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SUMMARY 

Earlier models for genetic recombination have principally 
tended to restate the experimental observations of recombina
tion experiments in form convenient for teaching and learning. 
As formal genetics has been replaced by molecular genetics, 
the structure, function, and now lastly, the recombinational 
exchanges, of genes are being explained in biochemical terms. 
As yet, all models contain some arbitrary steps or omit their 
specification altogether. 

Obstacles to the unification of recombination mechanisms 
are: the multiplicity of ways of systematizing and describing 
the telltale aberrant or exceptional recombination events, 
and the substantially different ways of calculating recombina
tion and expectation, in different genetic materials and 
systems. All deviations consist of the type that certain 
subclasses of the populations exhibit greater frequency of 
certain recombinations than do other subclasses . It is 
suggested that, instead of deriving from different modes or 
pathways of recombination, these different observations stem 
from biochemically different probabilities for the localization 
of first and subsequent breakages, degradations, syntheses and 
joinings of DNA molecules. The various mutants and species 
studied have in general different relative activities of the 
endonucleases, exonucleases, polymerases and ligases accounting 
for these steps. Therefore, differences between the species 
and strains can presently be attributed to quantitatively 
different rates and extents of biochemical action upon 
essentially uniform material, DNA, by mechanisms that are 
virtually uniform in the different organisms. 

INTRODUCTION 

The magnificent formal analysis which constitutes the 
basis of classical genetics encompassed formal recombinations 
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as exchanges of partners along linearly organized gene arrays 
(STURTEVANT 1913). That the exchanges should be construed as 
randomly distributed along these arrays was natural to a formal 
theory, and made possible many powerful statistical calcula
tions as well as genetic mapping. 

But at about that time the formal genetic linkage groups 
received a physical embodiment in the chromosome , and later, 
in elongated DNA molecules or assemblies of molecules . Then 
the gene had to be correlated with DNA in structure, and the 
working genes related with the conversions induced by DNA-
correlations that were at times frustrating as well as exciting, 
for the conceptually idealized gene was not easily fitted to 
the embarrassingly real and refractory properties of the stuff 
called DNA. 

If the working life of the gene eventually became public, 
the social life--or recombination--of the gene has still 
remained partly hidden, obscure and at times indiscreet. Thus, 
we are presently at a stage when we strive to understand how 
certain products that the DNA molecules have already partici
pated in making can react back upon those linear DNA arrays, 
rearranging their parts, yet still largely respecting their 
integrity . 

This is a time however when the earlier formal--or didac
tic--models of genetic recombination no longer suffice , and 
many of us now strive to construct models which take into 
account besides the end results, the properties of DNA and in 
particular the properties of enzyme systems which act upon it. 
It will be my purpose here to outline as I see them some of 
the profits, principles and problems which currently bestrew 
the path to this end. 

There now exist so many models or proposals for genetic 
recombination that it will be manifestly impossible even to 
mention them all here, much less to discuss them adequately. 
To illustrate my position, I would suggest that the rather 
well-known models of HOLLIDAY (1964) and WHITEHOUSE (1963, 
1965), while significantly based on DNA structure remain 
largely formal (assuming breaking points convenient to the 
purposes). STAHL (1969) has brilliantly outlined the configu
rational categories of observed recombination products--some 
of the objectives of a model--simultaneously discussing a 
formal model that is excessively permissive and arbitrary. 
New experimental results led BOON and ZINDER (1969) to postu
late a model which is elegant and novel , yet also formal in 
its arbitrary assignments of breakage and joining steps. These 
and other recent models utilize the double strands of DNA of 
course, and such tidbits of enzymology as DNA synthesis, 
joining or repair . 

Experimental studies that have carried us far beyond the 
classical ones have included those of TAYLOR (1958), MESELSON 
and WEIGLE (1961), G. KELLENBERGER et al . (1961), FOX and ALLEN 
(1964) and STAHL and coworkers (1971 , 1972), for the most part 
described without insistence upon a generalized model. 
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GENERAL NATURE OF A RECOMBINATION MODEL 

Besides restating the findings of recombination experi
ments , a satisfactory recombination model should be predictive; 
it should be able to prescribe approximately when this exchange 
will happen often , or less often, or when that one will be 
excluded . And increasingly , in molecular terms in this era, 
it should be a self- running mechanism : each stage should, in 
the presence of the various enzymes involved , lead to the next 
as a necessary or probable consequence . 

