
hybridization signal detectable with 
RNA from cyc- S49 cells, even though 
equivalent amounts of RNA were pres- 
ent on the nitrocellulose; this is shown 
by the similarity of signal obtained with a 
chicken actin cDNA probe (Fig. 4B). 
The presence of an RNA in wild-type 
S49 cells that hybridizes to the bovine 
brain cDNA clone and the lack of a 
hybridization signal in RNA of cyc- 
cells confirms the identity of the cDNA 
clone as one that encodes bovine brain 
G,,. The bovine brain G,, clone, desig- 
nated pBBG,,, was then used as a probe 
to investigate the gene encoding the mes- 
sage for G,,. 

Genomic DNA was prepared from bo- 
vine liver (28) and 5 kg was digested with 
Kpn I, Xba I, or Hind 111; resolved on 
0.8 percent agarose gels; and transferred 
to nitrocellulose (18). Blots were hybrid- 
ized to uniformly labeled, single-strand- 
ed probes corresponding to the 3' or the 
5' end of pBBG,,. The 3' probe probably 
corresponds to an untranslated region of 
G,, messenger RNA (mRNA), while the 
5' probe includes the region where amino 
acid sequence is strongly conserved 
among G,, Go, and transducin. A single 
band was obtained in each of the three 
restriction digests analyzed with the 3' 
probe, while two bands were obtained 
with the 5' probe (Fig. 5 ) .  It thus seems 
likely that one or at most two genes 
contain sequences that are revealed by 
such hybridization analysis. This is con- 
sistent with the observation that the 
cDNA sequence for G,, differs signifi- 
cantly from that for transducin in the 
region where the amino acid sequence is 
identical (8). 

The oligonucleotide probe corre- 
sponding to a region of shared amino 
acid sequence among G proteins detect- 
ed only G,, in the bovine brain cDNA 
library and, surprisingly, did not detect 
bovine brain Go, or Gi,. A bovine adre- 
nal cDNA library was also screened with 
the mixed 36-base oligonucleotide probe, 
and again clones corresponding to G,, 
were the only ones that were identifiable 
under the conditions utilized. The limit- 
ed sequence redundancy allowed in the 
synthesis of the oligonucleotide probe 
may have caused it to be more "G,,- 
like" than "Go,- or Gi,-like." Alterna- 
tively, it may be difficult to synthesize 
long cDNA's for Go, or Gi, with reverse 
transcriptase, and oligonucleotide probes 
corresponding to carboxyl terminal re- 
gions of these proteins may have advan- 
tages for cDNA cloning. 

The immunoblot of S49 cell membrane 
extracts with G,,-specific antibody (Fig. 
3) and analysis of RNA from these cells 

(Fig. 4) address the nature of the S49 $: F. ~,0$~;,b;)~~;f'~~~~,(~~8~~. Teplow, J. D, 
cYc- mutant; this phenotypic variation Robishaw. A. G. Gilman. Science 266. 860 . . 

(1984). occurs at a high frequency (29)' The 13, V. Gbsin,R. Crkvenjakov, C, Byus, Bioch.mis- 
absence of a detectable amount of pro- try 13, 2633 (1974). 

tein that is immunologically reactive at 14. H. Aviv and P. Leder, Proc. Natl. Acad. Sci. 
U.S.A.  69, 1408 (1972). 

this NH2-terminal epitope does not sup- 15. H. Okayama and P. Berg, Mol. Cell. Biol. 2, 161 
(1982). port the idea that an altered Gsa mole- 16. R. Breathnach and B. A. Harris. Nucleic Acids 

cule contributes to low basal adenylate 
cyclase activity in the cyc- mutant. Be- 
cause no RNA was found in the cyc- 
cells that would hybridize to a G,,-spe- 
cific probe, it is likely that the gene 
encoding G,, is not transcribed in these 
cells or that the mRNA is unable to 
accumulate to levels detectable by hy- 
bridization to total RNA. 

