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  1.1 
 Introduction 

 Most of the work on stress considers its mechanisms and effects during the life-
time of the stressed individual. In this chapter, we concentrate on the possible 
effects of stress on genes and populations. In particular, we consider the effects 
of the information contained in the stress response, especially in chronic stress: 
namely, that the stressed individual is maladapted to its current environment. 

 In addition to the physiological responses induced by stress, it can also have 
genomic responses. One type of response which is of particular interest is an 
increase in genetic variation, especially the mixing of different genotypes through 
recombination, sex and outcrossing. Here, we consider the evolution of such a 
genomic response and its possible implications for the long - term success of the 
population and for the evolution of complex traits. 

 When considering the evolution of a genomic response to stress, we can take 
one of two approaches: we can either consider what would be the  “ best ”  response 
at the level of the population (i.e., the response that would, on average, maximize 
the average fi tness of the population), or consider the fate of a selectively neutral 
modifi er allele  [1]    inducing the genetic response    –    would such an allele increase in 
frequency within the population, due to the forces of natural selection?  

  1.2 
 Stress Through the Gene ’ s Eye: the Evolution of Stress - Induced Genetic Mixing 

 Let us consider the point of view of a gene that regulates genetic mixing    –    for 
example, recombining with a different genotype    –    in response to stress. This gene 
affects its own probability of moving to a different genetic background in the next 
generation. When would it be advantageous (at the level of the gene) to move to 
a different background? The answer depends on the quality of the current genetic 
background. If the current background is maladapted to the current environment 
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(e.g., includes multiple deleterious alleles), there is a much greater advantage in 
 “ taking the risk ”  of moving to a different, unknown, background. But how can the 
gene  “ know ”  the quality of the whole genome? One crucial source of information 
can be stress responses, which relay information about the well - being of the whole 
organism down to the molecular level. An individual carrying an unfi t genome is 
more likely to be stressed, and the stress responses it experiences can affect the 
gene regulating genetic mixing. As a result, an increase in mixing is more likely 
to occur in the presence of stress. 

 An increase in genetic mixing can occur through various mechanisms, acting 
at different levels. Each of these mechanisms carries its own costs and benefi ts. 
Below we specifi cally discuss four of these mechanisms    –    recombination, sex, 
outcrossing and dispersal. 

  1.2.1 
 Stress - Induced Recombination 

  1.2.1.1   Classic Models of the Evolution of Recombination 
 The evolution of recombination has been the subject of scientifi c debate for over 
70 years, see  [2 – 7]  for reviews. One major problem is that uniform recombination 
not only generates new advantageous combinations, but also breaks down existing 
good ones that were generated by selection  [8, 9] . 

 Models concentrating on population - level effects show that recombination 
might be advantageous only under limited conditions  [10, 11] . Specifi cally, 
recombination can only be advantageous when associations between different 
loci in the genome result in decreased variation within the population (a situation 
termed negative linkage disequilibrium). Such associations can be generated 
by drift  [12] , synergistic epistasis  [13, 14] , or environmental changes  [15 – 17] . 
In these cases recombination reduces linkage disequilibrium and leads to 
increased average fi tness, resulting in a long - term advantage for the population 
as a whole. 

 The same question was also studied using modifi er models, concentrating on 
the short - term dynamics of an allele affecting the rate of recombination. These 
models found that, in the absence of deleterious mutations or environmental 
changes, a recombination modifi er tends to increase from rarity only if it  reduces  
the recombination rate between selected loci  [18] , a result known as  “ the reduction 
principle ” . However, negative epistasis between deleterious mutations  [19, 20] , 
drift  [21] , or adaptation  [22, 23] , including inter - species interactions  [24, 25] , can 
explain the evolution of recombination modifi ers under some circumstances. 
Nevertheless, none of these models fully accounts for the wide abundance of sex 
and recombination among higher eukaryotes.  

  1.2.1.2   The Evolution of Stress - Induced Recombination 
 When introducing the possibility of stress - induced recombination, radically differ-
ent results are obtained. Let us fi rst consider the modifi er approach: a modifi er 
regulating the level of recombination in a haploid organism according to the state 
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of the individual    –    with stressed individuals recombining at a higher rate    –    can 
evolve under a very wide parameter range from any population where the rate of 
recombination is uniform and independent of stress  [28]   . This result was obtained 
for an analytical model with two loci (see  Figure    1.1   for intuition), generalized 
using stochastic models with long genomes and fi nite populations and further 
confi rmed using a QLE approach  [26] . It means that increased recombination as 
a result of stress is expected to be a common pattern in the world. Empirical 
evidence strongly supports this prediction (see below).   

