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SUMMARY
Evidence is presented for three important DNA metabolic
processes which may direct genetic recombination events during meiosis.
These processes are:
1) DNA breakage and repair, 2) facilitated interaction between homologous DNA molecules and 3) formation
of biparental recombinant molecules,
All of these processes are
postulated to occur during the meiotic prophase stages when homologous chromosomes are paired.
Successful recombination is considered
to be both the infrequent outcome of many DNA breakage and repair
events and the product of DNA-DNA interactions.
INT RO DUCT ION

Nearly 70 years ago DeVRIES (1903) discussed the concept of
genetic recombination. Since that time classical cytogenetic observations have detailed the meiotic events attendant to this process.
Only recently have biochemical studies attempted a direct examination
of the molecular mechanisms involved in meiotic recombination.
Many features of the mechanism of recombination during meiosis
have already been predicted from purely genetic studies . A number of
elegant models have been constructed, consistent with the results of
genetic information, describing recombinations in molecular terms
(WHITEHOUSE 1963, HOLLIDAY 1964, STAHL 1969). Because biochemical
studies must operate within the context of these genetic interpretations, the biochemist's task may appear to have the unexciting
features of describing a game in which the outcome has been foretold.
But the purely genetic approach seems to have reached an impasse in
its ability to define the molecular events of recombination. Without
knowledge of the DNA metabolic events which occur during meiosis, it
has been impossible to decide on alternative molecular mechanisms
which lead to the same genetic result.
The sophistication achieved to date in the biochemical analysis of meiotic systems has not yet permitted us to discriminate
between various models o f recombination. As yet, these studies have
only allowed us to verify certain features common to most current
thinking. With higher organisms, the molecular analysis of recombination has lagged behind genetic analysis because of the inaccessibility of most meiotic systems to biochemical probes. Now, however,
several meiotic systems are available for such studies. Among these
are two plant meiotic systems--the lily microsporocyte system, a
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system developed by H. STERN, Y. HOTTA and co-workers and the
Chlamydomonas meiotic system developed by R. JONES, J. KATES, K-S.
CHIANG, N. SUEOKA and others. With each system a synchronous population of meiotic cells can be analyzed.
In this paper I will try to draw together the evidence for
three important DNA metabolic events during meiosis and show how
these events relate to genetic recombination. They are 1) the
enzymatic breakage and repair of DNA, 2) the facilitated interaction
of parental DNA molecules and 3) the overall conversion of parental
DNA to biparental molecules (using the terminology of ANRAKU and
TOMIZAWA 1965). The proposed relationship of these events to recombination of DNA molecules is schematized in Figure 1.
FACILITATED
INTERACTION

BREAKAGE

REPAIR

REPAIR

PARENTAL MOLECULES

BIPARENTAL RECOMBINANT
MOLECULES

FIGURE 1.

Proposed scheme of recombination resulting from DNA
metabolic events during meiotic prophase. Represented
are short regions of duplex DNA from paired homologous
nonsister chromatids. A crossover event is represented in
the overall conversion of parental to biparental recombinant molecules.
ENZYMATIC BREAKAGE 0F DNA

In studying DNA breakage and repair enzymes, our attention was
focused on the appearance of these activities during meiotic prophase
in microsporocytes of lily (HOWELL and STERN 1971). For it is during
prophase, and particularly during the chromosome pairing stages of
zygotene-pachytene, that genetic recombination events are thought to
occur (see PEACOCK 1971).
We first tested for the presence of DNA breakage activities in,
extracts from meiotic prophase microsporocytes. Our assay system,
which monitored the reduction in molecular weight of substrate T7
phage DNA, specifically detected the endonucleolytic attack of double
stranded DNA. Such an activity was found in meiocyte extracts from a
variety of lily (Cinnabar) which has low background nuclease levels
in somatic or meiotic tissue (at other than prophase stages). When
the amount of endonuclease activity in extracts was compared at
various meiotic stages (Figure 2), the activity was found to rise
sharply at zygotene, peak at zygotene-pachytene and decline throughout pachytene. Thus, the appearance of DNA breakage activity corresponds with the period of chromosome pairing.
HOWELL and STERN determined several properties of the partially purified endonuclease activity which may bear upon its role in
recombination: 1) The activity is directed against native DNA but
limitedly (ca. 10% as active) against single strand DNA. 2) Several
sources of DNA serve as substrates, including TI phage DNA, E. aoli
or lily DNA, indicating that the nuclease activ ty is not limited in
its attack to base sequences unique to lily DNA. 3) Cleavage of DNA
by this activity is predominantly endonucleolytic as indicated by
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FIGURE 2.