On this last point I want to insist , for there is a ten
dency for the casual onlooker to characterize or classify 
models in terms of one specific intermediate stage , as if all 
of the marvelous manifestations of recombination depended from 
one magical structural intermediate-- which may even have a 
man ' s name associated with it . But in fact none of the model 
builders has pretended to conduct DNA into those tanglewoods 
and safely home again by a succession of clearly defined and 
irresistible steps . As one now tries to do so, he is likely 
to postulate not one but several intermediates, veritably what 
I have called a " DNA metabolism" (HOTCHKISS 1968) . 

Nevertheless , I should like also to warn against casual 
acceptance of the metabolic analog . In useful and stimulating 
analyses of recombination in EschePichi a coZi mutants, CLARK 
(1971 , 1972) has recently spoken of "alternative pathways" of 
recombination , as have for e x ample , DUBNAU , DAVIDOFF- ABELSON 
and SMITH (1969) for Bac i ZZus subt i Zis . The outlines presented 
include routes to recombination which when genetically blocked, 
lead other pathways to be e x ploited which sometimes share 
common steps with the blocked ones . This formulation is accept
able and is valuable since it can lead to concrete experimental 
predictions to be tested . Nonetheless , there are several pre
cautions which should not be lost sight of , when this idea is 
used in teaching or in planning research : (1) the postulated 
alternative " pathways" tend to be minor ones in the natural 
organism, (2 ) not only may they overlap with , but they can to 
some degree be construed as " leakiness " or modification in, the 
major pathways , (3) the result of a blocked pathway--for DNA 
molecules existing in only one , or two , replicates per cell-
ought not to be tacitly pictured as similar to the accumulation 
of a pool of an unused metabolite , as in metabolic pathways. 
Therefore , the result of a block would not be the mass-action 
"forcing" or opening up intracellularly of another pathway, but 
merely the e xposure of a residual background of more rare 
events . When the more probable r eactions are prevented from 
occurring , the residual ones too have their still lower spec
trum of probabilities-- within the population, not within each 
cell. However , the term " pathway , " properly interpreted as a 
route which many cells enter and few complete , does neatly 
suggest the self- running mechanism that is a good deal more 
than the mere arrival at a specific obscure intermediate way
stage . 
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SPECIFIC GOALS FOR A RECOMBINATION MODEL--AND OBSTACLES 

The well-studied rearrangement of parental gene arrays 
is accompanied by a number of irregularities in recombination. 
Examples are: non-linearity, non-additivity, map expansion 
or contraction, negative and positive interference , marker 
effects, genes modifying recombination, gene conversion, polar
ity of recombination and position effects . Some of these are 
observed in one organism or system, some in another, but by 
the nature of things, markers and methods do not allow many of 
them to be observed--or adequately defined--in any one given 
system. Accordingly, through the course of time these have 
been viewed first as deviations or discrepancies, then later 
as special but intrinsic properties of particular recombina
tions. The specialness may derive from their special biolog
ical substratum, the various organisms, but in any case, it 
discourages attempts to correlate them rigorously. 

What is important to point out is that in every case the 
"deviation" amounts to observing a greater, or smaller, number 
of particular recombinant progeny within one or another sub
class of the population. As a single example, the term nega
tive interference is the surprise coefficient applied when 
recombinants between two markers A and Bare found to have a 
higher proportion indicating recombination between one of them 
and a third marker, C, than does the general population: 

In Ab C X a B c 

the group AB for example have a greater fraction, 

ABC of BC's than do the average B's: total A B 

Thus A B C is more than B C 
total A B total B 

This example also illustrates the comparison of observa
tion with expectation, a necessary and critical step in 
defining any aberration--yet one not necessarily done criti
cally in practice. It is indeed fascinating in comparative 
genetics to note the many ingenious ways in which reference 
subgroups have had to be devised--the many demoninators in the 
frequency calculations of recombinants-divided-by-something. 
One may use total populations, as in cages, boxes, or jars, or 
total progenies in families, or bacteriophage populations for 
example, making the assumption that the opportunity for recom
bination is equal in each jar, or family, or member. One may 
sample the viable progeny, or include the non-viable ones by 
extracting the DNA and measuring gene-marker or atom marker 
recombinations. One may relate recombinations to unselected 
"independent" recombinants or_ to interrelated recombinants 
trusting that these will normalize the results for an incom
pletely understood opportunity for recombination. The discrep
ancy found is then often a result of the inadequacy of the 
assumptions. I would like to suggest that these assumptions 
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are varied enough to hide the considerable uniformity of the 
common results: an excess or deficiency of one recombinant in 
a particular subgroup of the population. 