 What would be the effects of such a pattern of recombination on the popula-
tion as a whole? Let us consider the effect of recombination in general and of 
stress - induced recombination in particular on the distribution of different allele 
combinations. In the absence of epistatic interactions and drift, uniform recom-
bination does not alter the distribution of allele combinations from the one 
expected had alleles at different loci been entirely independent of each other. 
This situation is called linkage equilibrium, and the ineffectiveness of uniform 
recombination in that situation led many researchers to argue that recombination 
is advantageous only when the population is at linkage disequilibrium due to 
other forces acting on it  [27] . However, this result changes when we consider 
recombination that is stress - induced. Such plasticity of the recombination 

     Figure 1.1     The  “ abandon ship ”  principle: 
intuition for fi tness - associated mixing. An 
illustration of the short - term advantage of 
stress - induced recombination in a two - 
locus haploid model. The alleles: A    –    high 
fi tness, a    –    low fi tness, S    –    stress induced 
recombination, U    –    uniform recombination. 
The recombination products of the two 
double heterozygotes are shown, where the 
likelier - than - random changes are shown in 
bold arrows and the less - likely than random 
ones in gray arrows. We can see that if the 

allele S (for stress - induced recombination) 
induces a higher recombination rate than 
random when it is linked to the low fi tness 
allele a and/or a lower recombination rate 
than random when it is linked to the high 
fi tness allele A, then an association is 
generated between A and S, resulting in a 
short - term evolutionary advantage for S. 
A similar argument holds for mechanisms 
of genetic mixing other than recombination. 
 (Adapted with permission from  [2] ).   
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response can allow it to generate good genetic combinations between alleles at 
other loci more than to break them down, thus generating  “ extreme ”  genotypes 
more often than random (a situation called positive linkage disequilibrium) and 
increasing variation in fi tness within the population. Variation in fi tness is the 
substrate on which selection can work    –    resulting in increased average fi tness in 
the population. As a result, even under the conditions which are least favorable 
for the evolution of uniform recombination (i.e., an infi nite population, no epista-
sis, linkage equilibrium), stress - induced recombination can still result in an 
increased average fi tness  [28]   .  

  1.2.1.3   Evidence for Stress - Induced Recombination 
 Evidence for stress - induced recombination has been found in a wide range of 
organisms and stressors. This includes elevated levels of recombination in 
response to DNA damage  [29 – 33] , starvation  [34 – 41] , temperature stress  [42 – 46]  
and behavioral competition  [47] . Further supportive evidence comes from studies 
which found an association between low fi tness and recombination within the 
same population  [48, 49] . See Refs.  [5, 50]  for reviews.   

  1.2.2 
 Stress and Sex 

 For recombination to be effective in the sense of mixing genetic material from 
different individuals, sexual reproduction needs to take place. However, sexual 
reproduction is one of the greatest puzzles in evolutionary theory: in addition 
to the diffi culties associated with explaining recombination itself (mentioned 
above), sex is a very  costly  mechanism. First, it requires the generation of male 
offspring, thus resulting in the  “ twofold cost of males ” : An asexual mutant 
female would have only female offspring, identical to herself, producing twice 
as many copies of its genes in comparison with a similar sexual female. This 
advantage would be doubled in the next generation and    –    everything else being 
equal    –    would lead to a fast takeover of the sexual population by asexual mutants 
 [51] . Furthermore, a sexual organism has to invest time and energy in courtship 
and mating and risks transmission of pathogens and confl icts between the 
sexes. Altogether, the wide abundance of sexual reproduction in the world 
strongly suggests that sexual organisms have signifi cant advantages over asexual 
ones in both the short term and the long term, but these advantages are not 
yet fully understood. 