Endonuclease and polynucleotide ligase activity in microsporocyte extracts taken at different meiotic stages. Bud
length is correlated with meiotic stage of microsporocytes.
(After HOWELL and STERN 1971).
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~ucrose density gradient sedimentation profiles. of
H-labelled T 7 phage DNA digested with microsporocyte
endonuclease. The labelled reaction products were
denatured and analyzed on alkaline sucrose gradients and
also analyzed undenatured on neutral gradients. Arrow
indicates position of intact T 7 marker DNA. Profiles of
product after 3 min. digestion_._._ and 10 min. digestion
-o--0(After HOWELL and STERN 1971).

the absence of mononucleotides after extended hydrolysis. 4) Under
conditions of the assay, the activity produces single strand breaks
or "nicks" in native DNA. This was demonstrated during a time course
of hydrolysis of native T7 phage DNA, where there was a progressive
reduction in the single strand molecular weight of DNA, while
initially the double strand form remained intact (Figure 3). The
observation is important because only single strand breaks, in which
the interrupted DNA chains are held in juxtaposition by mutual
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hydrogen bonding to the intact DNA chain, are considered repairable.
No repair mechanism is known that will restore the continuity of
double strand breaks or "chopped" DNA. 5) The activity leaves new
5'-hydroxyl termini at "nicks" and not 5'-phosphoryl termini. Such
DNA nicks are probably not repairable without modification. The
possibility for such modification has been demonstrated in microsporocytes and will be discussed in relationship with the DNA ligase.
All properties of the nuclease activity taken together suggest
that the enzymes(s) can randomly attack native DNA to give repairable
single strand breaks.
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DNA synthesis during meiotic prophase of lily micros2orocyte. DNA synthesis was measured as a function of
pj204 incorporation into DNA of cultured microsporocytes.
Incorporation during pachytene, called "pachytene DNA
synthesis" should be noted here.
(Adapted from HOTTA and
HECHT 1971).
ENZYMATIC REPAIR OF DNA

Evidence for DNA repair synthesis during meiotic prophase
predated the search for repair enzymes. HOTTA, ITO and STERN (1966)
found that a small amount of DNA (ca. 0.3% genome equivalence) was
synthesized during meiotic prophase following premeiotic S-phase
(Figure 4). They later showed (HOTTA and STERN 1971a) that a portion
of this synthesis, called pachytene synthesis, was a repair-replication
DNA synthesis. The existence of a defined period of repair DNA synthesis during meiosis was certainly curious, but nonetheless
explainable considering the appearance of DNA breakage activities
during that same interval.
Another important function, DNA rejoining activity (polynucleotide ligase), was tested for in microsporocyte extracts (HOWELL
and STERN 1971). The assay we used determined the repair of nicked
DNA by detecting the formation of phosphodiester bonds from p3 2 labelled 5'-phosphomonesters at nicks in double stranded DNA (WEISS,
JACQUEMIN-SABLON, LIVE, FAREED and RICHARDSON 1968). Microsporocyte
extracts can catalyze this reaction in the presence of ATP as a
cofactor .
As with the nuclease activity, microsporocyte extracts were
tested at different meiotic stages for ligase activity. Figure 2
shows that the specific activity of ligase varies with meiotic stage.
The transitions are less sharp than those of the nuclease; however,
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ligase also peaks during zygotene-pachytene stages and drops off
thereafter. Thus high levels of this important repair activity are
present when the DNA breakage enzyme appears.
The concurrent appearance of the two activities suggests that
they may interact in DNA breakage and repair, but it is important to
point out their apparent mutual incompatibility.
As described
earlier, the microsporocyte endonuclease leaves 5'-phosphoryl end
groups at nicks. The ligase activity, detected in our assays,
utilizes a 3' - hydroxyl and 5'-phosphoryl for phosphodiester bond
formation.
This means that the nuclease is breaking the "wrong"
phosphodiester bond to be repaired by the ligase.
However, the
proper end group configurations at nicks could be generated (see
Figure 5) by enzymes found in microsporocytes. Microsporocyte
extracts contain phosphatase and polynucleotide kinase which could be
used to effect these modifications. Both of these activities are
present at high levels during the critical zygotene-pachytene stages
(HOWELL and STERN 1971).