References and Notes 

1. A. G. Gilman, Cell 36, 577 (1984); E. M. Ross 
and A. G. Gilman, Annu. Rev. Biochem. 49,533 
(1980). 

2. J. K. Northu , P. C. Sternweis, M. D. Smigel, 
L. S. ~ c h l e z e r ,  E.  M. Ross, A. G. Gilman, 
Proc. Natl. Acad. Sci. U.S.A.  77, 6516 (1980); 
P. C. Sternweis, J. K. Northup, M. D. 
Smigel, A. G. Gilman, J .  Biol. Chem. 256, 11517 
(1981). 

3. J .  D. Hildebrandt, J .  Codina, R. Risinger, L. 
Birnbaumer, J .  Biol. Chem. 259, 2039 (1984); G. 
M. Bokoch, T. Katada, J. K. Northup, M. Ui, 
A. G. Gilman, ibid., p. 3560. 

4. G. M. Bokoch, T .  Katada, J. K. Northup, E. L.  
Hewlett, A. G. Gilman, ibid. 258, 2072 (1983); 
D. R. Manning and A. G. Gilman, ibid., p. 7059; 
T. Katada, G. M. Bokoch, J. K. Northup, M. 
Ui, A. G. Gilman, ibid. 259, 3568 (1984). 

5. J. K. Northup, P. C.  Sternweis, A. G. Gilman, 
ibid. 258, 11361 (1983). 

6. P. C. Sternweis and J. D. Robishaw, ibid. 259, 
13806 (1984); E.  J. Neer, J. M. Lok, L.  G. Wolf, 
ibid., p. 14222. 

7. B. K. K. Fung, J. B. Hurley, L. Stryer, Proc. 
Natl. Acad. Sci. U.S.A.  78, 152 (1981). 

8. M. A. Lochrie, J. B. Hurley, M. Simon, Science 
228, 96 (1985). 

9. J. B. Hurley, H. K. W. Fong, D. B. Teplow, W. 
J. Dreyer, M. I. Simon, Proc. Natl. Acad. Sci. 
U.S.A. 81, 6948 (1984); K. Yatsunami, B. V. 
Pandya, D. D. Oprian, H .  G. Khorana, ibid. 82, 
1936 (1985). 

10. E. M. Scolnick, A. G. Papageorge, T. Y. Shih, 
Proc. Natl. Acad. Sci. U.S.A. 76, 5355 (1979). 

Res. 11, 7119 (1983). 
17. R. B. Wallace et a l . ,  ibid. 9, 879 (1981). 
18. E. Southern, J .  Mol. Biol. 98, 503 (1975). 
19. A. M. Maxam and W. Gilbert, Methods Enzy- 

mol. 65, 499 (1980). 
20. F. Sanger, S .  Nicklen, A. R. Coulson, Proc. 

Natl. Acad. Sci. U.S.A.  74 ,  5463 (1977). 
21. J. Mess~ng, Methods Enzymol. 101, 20 (1983). 
22. Peninsula Laboratories, Inc., Belmont, Calif. 
23. N. Green et al. ,  Cell 28, 477 (1982). 
24. H. Towbin, T. Staehelin, J. Gordon, Proc. Natl. 

Acad. Sci. U.S.A.  76, 4350 (1979). 
25. H. R. Bourne, P. Coffino, G. M. Tomkins, 

Science 187, 750 (1975). 
26. E. M. Ross, A. C. Howlett, K. M. Ferguson, A. 

G. Gilman, J .  Biol. Chem. 253, 7401 (1978); J. 
K. Northup, M. D. Smigel, P. C. Sternweis, A. 
G. Gllman, ibid. 258, 11369 (1983). 

27. G. K. McMaster and G. G. Carmichael, Proc. 
Natl. Acad. Sci. U.S.A.  74, 4835 (1977). 

28. N. Blln and D. W. Stafford. Nucleic Acids Res. 
3, 2303 (1976). 

29. P. Coffino et a l . ,  Recent Prog. Horm. Res. 32, 
669 (1976). 

30. D. Hanahan, J .  Mol. Biol. 166, 557 (1983). 
31. M. Grunstein and D. Hogness, Proc. Natl. 

Acad. Sci. U.S.A.  72, 3961 (1975). 
32. U. K. Laemmli, Nature (London) 227, 680 

(1970). 
33. E. M. Ross, M. Maguire, T. W. Sturgill, R. L.  

