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Mathematical models and experiments on transformation are reported testing the
hypothesis that sex and diploidy evolved as a DNA repair system. The models focus
on the origin of diploidy and sex by studying selection between asexual haploids,
sexual haploids, and diploids. Haploid cells are efficient replicators, while diploid
cells are resistance to damage. A sexual haploid may combine the advantages of
both: spending much of its life cycle in the haploid state, then temporarily fusing to
become diploid, followed by splitting to the haploid state. During the diploid state
DNA damage can be repaired, since there are two copies of the gene in the cell and
one copy is presumed to be undamaged. Five basic rate parameters are employed:
birth and death; genomic damage (for the haploids alone); and, for the sexual cell,
fusion and splitting. Parameter space bifurcation diagrams for the equilibria are
drawn, and solutions of the equations are described in terms of these diagrams.
Each type of cell has a region of the parameter space that it occupies exclusively
(given its initial presence in the competition). The haploid wins in environments
characterized by low damage. The diploid wins in environments characterized by
high damage, low mortality, and abundant resources. In general, only a single type
of cell occupies a given portion of the space. We find, however, that competitive
coexistence of an asexual diploid and sexual haploid is possible in spite of the fact
that they are competing for a single resource (nucleotide building blocks). Sex can
increase from rarity if matings occur with asexual cells. Only sex can cope with both
high mortality and high damage. We then turn to natural bacterial transformation as
a model system for the experimental study of sex. Natural transformation in distrib-
uted widely, but apparently sparsely, in all bacterial groups. A very preliminary phy-
logenetic analysis of the bacilli and related species indicates that transformation is
probably not a diversifying force in bacterial evolution. However, it is difficult to be
sure because of the ambiguity surrounding negative data. Experiments with the
bacterium Bacillus subtilis indicate that transformation frequencies respond adap-
tively to DNA damage if homologous donor DNA is used. Several specific hypotheses
for this response are considered. Recent work in other labs on the evolution of
transformation is discussed from the point of view of the hypothesis that transfor-
mation functions in DNA repair.

By "sex," I mean any process of genetic
exchange involving homologous recom-
bination and outcrossing. Defined in this
way, sex includes meiosis, as well as the
processes of natural transformation, con-
jugation, and transduction in bacteria,
along with multiple infection and recom-
bination between phage particles.

Outcrossing serves to ensure that the
DNA molecules involved in recombination
come from different individuals in a pre-
vious generation. Although outcrossing
may involve cell fusion, as in fertilization
during meiosis, cell fusion is not a basic
property of sex. Consider, for example,
naturally transformable bacteria that are

able to directly bind and take up exoge-
nous DNA released by other cells. The fun-
damental effect of outcrossing is to pro-
duce diploidy for all (meiosis) or a few
(transformation) loci. Diploidy results in
genetic redundancy—that is, two copies
of the same gene present in the same cell.

The evolution of diploidy has been a
topic of considerable interest in the recent
literature. For the most part, this research
has focused on masking recessive, or near-
ly recessive, deleterious mutations as a
possible function of diploidy (Bernstein et
al. 1981,1984; Kondrashov and Crow 1991;
Michod and Gayley 1992; Perrotetal. 1991;
Valero et al. 1991). Here, we consider an-
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other possible function of diploidy: repair
of genetic damage. In the first part of this
article, we ask whether the problem of re-
pair of genetic damage early in the history
of life would result in diploidy without sex,
or whether it would select for the sexual
cycle, with its alternation of haploid and
diploid states. I summarize theoretical re-
sults of Andrew Long and myself (Long
and Michod, in press; Michod and Long,
in press). In the second part of this article,
I present experimental results on bacterial
transformation that are relevant to the
proposed theories. First, I provide some
background information.