 We can study the evolution of sexual reproduction by considering the case of 
facultative sexuals    –    organisms that can reproduce either sexually or asexually    –    and 
the evolution of a gene that alters the investment in sex in such a system. When 
can a gene that results in increased investment in costly sexual reproduction 
spread in the population? What would be the long - term effects for the survival of 
such a population when it has to compete with asexual populations? This is a 
harder question than the question of recombination alone, as the cost of sex favors 
decreased investment in sexual reproduction. 
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 If we consider facultative sexuals that have the same tendency to reproduce 
sexually at all times, then the evolution of sex is rather hard to explain. Indeed, 
classic models require rather extreme parameters in order to account for the evolu-
tion of sex  [3] . Such extreme conditions do exist in certain systems, but do not 
seem to explain the ubiquity of sexual reproduction. As in the case of stress -
 induced recombination, the solution may lie in the fact that facultative sexuals, 
including viruses, protists, fungi and plants, are more likely to have sex when their 
own condition is poor    –    when they are stressed  [31, 36, 37, 52 – 62] ; see  [63]  for a 
review. 

 When we take stress into account, the picture is rather different. Reproducing 
sexually more often when the individual is stressed allows the allele regulating 
sexual reproduction to  “ abandon ship ”  and move to a different genetic back-
ground. But at what cost? Interestingly, even in the face of high cost, an allele 
promoting sexual reproduction under stress can evolve  [64] . An intuition for that 
can be gained by considering the fate of this allele if it stays in a maladapted 
genome. It is almost surely doomed, together with its  “ neighbor genes ” , unless a 
mutation or a change of the environment happens fi rst. Thus, from the allele ’ s 
viewpoint, it is worth  “ paying ”  a signifi cant cost to break away. 

 At fi rst sight, it might seem that regardless of its association with stress the costs 
involved in sexual reproduction should be harmful for the population as a whole. 
However, taking stress into account alters the population - level effects as well. If 
the stressed individuals    –    the ones that are, on average, less fi t in the current envi-
ronment    –    are the ones most likely to reproduce sexually  and pay the cost of sex , 
then they are less likely to transmit their genes to the next generation. As a result, 
the maladapted alleles they carry are more likely to be eliminated. In such a case 
the cost of sex becomes a component of natural selection and can actually be 
benefi cial in the long term  [64] .  

  1.2.3 
 Stress and Outcrossing 

 It might seem that obligatory sexual organisms are much more limited in 
their ability to regulate genetic mixing. However, any mechanism that affects the 
probability of mating with a genetically dissimilar individual is in fact a mecha-
nism that regulates the likelihood of genetic mixing. This includes many mate -
 preference mechanisms that are sensitive to familial relatedness (e.g., inbreeding 
avoidance) or physical similarity (e.g., opposites attract) and indirect mechanisms 
that increase the probability of meeting unrelated individuals    –    and thus also 
the probability of mating with them. In other words, all sorts of outcrossing are 
potential mechanisms for regulating genetic mixing. 

 The evolution of outcrossing is a riddle resembling the evolution of sex: in 
populations of self - compatible hermaphrodites, alleles for self - fertilization have an 
inherent advantage over alleles for outcrossing, as they help the spread of alleles 
that are identical by descent  [65 – 67] . However, the effect of inbreeding is not 
identical to that of asexual reproduction    –    selfed offspring, in contrast with asexual 
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ones, are not genetically identical to their parents. In particular, they might suffer 
from inbreeding depression: reduced fi tness due to homozygotization of deleteri-
ous mutations. 

 However, the level of inbreeding depression is unlikely to be the same for all 
the individuals within the population. The selfed offspring of individuals carrying 
many deleterious mutations are expected to experience stronger inbreeding 
depression in comparison with the offspring of individuals carrying fewer deleteri-
ous mutations. As a result, we would expect stressed individuals to have a higher 
tendency for outcrossing. The effects of such plasticity on the entire population 
are less obvious: parallel to fi tness - associated recombination  [28]    it could increase 
the average fi tness of the population by generating positive linkage disequilibrium. 
Additionally, the costs of outcrossing would become part of natural selection, 
further benefi tting the population as a whole. In contrast, outcrossing of individu-
als that carry more deleterious mutations would also result in increased heterozy-
gosity in the population. This would lead to decreased selection on recessive 
deleterious alleles, resulting in a short - term disadvantage but also in increased 
potential for adaptation when the environment changes.  