Biltonen, A. G. Gilman, J .  Biol. Chem. 252, 
5761 (1977). 

34. P. S. Thomas, Proc. Natl. Acad. Sci. U.S.A.  77, 
5201 (1980). 

35. N. Hu and J. Messing, Gene 17, 271 (1982). 
36. P. W. J. Rigby, M. Dieckmann, C.  Rhodes, P. 

Berg, J .  Mol. Biol. 113, 237 (1977). 
37. D. W. Cleveland et al. ,  Cell 20, 95 (1980). 
38. We thank Dr. David Russell for invaluable ad- 

vice and for synthesis of oligonucleotide probes, 
Thomas Rall and Deborah Collmer for superb 
technical assistance, Kenneth Ferguson for pro- 
viding purified rabbit liver G,, and Lynne Brown 
and Wendy Deaner for editorial assistance. This 
work was supported by Public Health Service 
grant GM34497, American Cancer Society grant 
CD-225G, American Heart Association (Texas 
affiliate) grant G-181 (to B.A.H.), and Natlonal 
Research Service Award GM09731 (J.D.R.). 

14 May 1985; accepted 26 July 1985 

Genetic Damage, Mutation, and the Evolution of Sex 

Abstract. The two fundamental aspects of sexual reproduction, recombination and 
outcrossing, appear to be maintained respectively by the advantages of recombina- 
tional repair and genetic complementation. Genetic variation is produced as a by- 
product of recombinational repair, but it may not be the function of sexual reproduc- 
tion. 
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Why organisms reproduce sexually is 
a major unsolved problem in evolution- 
ary biology (1, 2). Evolutionary explana- 
tions have usually appealed to the genet- 
ic variation produced by sex (1-3). In a 
recent review of the problem Bell con- 
cluded that the consequence of increased 
genetic diversity of progeny is "a catego- 
ry which includes all hypotheses of inter- 
est" (3). There is, however, widespread 
skepticism that any particular variation 
argument can provide a general explana- 

*The order of authors is strictly alphabetical and 
does not imply seniority. 
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tion for the evolution of sex (1, 2). Here 
we propose an alternative, the "repair 
hypothesis," which is based on a selec- 
tive advantage arising from recombina- 
tional repair of genetic damage. That 
repair is as directly correlated with re- 
combination as variation is indicated by 
the fact that mutations in genes known to 
be responsible for general recombination 
increase sensitivity to DNA damaging 
agents (4, 5). Damage appears to be a 
fundamental problem for living systems 
(4 ) ,  and we have argued that repair of 
genetic damage in conjunction with the 
costs of redundancy are the selective 
forces that lead to the origin of sex (6). 
We now propose that repair and comple- 
mentation are the selective forces that 
maintain sex. 

Sexual reproduction has two aspects: 
(i) recombination, in the sense of the 
breakage and exchange of DNA between 
two homologous chromosomes, and (ii) 
outcrossing, in the sense that homolo- 
gous chromosomes from two different 
individuals come together in the same 
cell. Recombination is clearly the more 
basic aspect of sex as evidenced by the 
various reproductive systems that have 
abandoned outcrossing but have retained 
recombination. We propose that the 
maintenance of these two aspects of sex 
is a consequence of selective forces re- 
sulting from the two main categories of 
problem for transmission of genetic in- 
formation, DNA damage and mutation. 
Recombination is maintained because it 
is needed for repair of damage, and out- 
crossing is maintained because it pro- 
motes complementation, or the masking 
of deleterious mutations, in reproductive 
systems with recombination. Thus, dam- 
age selects for recombination, and muta- 
tion in the presence of recombination 
selects for outcrossing. 