Mutations and damages are fundamen-
tally different kinds of errors. All infor-
mational systems have an alphabet, or a
set of valid characters used to encode in-
formation as a string of characters. The
first kind of error, a mutation, involves the
change of one or more characters in a string
to other characters taken from the same
alphabet. Thus, in the case of DNA, mu-
tations involve the substitution, insertion,
deletion, or rearrangement of the four
standard nucleotides. In the case of the
English language, a mutation corresponds
to the substitution of one Roman character
for another or the deletion or rearrange-
ment of Roman characters. The second
kind or error, a damage, involves the
change of one or more characters to some-
thing that is not from the alphabet. In the
case of the English language, a damage
might correspond to some randomly drawn
squiggle not belonging to the Roman al-
phabet. A damaged DNA string contains
some elements that are not one of the four
nucleotides. Specific examples of DNA
damages include crosslinks between the
two complementary strands, modified nu-
cleotides, and physical breaks in the
strands of the DNA molecule. Such dam-
ages interfere with DNA replication and
transcription. Because damages are not
from the alphabet used to encode the in-
formation, they can be directly recognized
as errors by enzymes, whereas this is not
possible in the case of mutations.

Because there are two strands in each
DNA molecule, there are two kinds of dam-
ages possible—single- and double-strand
damages. In a single-strand damage, only
one strand is damaged and the other strand
contains good information at the corre-
sponding site. Double-strand damages are
more serious and are usually fatal to the
cell. For example, sometimes the two DNA
strands get linked to one another at the
same site, and this situation blocks DNA
replication.

It is ironic that the very metabolic pro-
cesses that sustain life are responsible for
most of the damages that occur to the DNA
molecule. Cellular metabolism produces
highly reactive oxidative compounds, such
as superoxide radical (O~) and hydrogen
peroxide (H2O2), that often cause double-
strand damages. A variety of detoxification
systems for these and other oxidative
compounds exists in cells, indicating that
these compounds are harmful to DNA and
decrease fitness if unrepaired. For hu-
mans, it can be estimated that without these
systems, about one double-strand damage
would occur every day for 10 cells in the
human body (Bernstein et al. 1987). Given
that the human body has about 1012 cells,
this means that approximately 1011 dou-
ble-strand damages occur every day in the
average human body. Although we have
emphasized endogenous oxidative dam-
ages, there are other important natural
sources of double-strand damages outside
the cell.

Since only a single double-strand dam-
age can kill a cell, every double-strand
damage must be repaired for the cell to
live. To repair its DNA, the cell needs ac-
cess to spare DNA—just as an automobile
mechanic needs spare parts to make re-
pairs. In cells, there is spare DNA wher-
ever genetic redundancy occurs.

One form of redundancy exists within
the complementary strands of a single DNA
molecule. If there is damage to only one
strand, the damage can be cut out, by en-
zymes, and the resultant gap filled with a
chain of nucleotides put together through
use of the complementary strand as a tem-
plate. This process of excision repair oc-
curs in most cells continuously.

A second form of redundancy—which is
far more important in understanding the
value of sex—exists within all diploid cells.
The two members of each pair of chro-
mosomes, in, for example, a meiotic cell,
are redundant and, therefore, can effect
repairs on each other. Even double-
stranded damage (potentially lethal to the
cell) can be fixed by recombination be-
tween the two chromosomes. The main
steps in recombinational repair are
straightforward. First, the damaged por-
tion of the gene is excised, then the cor-
responding strand is cut from the other
DNA molecule and inserted into the gap
of the damaged DNA. This leaves two sin-
gle-strand gaps in each DNA molecule, and
these can be filled in as in excision repair.
Although only recombination can repair
double-strand damages, single-strand
damages are also repaired by recombi-

nation. The process of recombinational re-
pair can cause crossing over in the clas-
sical genetic sense—the movement of large
portions of DNA from one chromosome to
another—and this profoundly influences
how genes are combined on chromo-
somes. Crossing over is the main focus of
the many variation-based theories dis-
cussed elsewhere in this symposium. From
our point of view, crossing over is a sec-
ondary effect of DNA repair.

The fundamental role of recombination
and redundancy in repair of damage is
based on numerous studies in a variety of
organisms—including yeasts, bacteria, vi-
ruses, fruit flies, and humans. When these
organisms cannot recombine, either be-
cause a second chromosome is not pres-
ent in their cells or because they are de-
ficient in recombination functions, they are
extremely sensitive to agents that cause
DNA damage, such as X-rays or UV radi-
ation. Furthermore, when these organisms
are subjected to damage-causing agents,
recombination increases in response. In
yeast, mating, or outcrossing, increases in
response to DNA damage (Bernstein and
Johns 1989). These observations indicate
that DNA repair is intimately associated
with recombination and that recombina-
tional repair has direct, and often large
beneficial effects on the survival of organ-
isms.