FIGURE 5.

End group configuration at a "nick" produced by the microsporocyte endonuclease.
The 3 1 - phosphoryl, 5' -hydr9xyl
groups are thought to be modified by lily microsporocyte
enzymes to 3' - hydroxyl, 5' - phosph~ryl configuration, which
can be acted upon by ligase to form a phosphodiester bond.

To decide whether the observed activities were truly complementary in DNA breakage and repair, we asked the following question:
Can extracts taken from zygotene-pachytene microsporocytes repair DNA
broken by the partially purified lily endonuclease? To answer this
question, we subjected T 7 phage DNA to limited digestion by the
partially purified endonuclease.
In the experiment shown in Figure 6,
the average number of single strand breaks per T 7 phage DNA molecule
as determined by alkaline sucrose velocity sedimentation was about
ten. When this DNA was incubated with cell extracts from meiotic
prophase microsporocytes (under conditions which permitted the action
of DNA ligase, polynucleotide kinase and phosphatase) repair of single
strand breaks was observed. Alkaline sucrose sedimentation (Figure 6)
indicated that at least half of the breaks were repaired in our in
vitro assay, i.e., the average number of breaks per molecule was
reduced to five.
The results of these experiments argue that during meiotic
prophase a series of complementary DNA metabolic enzymes are made
available for a period of DNA breakage and repair events.
The enzyme
activities demonstrated in our assay systems may be responsible, in
part, for these DNA metabolic events.
Certainly, other DNA metabolic
enzymes, such as polymerases and exonucleases, must p l ay a role in
repair, since prophase DNA metabolic events include repair synthesis.
Evidence for the role of polymerases is discussed by HECHT and STERN
(1971).
Our generalized scheme for DNA breakage and repair during
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FIGURE 6.

Alkaline sucrose gradient sedimentation profile of T7
phage DNA treated with microsporocyte endonuclease---<>----0This profile is compared to the preparation post-treated
with microsporocyte extracts containing repair activities
---- . An increase in average sedimentation coefficient
(marked with line) indicates repair.
Arrow indicates
position of intact T7 marker DNA.
(After HOWELL and
STERN 1971)

NICKING

j
l

STRAND
DIGESTION

1

SYNTHESIS

l
"NICK TRANSLATION,"

l
r

JOINING

~

I
•

' '
JOINING

FIGURE 7.

Proposed scheme of DNA metabolic events during the
zygotene-pachytene stage of meiosis in lily microsporocytes. Represented are short regions of duplex
DNA from a single chromatic.
See text for explanation.
(After HOWELL and STERN 1971).

meiotic prophase is illustrated in Figure 7. The nicking of DNA
initiates all events and may lead to any one of several consequences:
1) The nick is immediately rejoined without DNA synthesis.
2) The
nick is enlarged to a "gap" by single strand exonuclease digestion.
The gap is then filled by DNA synthesis.
3) The nick is "translated"
down a DNA strand by concurrent digestion and synthesis activities.
The latter two processes would involve DNA repair-replication synthesis, which is observed during meiotic prophase.
In any case, the
affected region of DNA suffers no change in the content or disposition
of genetic information.
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FACILITATED INTERACTION

DNA breakage and rejoining events appear to be necessary but
not sufficient conditions for recombination. Successful recombination, in fact, may not even be limited by these events, but may be
governed by the facilitated interaction between homologous DNA molecules. Facilitated interaction is the means by which base pairing
associations between DNA strands in homologous chromatids (cross
hybridizations) are promoted and not necessarily the process by
which homologous chromosomes pair.
HOWELL and STERN (1971) have argued that the success rate or
probability that a single strand break will be consummated in successful recombination is quite low. That probability, in the order of
10-4, was based upon a ratio of the minimum number of nicks per
genome and the average number of crossovers. This means. that in
Figure 1, DNA regions associated with nicks are frequently repaired
without cross hybridizations but infrequently involved in successful
facilitated interactions to form recombinant molecules.
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FIGURE 8.