Organisms contain elaborately de- 
signed structures for rapidly replicating 
their genetic material (3, usually DNA, 
while at the same time avoiding muta- 
tions and repairing damages. Mutations 
and damages pose distinct problems that 
are handled differently and lead to differ- 
ent consequences. Genetic damages are 
physical alterations in the structural reg- 
ularity of DNA such as breaks, depurina- 
tions, depyrimidinations, cross-links, 
thymine dimers, and modified bases. 
Damages usually interfere with replica- 
tion (8, 9) and transcription (10). They 
are neither replicated nor inherited. By 
contrast, mutations are changes in the 
base-pair sequence of DNA that result 
from substitution, addition, deletion, or 
rearrangement of the standard base 
pairs. Mutations do not generally alter 
the physical regularity of the molecule, 

although they may occasionally affect 
structure by, for example, preventing or 
allowing methylation at a mutated site or 
by altering the stability of hairpin loops. 
Mutations are replicable and thus can be 
inherited. 

The aspect of damage that is crucial 
for the evolution of sex is that damage 
can be recognized directly by enzymes 
and can be repaired, so long as a redun- 
dant template is available to replace the 
information lost through damage. Muta- 
tions may be prevented from arising by 
enzymes that recognize and remove a 
mispaired base in DNA, an intermediate 
in the formation of a mutation. However, 
if the mispairing is resolved by replica- 
tion, there is no mechanism for deter- 
mining which daughter DNA is correct, 
that is, which carries the original infor- 
mation. Mutations are only "recog- 
nized" after phenotypic expression, and 
are thus only "removed" by natural se- 
lection. In general, damages can be re- 
paired, but mutations cannot. 

There are numerous instances in dif- 
ferent organisms of repair enzymes that 
have no known function other than to 
repair DNA (11). This implies that the 
damages they repair are prevalent in 
nature and would significantly reduce 
fitness if left unrepaired. Excision repair 
enzymes remove damages to only one 
strand of DNA, that is, single-strand 
damages. In such cases the undamaged 
strand serves as a template for replacing 
the excised DNA and recombination 
does not occur. Damages affecting both 
strands at nearby positions, that is, dou- 
ble-strand damages, cannot be repaired 
by such mechanisms, since there is no 
intact strand to serve as a template. 
These double-strand damages are critical 
for our hypothesis since they can only be 
repaired by recombination. 

Evidence exists for the prevalence of 
double-strand damages in DNA due to 
the highly reactive superoxide radical 
(02-) and hydrogen peroxide (H2O2). 
These probably occur frequently in cells 
as a by-product of cellular respiration 
(12), and the DNA damage produced by 
these agents has been linked to aging (13) 
and cancer (14). The relative rates of 
formation of various types of DNA dam- 
age produced by H202 have been esti- 
mated (15). About 60 modified bases are 
produced for every double-strand dam- 
age, and two types of double-strand 
damage, cross-links and double-strand 
breaks, occur with roughly equal fre- 
quency. The modified bases produced by 
oxidative damage can be removed from 
DNA by excision repair enzymes that 
deal with specific types of altered bases 
(16). In nature, oxidative reactions are 

probably the major cause of these modi- 
fied bases. 

It has recently been estimated (1 7) that 
about 320 thymine glycol residues are 
removed by repair from the average hu- 
man cell per day, and that a comparable 
number of hydroxymethyluracil residues 
are also removed. If we assume that at 
least 600 modified bases occur per hu- 
man cell per day, then an additional ten 
double-strand damages should also oc- 
cur (since modified bases and double- 
strand damages are produced in a ratio of 
about 60 to 1). About 90 percent of 
oxidative reactions occur in the cell's 
mitochondria suggesting that about 90 
percent of DNA damages are in mito- 
chondrial DNA and 10 percent are in 
DNA of the cell nucleus. To be conserv- 
ative, if we assume that only 1 percent of 
oxidative damages occur in the nucleus, 
the number of double-strand damages 
per cellular genome per day would still 
be 0.1. This can substantially reduce 
fitness since a single unrepaired double- 
strand damage may block replication and 
cause cell death (18). Studies in Esche- 
richia coli (19) and yeast (20) have shown 
that double-strand breaks and cross- 
links can be efficiently repaired but only 
if the cell contains at least two homolo- 
gous chromosomes and a gene essential 
for recombination. Consequently, repair 
of DNA double-strand breaks and cross- 
links in these organisms depends on re- 
combination. The above evidence sup- 
ports the view that double-strand dam- 
ages are prevalent in nature, have a 
significant effect on fitness, and can only 
be repaired by recombination between 
homologous chromosomes. 