Let us consider the single case of the gene conversion. 
This is the formal term for an event leading to recovery of 
an excess of one parental allele and a deficiency of another. 
It can properly be used when the expected progeny are a corn~ 
plete captive population, as classically in the ascospores of 
a single ascus of an Ascomycete. Herschel Roman and his stu
dents and other geneticists have had much to do with showing 
its genetic identity (involving a specific parental allele) 
and its regularity and frequency (ROMAN 1958; FOGEL and MORTI
MER 1970). Involving one pair of alleles, it need not be 
related to recombination, but it has been adequately demon
strated that a large proportion of all gene conversions are 
accompanied by recombinations of nearby genes. In a notable 
Stadler Genetics Lecture on gene conversion in unselected yeast 
tetrads, Fogel reported that almost precisely one-half of all 
conversion events are accompanied by such recombinations 
(FOGEL, HURST and MORTIMER 1971). 

Gene conversions cannot be defined without further as
sumptions, for the systems in which mass populations are 
mated: in these systems such observations as negative inter
ference are reported instead. But what would it mean for 
these systems, if in the process of many or all recombina
tions, there were during the contact of one parental DNA array 
with another, regions in which "gene conversion" accompanied 
the recombination? Let us suppose again that in our region b C 

A b C 

a B C 

a B C 

X a B c recombination produced 

but that in some of these, 

were converted to ABC, 

The excess of A and deficiency of~ in the population might be 
balanced by opposite conversions, or be in any case unnoticed, 
but it would nevertheless lead to an apparent excess of ABC, 
not accounted for by independent AB recombinations, distort
ing the frequency map, and suggesting negative interference. 

Similar considerations , and they can be expressed more 
rigorously , will account qualitatively for most of the kinds 
of aberrant behavior noted, and could become a basis for sus
pecting "conversion" events in standard systems where map dis
tortions are reported instead. If we make this kind of as
sumption, we have to overcome one further barrier; the strict 
conservative injunction against assuming a• recombination, o r a 
conversion, event where markers are not involved. But, if we 
are to make a biochemical or DNA-related model for recombina
tion, we have to be concerned with the occurrence of actual 
biochemical events, whether or not they are demarcated by a 
genetic marker . Otherwise there will be no realistic basis 
for our estimates of the frequency, probability, and localiza
tion of the events which in some proportion actually do result 
in gene duplication. 
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Therefore, we are faced wi th a challenge : can we see 
enough general features in recombination in the d i fferent 
genetic systems to suggest that it is biochemically based on 
essentially a single mechanism yet wi th enough scope in the 
enzymatic processes for the varied manifestations qualitative 
and quantitative, iri the different species , mutants or envi
ronmental modifications? 

BIOCHEMICAL MECHANISMS IN DNA RECOMBINATION 

We have become partly acquainted by now with enzymes that 
perform the various steps postulated in the recent formal 
models for recombination : chain- opening , chain shortening , 
chain lengthening, chain- joining and even some enzymes which 
help to wind or unwind DNA double helices . Some of these, 
most notably the exonucleases , have been found to be defect
ive or modified in certain recombination deficient bacterial 
mutants. Space and time will not permit a careful detailing 
of these important observations here; I will deal with princi
pally the broader conclusions that I believe may be responsi
bly drawn from the considerable data . Slightly more detail 
will be found in another review (HOTCHKISS 1971) but it is 
abundantly and authoritatively covered elsewhere (CLARK 1972; 
DAVERN 1971; WITKIN 1969) . 