As depicted in Figure 1, recovery from
genetic error probably became critical
once individuality evolved. Before the pro-
tocell evolved (top portion of Figure 1),
we imagine that genetic replicators lived
a carefree life in which genetic exchange
happened without the need for specialized
recombination functions and cellular pro-
cesses such as fusion and splitting. Dam-
aged genes just failed to replicate, while
undamaged genes compensated by re-
placing their damaged partners. With the
evolution of the first protocell, however,
errors became trapped inside the cell
(bottom portion of Figure 1). Either sex or
diploidy had to be invented as a way of
making repairs and compensating for er-
rors. A simple conception of how sex re-
sults in recovery of genetic error is given
in Figure 2 (see Bernstein et al. 1984 for
discussion). Here, we imagine protocells
similar to the encapsulated hypercycles
hypothesized by theories for the origin of
life (Bernstein et al. 1984; Eigen and
Schuster 1979; Michod 1983; Michod et al.
1990). The letters A, B, C, and D refer to
genes. Damaged genes are crossed out with
an "X." Temporary fusion allows for the
recovery of damaged genes by their good
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Figure 1. Individuality traps errors.

complements in the other cell, allowing for
restoration of the functioning genome.

Origin of Sex and Diploidy

Four model life histories most relevant to
the origin of sex and diploidy are shown
in Figure 3. Two of these are asexual life
histories for haploid and diploid cells, re-
spectively. The other two life histories in-
volve sex, but they differ according to
whether replication occurs in the fused
state (sexual reproduction) or not (pure
sex). In meiosis, sex is associated with DNA
replication and cell reproduction. How-
ever, when sex first originated it was prob-
ably not associated with cell reproduction.
I now present results of Long and Michod
(in press) and Michod and Long (in press)
on the role of genetic error in the evolution
of these different life histories. These pa-
pers should be consulted for biological
motivation and details of the mathematical
analysis.

Model Assumptions
Diploidy is assumed to affect cells in sev-
eral ways. First, haploid cells require only
one resource "packet" of nucleotides to
replicate, while diploid cells require two
such packets. As a consequence of assum-
ing mass action dynamics, if a cell type
requires twice the resources (and, con-

Figure 2. Recovery from genetic error by fusion and
splitting. From Bernstein et al. (1984).

sequently, twice the number of resource
interactions) as does another cell, then its
rate of reproduction must be less than that
of the other cell type, all else being equal
(for example, no intrinsic differences be-
tween cell types). In Long and Michod
(in press), we show that the effective dip-
loid birth rate is l/\/2 + 1 («%) the rate
of the haploid, in the absence of any size
or other intrinsic differences between hap-
loid and diploid cells. This baseline dif-
ference in effective birth rates between
diploid and haploid cells results directly
and necessarily from the assumption of
mass action made in our models. We make
additional assumptions that ameliorate this
baseline disadvantage of diploidy in rep-
lication. We assume a size difference
(which favors diploid replication), as well
as an intrinsic advantage to diploid cells.
As a result of these additional assump-
tions, the ratio of diploid to haploid birth
is approximately 3A in the model we study
below.

Second, the genetic redundancy present
in diploid cells makes them resistant to
gene damage, while haploid cells are sen-
sitive to gene damage (rf2 <z d{ in Figure
3). In the models studied by Long and
Michod (in press) and Michod and Long
(in press) we assume that diploid cells are
completely resistant to damage.

