementation data suggests that leaky
mutants complement more frequently than non-leaky mutants.

5. Some correlations between the occurrence of complementation
at analogous loci in Salmonella, JVeurospora, Saccharomyces and Schio-
saccharomyces are discussed.
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