I would like to draw in particular upon one property of 
DNA, and several properties I perceive as characteristic of 
"DNA-enzymes"--the group of endonucleases, e xonucleases, poly
merases, and ligases that a r e generally thought to be involved 
in DNA recombination a nd repair , but not necessarily including 
the purely degradative or repl icat ive enzymes . First , it 
seems to me important to be awar e of the dynamic version of 
the famous prize-winning fiber - crystalline DNA helix. It is 
realistic to picture the double helix opening and closing-- so
called "breathing"--when in aqueous solution , as various local 
groups of base pairs cooperatively lose hold and allow melted 
loops to form and move along the hel i x . This opening should 
be statistically favored near a chain end or single-chain 
"nick", and particularly so when one of the DNA strand-binding 
proteins discovered by ALBERTS (1970a , 1970b) is present, or 
when a complementary homolog is available to form what age
neticist might term a synapse. 

The other general izations that I believe are reliable and 
useful concern the enzymes : 

Princi ple 1: DNA- enzymes used in DNA repair all have af
finity for and act at sing l e str and nick s or ends of double 
helical regions : 

o r 
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One might consider these enzymes as demanding an adequately 
paired double stranded region on one side, in order to bind 
and act at the site of double strand interruption. 

Principle 2: When they modify (chain-shorten,chain-ex
tend or chain-link) DNA strands at such an interrupted double 
helix, DNA-enzymes appear to act only upon one strand, keeping 
the other sacrosanct. A little reflection will suggest that 
this feature must have supplied great survival value in evo
lution--the retention of one strand intact would permit inher
ited information of the parent to be safely carried throuoh 
any given biochemical episode with minimal change, and in fact 
maximal chance for repair. 

Principle 3: Lengthening of DNA chains, whether in rep
lication or repair is, so far as known, always by adding of 
nucleotidyl residues to 3'-ends of chains. Such lengthening 
as may be needed to achieve register and fit in a recombinant 
double helix, would tend to preserve parental 3'-ends rather 
more than 5'-ends, attaching them to strands of the other par
ent by an interposed copy-switch region newly synthesized in 
homology to that same other parent. 

Principle 4: The 5'-ends of preformed DNA strand pieces 
can be extended by block synthesis, joining to other preexist
ing 3'-ended pieces if they are long enough to make a comple
mentary match on an overlapping template. This process may 
occur in DNA replication, according to findings of Okazaki and 
coworkers (OKAZAKI et al. 1971; SUGINO et al. 1972). It prob
ably usually requires some 3'-extension (Principle3) for per
fect matching, and then is effected by DNA-ligases linking 
both a 3'-hydroxl and a 5'-phosphate end. 

A BIOCHEMICAL MODEL FOR RECOMBINATION 

Time permits little more than the expression of the prin
ciples just outlined in a model or sketch for a model for 
DNA-DNA recombination . 

It can be supposed that single strand breaks occur in DNA 
from time to time, and by the principle of "breathing", in 
some fraction of the nicked molecules there is a certain prob
ability that the strand ends may wander away from their com
plementary partner . This tendency would be increased by: 
(a) unwinding proteins such as that of ALBERTS (1970a) men
tioned, (b) shortening of one of the ends by exonuclease, per
haps in a required repair excision, (c) nicking by those endo
nucleases which leave 3'-phosphate chain ends, or dephosphory
lation that followed any kind of nick, (d) any condition 
tending to suspend DNA lengthening and joining. 

The result of such a chain-opening in the presence of an 
homologous DNA could be what I call an attack by the single 
strand ends (HOTCHKISS 1971) . This is indicated in Figure 1. 
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Either a 3'- or 5'-end might attack, but by Principle 3 we 
would expect only the readily extended 3'-ends to have a sus
tained chance of penetrating into a heterologous double helix. 
The penetration could be along the wide groove in the DNA hel
ix where RNA transcripts are pictured as being formed, and as 
in the case of the RNA transcripts could take advantage of the 
breathing and dynamic loosening or looping out along the 
double helix . 