Third, as a result of their extra genome
copy, diploid cells may be larger than hap-
loid cells. Research on current unicellular
organisms, like yeast, supports the view
that diploids are usually larger than hap-
loids. For example, Herskowitz (1988, p.
537) states that diploids "have a volume
nearly twice that of haploids." Mortimer
(1958) found that cell volume scales lin-
early with ploidy from haploid, diploid up
to hexaploid cells. If we assume that dip-
loid cells have twice the volume, they
would have about 1.59 times the surface
area of a haploid cell. However, environ-
mental conditions can affect the relation-
ship between ploidy and cell volume. Ad-
ams and Hansche (1974) and Weiss et al.
(1975) found that the size and metabolism

"Haploid Reproduction"

2@

"Pure Sex11

"Sexual Reproduction"
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'Diploid Reproduction"
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Figure 3. Model life histories for the origin of sex.
See text for explanation. The variable n refers to the
number of chromosomes, so that, for example, 2n in-
dicates diploidy. The variables are as follows: m for
mortality, s for splitting, /for fusion, and dfor damage.
The subscripts 1 or 2 refer to the ploidy level, so that,
for example, d, and d2 are the rates of damage to hap-
loid cells and diploid cells, respectively. Gene-dam-
aged cells are indicated by a cross-out cell.

of yeast cells are complex function of re-
source limitations. In the extreme case of
carbon starvation, the diploids and hap-
loids differed only in the amount of DNA
in their cell bodies: the diploids reacted
to this environment by becoming smaller.
All other measured cell constituents were
equal, including quantities of RNA, cell
volume, and surface area.

The size of a cell is assumed to affect its
life history in two ways. First, the accrual
of nucleotide resources is assumed to be
proportional to the cell surface area. Sec-
ond, the mortality of the cell (as opposed
to gene damage) is assumed to result pri-
marily from disruption of the cell mem-
brane and so is assumed to increase with
cell size (m2 > m, in Figure 3).

The cell densities are x for sexual hap-
loid cells, y for fused sexual cells, z for
gene-damaged sexual cells, xa for asexual
haploid cells, za for gene-damaged asexual
cells, and w for asexual diploid cells. The
variables x, y, z, xm za, and w are dimen-
sionless. There are assumed to be no gene-
damaged diploid cells, since diploid cells
are assumed to repair gene damage in-
stantly (d2 = 0 and d, = din Figure 3). The
parameters in the model are scaled by the
birth rate, b, to result in the following di-
mensionless parameters: t for time, f for
fusion, s for splitting, m for cell mortality,
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and d for gene death. The only remaining
parameter is p, a size-related parameter
(> 1) which serves to distinguish the birth
and death rates of the diploid from the
haploid. We take p = 1.59 in most of our
studies, because the spherical diploid is
assumed to have twice the volume of the
haploid and hence 1.59 times the surface
area. For this reason, the diploid's accrual
of nucleotides for replication and cell mor-
tality is assumed to be 1.59 times that of
the haploid.

Group Selection Models
We consider two kinds of models for the
origin of sex. In the first model, sexual and
asexual populations are reproductively
isolated groups. In the second model, sex-
ual and asexual cells make up a Mende-
lian-like population in which matings can
occur between the two types. In the case
of the group selection models considered
in this section, sexual fusions only occur
between healthy or gene-damaged sexual
cells. The sexual population, or group, of
cells competes with either the asexual
haploid group or the asexual diploid group
for available resources. The following sys-
tem of equations describes this competi-
tion using the assumptions given above.

x' = x(r — m — d~) + 2sy — fxz

y' = fz(z + x~) — y(pm + s)

z' = dx- z[m + f(2z + x~)]

W = wp\- - m

x'a = xa(j - m - d)

z'a = dxa - mza (1)

in which the resources are given by

r = 1 - x - 2y - z - 2w - xa - za

The equation for the fused sexual pop-
ulation of cells, y, assumes that gene-dam-
aged cells initiate the mating process
(Equation 1). For sex to be competitive as
a reproductively isolated group, fusions
(matings) must be initiated by the dam-
aged cells (termed "damage induced"),
otherwise the time wasted at unnecessary
fusions (fusions between healthy cells)
makes sex uncompetitive. In the Mende-
lian-like individual selection models con-
sidered below, the sexual cell may fuse
with sexual or asexual cells. In this case,
sex can expand even if fusions occur ini-
tially at random. Consequently, there would
have been opportunity for damage-in-
duced sex to have evolved from random-
mating sex.

s = pm

diploid
m< 1/2

asexual plane

Figure 4. Asexual competition between haploids and
diploids. See text for explanation.