  1.2.4 
 Stress and Dispersal 

 Dispersal combines several different effects. First, the dispersing individual 
increases its probability to mate with individuals that are unrelated to it. As a 
result, a gene regulating the probability of dispersal regulates its chance to change 
its genetic background. Second, dispersal increases the probability of the disperser 
to change its biotic and abiotic environment, including intra - species competition. 
Last, dispersal often carries costs of its own (e.g., the probability to die on the way, 
not to fi nd a new territory, to lose time and energy) in addition to the inherent 
cost of outcrossing mentioned above. 

 The evolution of dispersal has classically been explained by inbreeding 
avoidance  [68 – 70] , kin competition  [71, 72] , habitat variability  [73 – 75] , or competi-
tion for resources  [76, 77] , including potential mates  [78] . 

 In most cases, the potential benefi ts for the dispersing individual are not the 
same for all individuals. As in previous examples, less - fi t individuals have more 
to gain from changing their environment, the genes of their offspring, or both. In 
many species, there is evidence that less - fi t individuals indeed disperse further 
than fi tter ones  [79 – 87] . We propose (L. Hadany  et al. , in prep.) that fi tness - asso-
ciated dispersal could have evolved due to the advantages of stress - induced mixing, 
even in the absence of direct competition or environmental heterogeneity. We 
further suggest that the advantage of stress - induced dispersal may increase in a 
heterogeneous environment, where dispersal has a chance to change both the 
environment of the dis persing individual and the genetic background of the modi-
fi er allele affecting dispersal. 

 Dispersal has many ecological implications and is a particularly important factor 
for the survival of metapopulations. The effects of dispersal act in two opposite 
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directions: on one hand, dispersal is necessary for colonization in empty patches 
 [88]  and can  “ rescue ”  sink populations from extinction  [89 – 91] ; on the other hand, 
dispersal can impede the stability of already colonized subpopulations  [92 – 94] . The 
regulation of dispersal by stress could change the balance between these opposing 
effects and therefore may have important ecological implications that have not yet 
been explored.   

  1.3 
 The Effect of Stress - Induced Variation on the Evolvability of Complex Traits 

 The principle of stress - induced variation also offers a novel solution to the classic 
 “ peak shift ”  problem in population genetics  [95] : For traits that are affected by 
multiple loci, there might exist allelic combinations that represent  “ local peaks ”  
in the adaptive landscape (the plot of the fi tness as a function of the underlying 
genotype, see  Figure    1.2  ). When starting from such a combination, any single 
mutation would result in decreased fi tness, but multiple mutations can lead to 
increased fi tness. How can organisms evolve from one such co - adapted gene 
complex to a better one if the intermediate genotypes are less fi t?   

 This question has been studied extensively, and most of the models that try to 
answer it assume that the population is divided into groups ( “ demes ” ), with a 
limited rate of migration between these groups. Under such conditions, rare 

     Figure 1.2     The problem of complex adap-
tation. The adaptive landscape is the plot 
of the fi tness as a function of the genotype. 
The problem, fi rst described by Wright  [96]  is 
how a species can evolve from one  “ adaptive 
peak ”  to a higher one, crossing a less - fi t 

 “ valley ” . Increased variation under stress 
(when fi tness is low) and/or decreased 
variation when not stressed (when fi tness 
is high) can facilitate adaptation in such 
genetic systems.  
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advantageous combinations can appear and fi x in one deme with the aid of 
random genetic drift and can later expand to other demes  [95, 96] . However, these 
models typically require specifi c parameter settings, particularly a limited range 
of dispersal rates  [97 – 100] . This has to do with the double - sided effect of genetic 
mixing on adaptive peak shifts: on one hand, mixing facilitates the appearance of 
rare advantageous combinations; on the other hand, recombination with different 
genotypes acts to break down these very combinations when rare, resulting in 
offspring within the  “ adaptive valley ” . 

 Stress - induced variation largely relieves that limitation. The effect has two 
aspects: more mixing when fi tness is low increases the generation of new advanta-
geous gene combinations by maladapted individuals in the  “ adaptive valley ” , 
whereas decreased mixing when fi tness is high protects rare advantageous com-
binations when they appear. This basic principle works both for recombination 
 [28]    and for dispersal  [101] . Stress - induced variation can thus facilitate the ability 
of a population to move between adaptive peaks, potentially allowing evolutionary 
breakthroughs and signifi cant advantages in the very long term.  