C a a' 
b b' 

d 

I 
>' 

C A 

D 8 

ATTACK BY STRAND END A, OPENING AT 
I 

a 

d b b' 
a a' - - - -~ -------==-

A 
C ---------,,..'-'.""---->--

::>- a' a 

D 8 
Hotchkiss, 1971 

FIGURE 1. Model of an asymmetric attack by a DNA strand nick
ed at A upon an homologous double helix (upper fig
ure) . In the figures, the letters designate, not 
genetic markers, but biochemical identifications of 
strand sites and polarity in relation to 3'-ends 
(heads of arrows). Thus, c and Care homologs of 
different parentage but not necessarily genetically 
marked·, of opposite polarity to their complements, 
d and D. Successful attack, involving synthesis 
along aa', with finite possibility of opening the 
recipient strand at a' (bottom figure) would re
lease a new attacking end, a', now able to attack 
the original donor strand 3'-wards from the initial 
attack. 
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It is in fact observed (DOERMANN and PARMA 1967; HOWARD
FLANDERS et al. 1968; MOSIG et al . 1971) that recombination 
is increased near DNA ends . It has also been observed that 
slight endonuclease activity increases DNA transforming activ
ity (HOTCHKISS and PRAT 1973) or competing power (HOTCHKISS 
and GROS, quoted in HOTCHKISS 1957) . KOHOUTOVA (1965, 1967) 
has maintained that there is a correlation between the trans
formation competence-inducing activity of bacterial extracts 
and their mild endonuclease activity , suggesting that there 
are conditions under which endonuclease activity is perhaps 
helpful for and at least compatible with DNA transforming 
activity . 

Having thus the potential for invading the corresponding 
region of a neighboring double helix , a DNA strand end may 
succeed, or fail, in doing so depending upon probabilities 
determined by enzymological considerations. Thus, in the sit
uation schematized in Figure 1 , if there should be degradation 
of the 3'-end attacking at aa' , or failure to build up this 
end by polymerase (copying the complementary template at bb'), 
the attack would tend to be abandoned, leaving the genomes as 
they were. I should like to emphasize that the choice of 
degradation versus building up is not going to be made "ran
domly", but is likely to be determined by availability of 
nucleoside triphosphate monomer units , and conditions favoring 
activity of polymerase . With finite probability for being 
lengthened, the 3'-end could penetrate the duplex aa' :bb' and 
produce a temporarily three-stranded region which (as proposed 
in various stages of DNA and RNA synthesis) involves two ho
mologous strands variously pairing with one shared complemen
tary strand. 

Formation of this intermediate (bottom of Figure 1) would 
be likely to lead to incision and repair . Since in this 
strand-sharing the attacking foreign strand may, over certain 
intervals, monopolize the shared recipient strand, there is 
likely at some point to be incision or opening up of the 
hitherto intact but temporarily displaced recipient strand 
corresponding to the attacking strand , somewhere along aa' . 
An eventual DNA ligase could then join the attacking strand to 
the new 5'-end formed at that gap . As suggested in the fig
ure, this would release a new 3 ' -end (indicated as a') which 
could in turn now attack the original donor strand near A. 

An important component of these predictions is the polar
ity of these openings. Since polymerase- produced DNA synthe
sis is at least a probable requirement for insinuation of the 
attacking strand into the recipient helix , growth has been 
3'-wards along that strand , and the new 3'-end released will 
be farther to the "right" or 3 '-wards of the original initi
ating nick or break . Attack by this new end upon the former 
donor strand will result in new copying and junction still 
farther to the right, probably effected very easily because of 
the first break at A and possible degradation of that 5'-end. 
This second attack sequence in particular is rather similar 
to the mechanisms outlined by CASSUTO et al . (1972) for strand 
assimilation affected by a lambda virus exonuclease. 
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In sum, a single-strand recombination will have been 
completed, with some intervening region aa' having essentially 
a "single strand gene conversion" because of the extra copying 
of a recipient template in this region. Copy ing of the 
second recipient region would only have reestablished a copy 
of the strand segment wasted at that point, and not have 
produced a further or opposite conversion. 

BIOCHEMICAL BASIS FOR DIVERSITY IN RECOMBINATION 

Now let us consider possible biochemical differences 
between different mutants and species. If the polymerase 
activity is strong and a stretch of some hundreds of nucleo
tides is copied before the disrupted recipient helix pairing 
leads to excision repair, the scheme just outlined would lead 

EXCISION FOLLOWED BY POLYMERASE (A-+a) 

d b b' 

a a' -----------;::,-, 
C 

C a ____ ___;:,.. -------~ 
D B 

POLYMERASE FOLLOWED BY INCISION (AA'-+aa') 

d b b' 
a a' 