Since passing on genetically intact ga- 
metes is an essential component of fit- 
ness, the selective advantage of over- 
coming DNA damage is clear. As dis- 
cussed above, specific types of double- 
strand damage are probably common 
enough in nature to reduce fitness if left 
unrepaired. 

For higher organisms it is likely that 
recombinational repair is primarily asso- 
ciated with meiosis, although a low level 
of recombination, and hence probably 
also recombinational repair, occurs dur- 
ing mitosis (21). Therefore, in vegetative 
reproduction and apomixis, recombina- 
tional repair is largely unavailable, leav- 
ing somatic selection as the main strate- 
gy for dealing with double-strand dam- 
age. A population of cells could survive 
so long as there are resources to support 
division of undamaged cells and the 
number of double-strand damages per 
genome, m, is sufficiently small to pre- 
vent the frequency of undamaged cells, 
e-m, from being small. Because vegeta- 
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tive reproduction commits many somatic Table 1. Classification of reproductive systems (all systems refer to diploids). 

cells to the production of each offspring, 
it is not as vulnerable to genome damage 
as is apomixis. 

There are two potential sources for the 
two chromosomes needed for recombi- 
national repair: (i) in a closed-system 
strategy for repair, they come from the 
same parent; (ii) in an open-system strat- 
egy for repair, they come from different 
individuals. If the onlv selective advan- 
tage of sexual reproduction is the recom- 
binational repair of genetic damage, the 
most effective strategy would be a closed 
system such as self-fertilization or auto- 
mixis (uniparental production of eggs 
through ordinary meiosis followed by 
some internal process for restoring dip- 
lo id~) ,  which would avoid the major costs 
of sex, namely, the cost of mating (22, 
23), the cost of males (2), high recombi- 
national load (24), and the lower genetic 
relatedness between parent and offspring 
(25). We need, then, to explain why the 
common recombinational repair strategy 
is outcrossing sex, an open system. 

We have argued (6) that the costs of 
maintaining redundant genetic informa- 
tion (that is, extra chromosomes) in sim- 
ple protocells was responsible for the 
origin of outcrossing between haploid 
protocells. However, as organisms be- 
came more complex, the relative costs 
of maintaining extra chromosomes in 
each cell decreased. Diploidy probably 
emerged as the predominant stage of the 
life cycle because of complementation, 
the masking of recessive deleterious mu- 
tations (26). We now argue that comple- 
mentation is also the key factor in the 
maintenance of outcrossing in reproduc- 
tive systems which have recombination 
(27). 

Mutations are a result of replication 
errors. Since improvements in replica- 
tion accuracy have costs (28), it is likely 
that there are cost-effectiveness barriers 
to indefinite improvement in accuracy. 
Thus a finite spontaneous mutation rate 
is probably intrinsic. As noted by Fel- 
senstein (29), deleterious mutations have 
a much greater effect on fitness in the 
short run than do favorable mutations 
because of their much higher rate of 
occurrence. Haldane (30) argued that at 
equilibrium deleterious mutations are re- 
moved from the population at the same 
rate as thev arise. He showed that the 
average equilibrium survivorship is a 
function only of u,  the rate of mutation 
per haploid complement, and is not af- 
fected by how deleterious the mutations 
are. 

We have generalized Haldane's argu- 
ment, and have found in multilocus mod- 
els that recessives give an equilibrium 

Reproductive Masking ability Recom- Source of homol- 
system (lethals at equilibrium) ogous chromosome repair 

Automixis Low (-2u) Yes Self 
Selfing Low (-2u) Yes Self 
Outcrossing* Intermediate (- 1 to <mi Yes Another individual 
Panmixia Intermediate (- <N) Yes Another individual 
Endomitosis High (-N) Limitedf Self 
Apomixis High (-N) No Not applicable 
Vegetative High (-N) No Not applicable 

*With some mating between relatives as occurs in nature. t N  denotes the number of functional genes per 
genome, which, in higher organisms, is approximately 40,000. $See text. 

survivorship of e-" for the diploid repro- 
ductive systems listed in Table 1 (31). 
This survivorship applies also to hap- 
loids, but they present a special chal- 
lenge to our theory, which is discussed 
later. Since the effect of u on survivor- 
ship is the same for all reproductive 
systems, we do not expect different re- 
productive systems to have different u. 
Consequently, in our arguments below 
we fix u and consider the effect of chang- 
ing the reproductive system on the 
expression of mutant alleles. 