DNA binding activity of microsporocyte nuclear fractions
taken at different meiotic stages. Preparations were
assayed for binding activity to single-stranded T7 phage
DNA. Again bud length is correlated with meiotic stage
of microsporocytes. (Adapted from HOTTA and STERN 1971b)

The evidence for possible facilitated interaction in eucaryotic
recombination has been recently revealed by HOTTA and STERN (1971b),
They have found a nonhistone protein in meiotic nuclei which promotes
homologous single strand DNA reassociation. This proteinaceous
material has properties similar to that of gene 32 protein in T4
phage described by ALBERTS and FREY (1970), which is required for
genetic recombination and joint recombinant molecule formation.
Like gene 32 protein, lily protein binds to single strand DNA from
many sources (e.g., T7 phage, E. aoZi and rat liver) and accelerates
its renaturation.
The DNA-binding protein is not present in microsporocytes
during all meiotic stages, but appears during zygotene-pachytene
stages of meiotic prophase (Figure 8). This, of course, is the same
interval during which DNA breakage and rejoining activities appear.
This protein species is not found in other tested somatic lily tissue
and is therefore thought to be a unique component of meiotic cells.
The way in which the DNA-binding protein acts in recombination
is open speculation. It may serve to generate local single strand
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regions in native DNA by binding to single st rands o r it may aid in
cross hybridization between DNA strands by promoting homologous
associations at nicks, gaps or single stranded ends.

RECOMBIN ANT MOLECULE FORMATION
The reasoning which related DNA metabolic events to genetic
recombination is predicated on the assumption that DNA- DNA interactions are the molecular basis for recombination (Figure 1). The
product of such interactions are hybrid DNA molecules or biparental
recombinant DNA molecules. While hybrid DNA has been reported to be
the product of recombination events in T4 or A phage (ANRAKU and
TOMIZAWA 1965, MESELSON and WE I GLE 1961), it has not been demonstrated
for nuclear meiotic DNA in eucaryotes.
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Diagram of the experimental scheme to test for recombinant
molecule formation during meiosis in Chla:mydomonas.
See
text for explanation.

To study the DNA- DNA interactions involved in recombination,
we have turned to the Chlamydomonas system in which the fate of
parental DNA molecules can be followed during meiosis (CHIANG 1970).
Experimentally, this is achieved by the differential density labelling
of DNA in mt+ and mt- (mating type) cells . The gametes produced from
labelled cells are mated and enter into meiosis without intervening
DNA synthesis (SUEOKA, CHIANG and KATES 1967). Thus, during meiosis
one can preserve the full density labelling integrity of DNA from the
mt+ and mt- cells (and hence the parental homologous chromosomes) .
To test for the production of biparental recombinant molecules
in Chlamydomonas, an experimental scheme was set up as shown in
Figure 9. Vegetative cells were differentially density labelled
according to mating type (mt). Here mt+ cells were NlJH4Cl labelled
and mt - labelled with Nl4H4Cl and a radio label, H3-adenine (according to CHIANG 1970) . With labelled cells, gametogenesis was indµced
by nitrogen withdrawal. Nl5 mt + gametes were then mated with Nl 4 H3
mt- gametes and the resulting zy!ijtes spread on agar plates.
The
agar plates were supplied with N H4Cl and unlabelled adenine, so that
any spurious DNA synthesis in the zygotes would draw from highly
diluted N1 J or H3 - labelled pools.