-___ c_c~-/ ~-----0~----7 

A----------'=---~ 
D B 

FIGURE 2: Single strand recombinations with gene conversion 
resulting from the completion of the second attack 
pictured in Figure 1. In the upper figure, where 
incision is assumed to occur promptly before poly
merase action has been extensive, the region of 
conversion (indicated in the parentheses) includes 
only region a. In the lower figure, more extensive 
synthesis before incision is triggered results in 
more extensive conversion, of AA' to aa'. 
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to the intermediate shown at the bottom of Figure 2 . The 
converted strand would span the region a to a' . If however, 
incision were promptly triggered, or polymerase activity were 
genetically or metabolically restrained, the situation would 
be relatively more like the upper scheme of Figure 2--a short 
region (a) of conversion resulting . In both cases, conversion 
would occur at the border of a recombination region. 

Thus, we must recognize that the probabilities governing 
recombination events will in all likelihood include besides 
"distance" between markers, the actual relative activities of 
endonuclease incision , e xonuclease excision and polymerase 
extension , under the given conditions . These biochemical 
probabilities could be partly expressed in average polynucleo
tide distances of overlap permitted or traversed in one step 
before an incision, excision, synthesis or joining step 
follows . The net probability of conversion and recombination 
would be a resultant of these several probabilities, affected 
by marker distance, but differentially varying with genetic 
and metabolic conditions. 

The complexes of Figure 2 resemble those postulated by 
HOLLIDAY (1964) but with the strand conversion having been 
accomplished by "adjustment synthesis" similar to that 
proposed by WHITEHOUSE and HASTINGS (1965), however, unlike 
theirs an asymmetric one . In both earlier models the asymme
try which led to a conversion was based upon an assumed 
asymmetric strand correction, rather than the asymmetry of 
synthesis direction which I think, would directly lead to 
strand openings (and the first conversion) . In all of these 
models, completion of a double strand conversion requires at 
least one additional strand correction. One possibility with 
our model is that the latter may occur in connection with the 
completion of the recombination . 

RESOLUTION OF THE RECOMBIN ATION COMPLEX 

Full double strand recombination requires an additional 
recombination sequence . As previously proposed (HOTCHKISS 
1971), I believe the intermediate shown would stimulate 
additional repair steps completing the resolution . Since the 
intertwined helices of Figure 2 would become symmetrical (a 
point recently also made by SIGAL and ALBERTS 1972), new 
incision repairs would be equally likely at some point on the 
four strands c , d , C or D. If dis opened , opening nearby of 
strand D (or vice versa) also would follow as before, and a 
net single crossover (with local conversion) will have 
occurred , exchanging the outside markers . If however, strands 
c, or C (then the other) , are equally likely as d or D to be 
incised , their ultimate untwisting and rejoining would result 
in insertion of segments CA and ca into opposite homologs, i . e . , 
a double crossover in the half helices , score d in the progeny 
as a double crossover without outside marker recombination. 
FOGEL , HURST and MORTIMER (1971) have in fact reported an 
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equal occurrence of recombination and non-recombination of 
outside markers associated with conversion in yeast . Our pic
ture as presented would predict that, lacking further repair 
steps , subsequent or "postmeiotic" segregation should be pre
valent in haplospore clones showing the latter type of conver
sion. 

It should be noted that the first exchange has tended to 
require the second or resolving one , hence a potential for the 
frequent double crossover suggesting "negative interference" 
with respect to short-range effects. But since all recombi
nations may involve this paired succession of events , long 
range recombinations already take into consideration these 
compounded probabilities , and do not appear "distorted" . 

CONCLUSIONS AND PROSPECT 

Let us see where the compulsion of the enzymatic pro
cesses has under our assumptions led us . Abandoning the A's 
and B's and returning to genetic notation , consider the mei
otic exchange or cross resulting from 

L M N O P confronted with 1 m n o p 

in which outside markers Land P surround three closely linked 
internal markers . Taking first the recombinants ~ and 1 P, 
our model suggests that there will be a tendency to "molecular 
conversion" near the site of crossover , which may sometimes 
but not always fall near the internal markers M, N and O. 
When for example the strand end 1 m- attacks its homolog 
L MN OP it may force an opening and form recombinant strand 
l m NOP . In doing so it may have liberated the end MN-, or 
with more extensive polymerase action , the end MN 0- which in 
their turn produce when they join the donor strand 