  1.4 
 Stress - Induced Variation and Pathogen Evolution 

 Stress - induced variation has some ominous implications when it comes to the 
evolution of pathogens. One of these is its effect on the evolution of pathogens. 
Pathogens are constantly evolving to overcome their hosts ’  defenses, including 
medications. Parallel to other organisms, evidence suggests that the tendency of 
pathogens to produce genetic variation is affected by the stress they experience 
 [102, 103] . Whenever man - made drugs become a major source of pathogen stress, 
our use of such drugs should be much more carefully considered. In particular, 
recent results suggest that massive use of drugs (including prophylactic and vet-
erinarian use) can facilitate pathogen adaptation to these drugs not only through 
direct selection, but also through induction of increased generation of variation, 
resulting in a much more dramatic effect than previously thought  [104] . This is 
particularly problematic when complex pathogen evolution (including multiple 
mutations, possibly with epistatic interactions between them) is required for drug 
resistance (V. Leontiev and L. Hadany, submitted).  

  1.5 
 Stress - Induced Mortality 

 This section discusses the most counter - intuitive effect of stress on evolution: 
the evolution of death. Normally, we do not consider early death as an evolved 
feature, but rather as an  “ accident ” , or an undesirable by - product of a trait with 
selective advantages in other contexts. A classic example is the increase in blood 
pressure associated with the  “ fl ight or fi ght ”  response    –    a response with obvious 
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selective advantages in the short term, but disadvantages in the long term  [105] . 
While some of the harmful effects of long - term exposure to stress can be easily 
explained in that way, others    –    such as the down - regulation of the immune 
response and the apoptosis of lymphocytes  [106, 107]     –    are less so. Here, we 
suggest an alternative explanation for these harmful effects, without requiring a 
short - term benefi t. 

 Let us start by assuming a structured population, where neighbors are likely to 
be more genetically related than randomly chosen individuals and where resources 
like space or food limit the number of individuals inhabiting a given area. Consider 
a gene that affects mortality in such a population. Under what circumstances 
would an allele whose only effect is to increase mortality (without any benefi t to 
the individual) spread in the population? Stress can have a dramatic effect on the 
answer. An allele that occurs in a chronically stressed individual has very poor 
prospects: it is unlikely to be passed to the next generation, and in the rare case 
that it does, it would often still be linked to the deleterious genetic background 
that caused the stress to begin with. However, if the individual carrying this allele 
dies, then another individual    –    with a higher probability to carry the allele than a 
random individual    –    would take its place and would have better chances of passing 
its genes to the next generation. By that, other copies of the allele (possibly having 
a better genetic background) would have better chances of passing. Thus, if the 
condition of the fi rst individual is poor enough, the increased mortality allele can 
do better by inducing the death of the individual carrying it than by helping it to 
survive. Indeed, such an allele can increase from rarity and fi x in the population 
under the conditions described above  [108] . 

 We can regard the individual dying from stress under such circumstances as 
the ultimate altruist    –    it gives its life for the benefi t of its neighbors and kin. This 
is advantageous only when the self - sacrifi cing individual has some information 
(in the form of stress) that it is not doing as well as others in this environment. 
This argument gives us some intuition about which kinds of stress are more likely 
to induce a harmful effect: social stress (e.g., losing a fi ght) is more indicative 
about the relative fi tness of the individual than, for example, abiotic stress 
(e.g., heat). The former is thus more likely to result in evolved harmful effects. 

 What would be the effects of such an allele for stress - induced mortality at the 
level of the population as a whole? If such an allele takes over the population, it 
would lead to more effective natural selection. Deleterious mutations would be 
eliminated more effi ciently (as their carriers would more often tend to die prema-
turely) and benefi cial alleles would have a greater relative advantage (as their car-
riers do not tend to die prematurely). Altogether it would result in an increase in 
the average fi tness of the population in the long term. 