Asexual competition. The results of the
competition between asexual haploids and
diploids are given in Figure 4. Coexistence
of the haploids and diploids is not pos-
sible. Haploid survival requires m + d <
1, while diploid survival requires m < 0.5.
For high mortality and low damage (m >
.05, m + d < 1), the haploids win, while
for low mortality and high damage (m <
0.5 and d > rri), the diploid wins. These
results can be summarized by saying that
for any m < 0.5, the haploid wins if d <
m and the diploid wins if d > m. As shown
in Figure 4, there is a plane at d = m that
divides the competition into a haploid and
diploid region.

Asexual haploid versus sex. The results
of competition between sexual and asex-
ual haploids are given in Figure 5. Coex-
istence of the sexual and asexual haploids
is not possible. There are critical values
of f and s necessary for the sexual to be
competitive. For d < 1 - m, there are two
regions shown in Figure 5, one owned by
the asexual (in front of the plane, low f
and s) and the other owned by the sexual
(behind the plane).

For high mortality and high damage (m
+ d > 1, m > 0.5), the sexual may continue
to survive if it can adjust its parameters to
be in the region of fand s shown in Figure
6. Only the sexual can survive in this re-
gion of high mortality and high damage.
The diploid cannot survive, since mortal-
ity is too high (m > 0.5), and the asexual
cannot survive, since damage is too high
( m + r f > 1).

Fast sex. Suppose that sex conferred the
capacity for instant repair of damage after
the damaged cells fuse. This is as opti-
mistic a scenario as could be conceived,
but it is essentially what we have attrib-
uted to the diploid. The diploid is assumed
to instantly repair all damages.

In this case, the equations for compe-
tition between the sexual and the asexual

d=l-m

Figure 5. Haploid competition between asexual and
sexual cells. Results for m = 0.4 are given by a nearly
vertical surface running along the damage axis, from
no damage up to the critical damage value of d = 1 —
m. The asexual wins for relatively low splitting values
(s values in front of the surface), while the sexual wins
when splitting is high (s values behind the surface).
At the point when d= \ — m, the asexual is no longer
viable, since it has a negative rate of increase (see
equation 1). However, the sexual may still persist in
this region, as shown in Figure 6. From Long A and
Michod RE (unpublished manuscript).

diploid cells would have the form (assum-
ing s - oo)

x' = x(r - m - d) + fz(2z + x~)

z' = dx- z[m + f(2z + x)]

w' = wp\- - m

As we see in Figure 7, fast sex can compete
with diploidy in the diploid region, m <
0.5. Neither cell type can invade from rar-
ity and no coexistence is possible. As one
can see in Figure 7, the region which
opened up to the sexual haploid is given
generically, for a value of m such that 0 <
m < 0.5, by a wedge with boundaries d =
m and the line f= 2(d - m)/3(l - 2m).

Thus, we see that if the fusion rate is
greater than the value of /just given, the
sexual haploid can survive in what was
formerly forbidden territory. The diploid
can also survive there, but only one spe-
cies will do so at any given time. And
though that part of parameter space is open
to both types of cell, neither can invade
an existing population of the other from
rarity.

Asexual diploid versus sex. For "real" sex,
splitting from the fused diploid state takes
time, and this can only decrease the com-
petitive ability of sex. For real sex, the area
between the fast sex plane and the asexual
plane shown in Figure 7 is divided into
three regions that yield different out-
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0.4

Figure 6. Persistence of sexual for high damage and high mortality (d + m > 1, m = 0.6 > 0.5). Surface allowing
continued existence of sexual is shown for m = 0.6. The asexual diploid cannot survive in this case, since m =
0.6 > 0.5. Only the sexual can persist in this range (rf + m > 1, m > 0.5), and only if the sexual parameters (s
and f) are sufficiently strong. Points above the surface represent parameter values for which the sexual can still
maintain a positive rate of increase (given sufficiently sized initial populations). The two graphs contain identical
information but are shown from different perspectives. From Michod and Long (in press).

comes, as shown in Figures 8 and 9. Con-
sider first the region d< m < 0.5. In asex-
ual competition, this was domain of the
haploid. However, now if fusion is too high,
the diploid can invade and coexistence is
possible even though there is just a single
resource. Consider second the region d >
m < 0.5. In asexual competition, this was
the domain of the diploid. For realistic sex
there are threshold values of f and s for
which real sex can persist. When mortality
rates get high (but still m < 0.5), either
the sexual or the asexual diploid can sur-
vive (Figure 8). The bifurcation surface is
complex, and there is even a small region
of coexistence of the sexual and the dip-
loid (Figure 9). Coexistence of two species
is possible in the region above the surface
shown in Figure 9, even though there is
only a single resource. Nevertheless, when
mortality and damage rates get high, m >
0.5 and d > 1 > - m, only the sexual hap-
loid can survive, as shown in Figure 6.