L M N o p or else L M N O p 

instead of the reciprocal recombinant . In analyzed tetrads 
these pairs would be recognized as converted for Nor for No, 
respectively . In mass matings , they would be misinterpreted 
as map distortion : unexpected recombinations initiated by 
events between Mand N but appearing to be extra exchanges in 
either nearby interval NO or in the outside interval , 0 P. 
The locations of the physical events depend upon "nick- proba
bilities" (possibly randomly proportional to nucleotide dis
tance, but also possibly predetermined). Since in addition 
the conversion region depends upon "copying-span " versus re
pair-stimulus- span", their resultant may easily overrun close 
markers such as M, N and O, so that even random initial nicks 
and attacks need not generally produce conversions which bal
ance each other out. 

Thus, recombination may commonly be accompanied by con
version at a border near the 3 '-end of whichever strand seg
ment initiated the attack . Depending upon the number of in-
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tervening markers analyzed, the conversion may or may not be 
recognized. When there is no marker there, the conversion is 
"molecular" or silent. In mass populations, if detected, it 
will appear as a non-reciprocal event, involving more or less 
map distortion . 

The recombinations themselves may depend upon distance 
(probability for an initial nick), however the occurrence and 
extent of conversion, or map distortion, will include the 
mentioned parameters: 

(nick probability) X (average polymerase span) 
(repair-stimulus-span) 

These together still represent some kind of first order func
tion of distance but one dependent upon enzyme activities, and 
differing at different times and places. 

Returning to the other events initiated by strand end 
1 m-, I have reasoned that the symmetry of resolution will 
have led to an equal number of double crossovers in the single 
strands. This would mean that a similar number of Nor N 0 
conversions would have been produced without outside marker 
recombination, just as reported by FOGEL, HURST and MORTIMER 
(1971) . In mass matings after segregation following replica
tion or repair, these convertants would show up as double cross
overs, suggesting negative interference for nearby double events. 

Of course, all double exchanges which resulted in no 
marker recombination and produced a silent conversion would 
have been ignored and would not have added to our genetic 
picture of the events which have to be explained. 

Such a model then can logically relate the types of re
combination and conversion aberrations actually observed to 
postulated sets of probabilities for nicking, copying and 
repair of DNA strands in the different organisms. If the site 
of initial nicking is preferentially located or predetermined, 
then the location of each of the subsequent openings and join
ings will be in particular polarized relation to it, with re
spect to chromosome direction . This has sometimes been found 
(see WHITEHOUSE 1970) . It seems that the model I have outlined 
is in satisfactory agreement with observation, even some of 
the most sophisticated ones. 

It might be noted that here I have invoked DNA repair 
principally as a response to the physical disruption of com
plementary pairing that results from involvement of three or 
more strands within a DNA zone of exchange. I have not as
sumed that repair ensues necessarily or primarily from simple 
local mispairing, unless there are gaps, loops or tangled 
strands nearby to trigger it. Therefore the converted regions 
are left in the form of heteroduplexes. Repairing in, or out, 
of the modifications has in the past been invoked to produce 
the pure lines sometimes seen, as in 3 : 1 haplospore segre
gations, and it may often enough be involved, with its 
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additional biochemical variability, and potential asymmetry. 
Until it is clear whetner recombination quite generaily occurs 
after, or independently of, DNA replication, it will not be 
necessary to specify precisely the role of further repair. 

The biochemical model presented here for genetic recombi
nation has avoided arbitrary assumptions of convenient events, 
and has stressed processes "likely" to lead stepwise to stated 
subsequent events. As described above it is something like a 
type-model, representing a family of models, partly restrict
ive, yet not quite restrictive enough to be readily tested or 
proved incorrect. A few of its predictions have been mention
ed (HOTCHKISS 1971). But I believe that it illustrates the 
kind of logical self-running biochemical mechanisms we shall 
be increasingly obliged to consider to explain fully what hap
pens in the classical genetic recombinations, and in the mo
lecular exchanges of DNA segments which can be observed in 
some systems and seem so convincingly to be involved in all 
recombinations. 

Study of this topic and tests of these hypotheses are being 
carried out with the assistance of Grant AI-03170 from the 
National Institutes of Health. 
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