Data from Drosophila (32) suggest 
u = 0.3 for lethal and nonlethal mutants 
combined. This yields a survivorship 
e-" = 0.7. The mutational load is not so 
large as to be overwhelming. If it were 
much smaller, we expect that selection 
would generally favor an increase in the 
number of gene functions, N. Insofar as 
u should be proportional to N, selection 
for increased N would increase u.  We 
therefore take 0.3 as an approximate 
general value for u.  

The second column of Table 1 gives 
the number of accumulated lethals at 
equilibrium. There are substantial differ- 
ences among reproductive systems in the 
number of accumulated recessive muta- 
tions. Those systems that are effective at 
masking recessives accumulate many. 
Those which are ineffective at masking 
accumulate few. While mutational load 
makes all systems equally competitive at 
equilibrium, it creates a transient selec- 
tive advantage to moving downward on 
Table 1 and a transient selective disad- 
vantage to moving upward (33). Consid- 
er, for example, a population fixed for 
selfing. Although it will have accumulat- 
ed few recessives (Table l) ,  new ones 
occur each generation at a frequency u. 
In an equilibrium population of selfers 
with survivorship e-', a new mutant 
outcrosser will mask these recessives in 
its offspring, and it therefore has a survi- 
vorship of unity. The outcrossers must, 
however, pay the costs described above. 
Let C be the reduced fitness of outcross- 
es due to these costs (C > I),  so that the 
overall fitness of outcrossers is 1/C. Con- 

sequently, if C < e', then a gene for 
outcrossing will expand. Using the value 
u = 0.3 given above, eu = 1.4, which 
allows for fairly large costs of sex. 

When outcrossing becomes fixed, the 
number of recessive mutant alleles in- 
creases, and eventually the outcrosser 
has an equilibrium fitness that is reduced 
both by the costs of outcrossing and the 
mutational load, that is, the net effect of 
the transition to outcrossing is a reduc- 
tion of individual fitness. However, the 
reverse transition to selfing or inbreeding 
is now inhibited by the unmasking of the 
many accumulated recessive mutations. 
Passage from outcrossing to selfing will 
only be advantageous when the costs of 
outcrossing become very large. Hence, 
among the first four cases in Table 1, 
which are those with complete recombi- 
national repair, outcrossing is favored. 
An intermediate level of outcrossing may 
be preferred over panmixia because of 
the need to preserve coadapted gene 
complexes (24). 

The transient advantages associated 
with complementation favor asexual sys- 
tems in which the maternal genome is 
passed down intact from mother to 
daughter, since this gives maximal mask- 
ing of deleterious recessives. However, 
we now need to consider the effect of 
recombinational repair which is listed in 
column 3 of Table 1. In apomixis, meio- 
sis is suppressed, and there is a single 
mitotic maturation division. This largely 
abandons recombinational repair of dou- 
ble-strand damage and is thus a costly 
strategy. In endomitosis there is a pre- 
meiotic doubling of the chromosomes, 
followed by meiosis (34). If pairing, and 
presumably recombination, should occur 
between nonsister homologs, in either 
apomixis or endomitosis, the transient 
advantage is lost because of the immedi- 
ate expression of accumulated deleteri- 
ous recessives. Since recombination oc- 
curs only between sister homologues, 
the recombinational repair allowed by 
endomitosis is equivalent to normal mei- 
osis only with respect to damages that 
occur after the first premeiotic replica- 
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tion. Double-strand damage occurring 
before the first premeiotic replication 
cannot be repaired, since all the four 
chromatids that pair during meiosis are 
derived from a single premeiotic chro- 
mosome and would be damaged at the 
same site (no redundant template). 