MEIOSIS - RECOMBINATION
Labelled zygotes were matured and then placed under germination
conditions.
(It is during germination that meiotic prophase and the
events of recombination are thought to occur, SUEOKA et al . 1967.)
Zygotes were harvested in preparation for DNA extraction well into
germination but prior to DNA synthesis (5 hours into germination). To
the harvested zygotes was added an equal number of contro l labelled
zygotes. The control zygotes, to be used for density label comparisons with the experimlntal cells, were derived from the mating of
N14 c 14 mt- and N14 mt gametes. From the control and experimental
zygotes mixed together, DNA was extracted and analyzed on CsCl
density gradients.
The
(Here, mt +
adenine . )
(SUEOKA et

density of control labelle d zygotes is shown in Figure 10 4
cells were labelled with H3 adenine and mt - cells with cl
The single peak for either label is e>-component nuclear DNA
al. 1967) with a mean density of 1.723 g/cc .
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FIGURE 10.

Control experiment showing CsCl density gradient profile
of Chlamydomonas extracted from germinating zygotes
(5 hrs. into germinat ion). Mt + cells were labelled with
H3-adenine and mt - cells labelled with c 14 - adenine prior
to gametogenesis. Mt + and mt - were mated, and the
resulting zygotes subjected to maturation and germination
conditions. (HOWELL, in preparation)

The CsCl density gradie~t profile of the experimental material
is shown in Figure 11. The c 1 -labelle d DNA from the control zygotes
is again distributed symmetrically about a mean density of 1.723
g/cc. However, the H3-l abelled DNA from the experimental cells
shows skewing to a heavier density . The ratio between the H3 and c 14
profiles (normalized to 1 at peak density) gives a curve with peak
density at 1.728 g/ml. That atio peak is midway between the density
of the two parental types (N 1 -labelled nuclear DNA= 1.735 g/cc .
The ·amount of DNA represented by the H3/cl 4 ratio peak is estimated
to be somewhat less than 5% o f the total DNA H3-labelled DNA on the
gradient . Our interpretation is that the H3-labelled DNA which
bands at an intermediate density , is hyb1id DNA formed from the
interaction of "light " N14 and "heavy" N 'parental DNA molecules.
Such biparental molecules would be the expected product of DNA-DNA
interactions during meiosis.
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We are in the process of analyzing these recombinant molecules
to learn more about their structure and what conditions are required
for their formation. Our plan of future study is based partly on the
elegant analysis of recombinant molecules in the T4 phage system.
BROKER and LEHMAN 1971 have recently demonstrated the ultrastructure
of recombinant molecules and the phage directed DNA metabolic enzymes
(and nonenzymatic proteins) which are required for their formation.
The possibility for achieving this degree of resolution of molecular
events in meiotic recombination appears promising with eucaryotic
organisms such as ChZamydomonas.
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CsCl density gradient profile of ChZamydomonas DNA
extracted from germinating zigotes according to the
scheme shown in Figure 9. HJ-labelled DNA is from
experimental 4 zygotes derived from mating H3Nl4 x Nl5 mt+
gametes. c 1 -labelled 4 DNA is from control zygotes
derived from mating cl N1 ~ mt- x Nl 4 mt+ gametes.
(HOWELL, in preparation)

CONCLUSION
From the evidence presented here for DNA breakage and repair,
facilitated interaction and recombinant molecule formation, I cannot
recommend any single molecular mechanism to describe genetic recombination during meiosis. Instead, many mechanistic alternatives for
recombination seem allowable and perhaps are operative in a meiotic
system. The concept that no single molecular mechanism may be
responsible for recombination in bacterial systems, has emerged from
the analysis of recombinant deficient mutants in E. coli (see review
by CLARK 1970). So, for procaryotic and eucaryotic systems, genetic
recombination may be the product of a spectrum of DNA-DNA interaction
possibilities which arise from a fairly broad set of DNA metabolic
events.
Eucaryotic organisms, which obvious ly handle much more DNA
than procaryotes appear to have exploited the opportunity for recombination through the process of meiosis. During meiosis the pairing of
homologous chromosomes, mediated by the synaptonemal complex, is
coordinated with DNA breakage and rejoining activities. It seems
only through this unprecedented cellular effort, that the process of
genetic recombination in the bulky eucaryotic genome can succeed.
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