Conclusions for group selection. Recall
that the parameters are scaled to birth, b,

d = m

Figure 7. Bifurcation diagram for fast sex. The asex-
ual plane is the same as in Figure 4. The fast sex plane
is defined by the equation f= 2(d - m)/2(l - 2m).
Adopted from Long and Michod (in press). See text
for explanation.

so that when the effect of a given param-
eter is discussed, it is really its effect rel-
ative to the birth rate that is being referred
to. When mortality gets too high, m > 0.5,
the diploid goes extinct. The haploid can
survive up to a mortality of m = 1, but then
it too goes extinct. When d < m < 0.5,
either the sexual or asexual haploid wins.
When d > m < .05, the asexual haploid
goes extinct. This is the region of diploidy;
however, the sexual haploid can survive
there too depending on /and s. For high
mortality and damage (d + m > 1), the
sexual alone can survive.

The effects of the parameters of the sex-

m<y2

d = m = 0.4
fast sex plane

Figure 8. Bifurcation diagram for sex and diploidy
in region m < 0.5. The winning species is indicated
for the different regions: SH = sexual haploid, D =
asexual diploid. Behind the surface to the right of the
d = m plane, either the sexual haploid or the diploid
wins depending on initial conditions. A similar out-
come occurs in front of the surface but to the left of
the d= m plane. In these regions, SH/D, both the sexual
and the diploid are stable when common, and neither
can invade when rare. In front of the surface the diploid
wins, if d > m. However, the outcome of competition
is more complex near the surface as the surface has
an interesting shape. This is shown in Figure 9 in which
a slice of the surface in the f — s plane is given for d
> m. The upward sloping line above (Figure 8) is the
4* value given in Figure 9. Taken from Long and Mich-
od (in press).

ual cycle, /and s, can be summarized as
follows. Fusion, f, represents activity dur-
ing the sexual cycle. It must be tuned to
the level of damage for sex to be success-
ful. If f is too small, the diploid wins. If f
is intermediate, then either sex or diploidy
wins, depending on initial conditions. If f
is too large, then either the diploid wins
or there is coexistence of diploidy and sex.
The splitting, s, represents how fast repair
is. Matings tie up sexual cells and prevent
them from reproducing. Hence, higher s is
always more favorable to sex.

One problem with group selection as an
explanation for the origin of sex is that it
cannot explain the origin of sex from con-
ditions of extreme rarity. Mating of sexual
cells is density dependent and so the ef-
fects of sex are second-order when sex is
rare. This problem may have been over-
come by matings between sexual and asex-
ual cells, which we consider after men-
tioning how sex might become associated
with reproduction (as is the case in eu-
karyotic organisms).

Sex with Reproduction
Reproduction in the fused, diploid state
(see Figure 3) can be modeled by the fol-
lowing equations in which k is the relative
rate of reproduction in the diploid state
compared to the asexual diploid rate.

x' = x(r - m - d - fz) + 2sy + Ipkyr

y' = fz(z + x) - y(pm + s) - pky-

z' = dx - z[m + f(2z + x)]

w wp\- — (3)

Adding reproduction to the fused state is
beneficial to the prospects of sex. It is the
same as increase in s, with an additional
boost to the sexual haploid growth rate.
This becomes more obvious when equa-
tions 3 are rewritten as

x' = x(r — m — d — fz)

2[s+ pk-jy + pkyr

y' = fz(z + x) - y( pm + \ s + pk-

z' = dx - z[m + f(2z + x)]

W = wp\ - - m

Whether reproduction occurs in the fused
state will primarily depend on the level of
resources available.
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