In conclusion, shifting from outcross- 
ing to any of the reproductive systems 
considered reduces fitness. This reduc- 
tion is transient for selfing or automixis 
and permanent for apomixis and endomi- 
tosis, since the latter have reduced ca- 
pacity for recombinational repair. Lynch 
(35) has discussed costs of parthenogen- 
esis and has summarized the substantial 
literature indicating that parthenogens 
most often have lower reproductive rates 
than their sexual relatives, often less 
than 50 percent. This lower rate fre- 
quently stems from poor hatching suc- 
cess of eggs resulting from developmen- 
tal abnormalities, and in some cases re- 
duced egg production. The magnitude of 
the decrease in fecundity seems to be 
greater for newly arisen parthenogens 
than for established ones. This reduction 
in fecundity plus the other costs imply 
that parthenogens should be found in 
nature in those situations in which the 
costs of outcrossing are large. In our 
review (22) we considered the cost of 
mating, and find that this result is a valid 
generalization for parthenogenesis in na- 
ture. 

Our arguments concerning the role of 
the masking of mutations in maintaining 
outcrossing apply to those gene func- 
tions that are expressed only in the dip- 
loid stage of the sexual life cycle and do 
not apply to genes expressed during the 
haploid stage. Thus there is a problem in 
explaining the existence of outcrossing 
multicellular haploids. For unicellular, 
as opposed to multicellular, haploids 
outcrossing is needed simply to bring 
homologous chromosomes together for 
recombinational repair. However, in 
multicellular haploid organisms deleteri- 
ous mutations expressed during the hap- 
loid stage are removed by natural selec- 
tion. Thus the advantages of outcrossing 
may be small, and there should be little 
barrier to switching to or maintaining a 
closed repair strategy. A variant on this 
argument concerns haplodiploid insects. 
Recessives are weeded out in the male 
line, and are largely masked in the fe- 
male line independently of outcrossing. 
At first glance, these cases suggest that 
the primary function of outcrossing is 
not complementation. 

To counter the above reasoning we 
point out that, for haploid organisms, 
there are key gene functions that are 
only expressed during the diploid stage, 

such as the genes responsible for meio- 
sis. For simpler organisms, such as fun- 
gi, meiosis is one of their more compli- 
cated functions, since the multicellular 
haploid :itage, although dominant in size, 
often has a modular construction with 
little differentiation. Furthermore. in 
mushrooms and bracket fungi, for exam- 
ple, the conspicuous structures are often 
dikaryons (heterokaryons in most other 
fungi) containing nuclei from different 
parents (36). These are functionally dip- 
loid (or polyploid) since they are capable 
of masking deleterious recessive alleles. 
This masking gives a selective advantage 
to outcrossing. 

In haplodiploid insects, we expect a 
smaller, but significant, fraction of dele- 
terious mutations to be expressed only in 
the diploid phase (females), and not in 
the haploid phase (males). Consequent- 
ly, the repair hypothesis predicts in ac- 
cord with data (37) that haplodiploid 
insects should be more inbred, since 
there are fewer benefits to complementa- 
tion. 

Premeiotic replication, a general fea- 
ture of meiosis leading to four homolo- 
gous chromatids which then recombine 
in pairs, has a definite function under the 
repair hypothesis. Studies in Escherichia 
coli show that replication of DNA with 
single-strand damages leads to gaps in 
the new strands opposite the damages 
(8), and that these gaps promote recom- 
binational repair (38). Such gaps have a 
molecular structure that is independent 
of the molecular structure of the original 
damage and can serve as a universal 
initiator of recombinational repair. This 
avoids the need of evolving a specific 
enzyme to recognize each specific kind 
of single-strand damage of which there 
are probably many. This would be espe- 
cially adaptive if naturally occurring 
damages are a mixture of types with 
many types represented in low frequen- 
cy. Premeiotic replication produces sis- 
ter chromosomes which have no appar- 
ent role under a hypothesis in which the 
sole function of meiosis is to produce 
variation. In general, by considering the 
molecular mechanisms of recombination 
and the details of meiosis it is possible to 
test the variation and repair hypotheses 
(39). 

In summarv, there are two intrinsic - .  
problems in replicating genetic informa- 
tion: DNA damage and mutation. We 
have argued that the two principal fea- 
tures of sex, recombination and out- 
crossing, are maintained, respectively, 
by the advantage of repairing damage 
and masking mutations. Variation is pro- 
duced as a by-product. In focusing on 
the role of genetic damage and mutation 

in the maintenance of sex, we do not 
mean to suggest that the production of 
variation is an unimportant consequence 
of sex. Infrequent beneficial variants 
generated by recombination undoubted- 
ly promote long-term evolutionary suc- 
cess, just as infrequent beneficial muta- 
tions do (40). We believe that the 
tendency toward randomization of ge- 
netic information that occurs with re- 
combination would, under general condi- 
tions, have a negative effect on fitness in 
the short run, just as do mutations. This 
variation, or recombinational load, prob- 
ably generally contributes to the immedi- 
ate cost of sex, and any immediate ad- 
vantage of creating variation is probably 
constrained to special cases. 
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Benzodiazepine Receptor-Mediated Chemotaxis of 
Human Monocytes 

Abstract. Benzodiazepines, which are widely prescribed for their antianxiety 
effects, are shown to be potent stimulators of human monocyte chemotaxis. The 
chemotactic effects of benzodiazepine receptor agonists were blocked by the 
peripheral benzodiazepine receptor antagonist PK-11195, suggesting that these 
effects are mediated by the peripheral-type benzodiazepine receptor. Diazepam was 
also active in inducing chemotaxis. Binding studies on purified monocytes revealed 
high-afinity peripheral benzodiazepine receptors, and the displacement potencies of 

between them and CNS or "central" 
benzodiazepine receptors. For example, 
Ro5-4864 (4-chlorodiazepam) is one of 
the most potent ligands for the peripheral 
benzodiazepine receptor, yet it is virtual- 
ly inactive at the central benzodiazepine 
receptor. In contrast, clonazepam, one 
of the most potent behaviorally active 
benzodiazepines, binds with high affinity 
to the central benzodiazepine receptor 
but is essentially inactive at the peripher- 
al receptor. Diazepam (Valium), the 
most commonly prescribed benzodi- 
azepine, binds with relatively high affini- 
ty to both the peripheral and central 
receptors. 

Despite the many reports characteriz- 
ing benzodiazepine receptors on various 
tissues, the physiological function or 
functions of the peripheral receptor are 
largely unknown, although several ef- 
fects have been observed in vitro. Ben- 
zodiazepines have been reported to in- 
hibit mitogenesis in Swiss mouse 3T3 
fibroblasts ( 3 ,  to promote differentiation 
of Friend erythroleukemia cells (5, 6), to 
induce melanogenesis in B16lC3 melano- 
ma cells (3, to inhibit the growth of 
thymoma cells in vitro (8), and to de- 
crease cardiac muscle contractility (9). 
These effects, in some cases (7-9), have 
correlated with the presence of peripher- 

various benzodiazepines correlated with their relative potencies in mediating chemo- al benzodiazepine rkceptors on these tis- 
taxis. The demonstration of functional benzodiazepine receptors on human mono- sues. 
cytes, together with recent evidence of receptor-mediated monocyte chemotaxis by We examined the effects of benzodi- 
other psychoactive peptides (such as opiate peptides), suggests a biochemical azepines on the chemotaxis of human 
substrate for psychosomatic communication. monocytes. Monocytes or their noncir- 

culating counterparts, macrophages, are 
MICHAEL R. RUFF ated through high-affinity, stereoselec- a heterogeneous population of cells that 
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The benzodiazepines are among the 
most widely used of all drugs (I)  and are 
commonly prescribed for their anxiolyt- 
ic, hypnotic, and anticonvulsant proper- 
ties (2). These behavioral and neurologi- 
cal effects of benzodiazepines are medi- 

Table I .  Checkerboard analysis for chemotactic response of monocytes to Ro5-4864, a 
benzodiazepine attractant. The data represent the number of migrating cells per field t 
standard error of the mean (n = 3) as described (13). Various concentrations of Ro5-4864 as 
indicated were placed in both upper and lower chemotaxis chambers. 

Concentration Concentration in upper chamber (M) 
in lower 

chamber (M) 0 10-l3 10-l2 lo-" 

20 SEPTEMBER 1985 1281 