 Of course, we can think of less drastic ways to help others which carry a cost 
for the helping individual. One way would be to decrease the use of the common 
resource of potential mates: indeed, stress - induced reduction in fertility is a well -
 documented phenomenon  [109 – 111] , which could have evolved along very similar 
lines. The results described above  [108]  suggest that many other kinds of altruistic 
behaviors are also likely to evolve to increase in times of stress.  
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  Summary 

 In this chapter we reviewed some of the evolutionary implications of stress 
responses. We have seen that stress might have played an important role in the 
evolution of mechanisms of genetic mixing, shedding new light on the evolution 
of recombination, sex, outcrossing and dispersal. Stress - induced genetic variation 
can alter the evolution of species, both in the short term and in the long term    –    by 
allowing them to better adapt to their environments, especially when complex 
adaptation is required.  Figure    1.3   summarizes some of the implications of stress -
 induced variation.   

 The evolutionary effects of stress can have signifi cant ecological implications: 
from improved survival of metapopulations to more effective evolution of patho-
gens exposed to drugs. Evolutionary considerations might also suggest a new 
perspective on other possible responses to stress, including early death, reduced 
fertility, or altruistic behavior.  

     Figure 1.3     Key evolutionary implications of stress through 
four mechanisms of stress - induced variation: recombination, 
sex, outcrossing and dispersal.  



 References  13

  References 

1     Nei ,  M.   ( 1967 )  Modifi cation of linkage 
intensity by natural selection .  Genetics , 
 57 ,  625  –  642 .  

2     Hadany ,  L.   and   Comeron ,  J.M.   ( 2008 ) 
 Why are sex and recombination so 
common?   Ann. N. Y. Acad. Sci. ,  1133  
( 1 ),  26  –  43 .  

3     Michod ,  R.E.   and   Levin ,  B.R.   ( 1988 )  
The Evolution of Sex ,  Sinauer Press , 
 Sunderland .  

4     Kondrashov ,  A.S.   ( 1993 )  Classifi cation 
of hypotheses on the advantage of 
amphimixis .  J. Hered. ,  84  ( 5 ),  372  –  387 .  

5     Korol ,  A.B.  ,   Preygel ,  I.A.    et al . ( 1994 ) 
 Recombination Variability and Evolution , 
 Chapman  &  Hall ,  London .  

6     Barton ,  N.C.   and   B.   ( 1998 )  Why sex and 
recombination?   Science ,  281 ,  1986  –  1990 .  

7     Rice ,  W.R.   ( 2002 )  Experimental tests of 
the adaptive signifi cance of sexual 
recombination .  Nat Rev. Genet. ,  3  ( 4 ), 
 241  –  251 .  

8     Eshel ,  I.   and   Feldman ,  M.W.   ( 1970 )  On 
the evolutionary effect of recombination . 
 Theor. Popul. Biol. ,  1  ( 1 ),  88  –  100 .  

9     Otto ,  S.P.   and   Lenormand ,  T.   ( 2002 ) 
 Resolving the paradox of sex and 
recombination .  Nat. Rev. Genet. ,  3  ( 4 ), 
 252  –  261 .  

10     Kimura ,  M.   ( 1956 )  A model of a genetic 
system which leads to closer linkage by 
natural selection .  Evolution ,  10  ( 3 ), 
 278  –  287 .  

11     Lewontin ,  R.C.   ( 1971 )  The effect of 
genetic linkage on the mean fi tness of 
a population .  Proc. Natl. Acad. Sci. 
U.S.A. ,  68  ( 5 ),  984  –  986 .  

12     Muller ,  H.J.   ( 1964 )  The relation of 
recombination to mutational advance . 
 Mutat. Res. ,  106 ,  2  –  9 .  

13     Kimura ,  M.   and   Maruyama ,  T.   ( 1966 ) 
 Mutational load with epistatic gene 
interactions in fi tness .  Genetics ,  54 , 
 1303  –  1312 .  

14     Kondrashov ,  A.S.   ( 1988 )  Deleterious 
mutations and the evolution of sexual 
reproduction .  Nature ,  336  ( 6198 ), 
 435  –  440 .  

15     Fisher ,  R.A.   ( 1930 )  The Genetical Theory 
of Natural Selection ,  Clarendon Press , 
 Oxford .  

16     Crow ,  J.F.   and   Kimura ,  M.   ( 1965 ) 
 Evolution in sexual and asexual 
populations .  Am. Nat. ,  99 ,  439  –  450 .  

17     Peck ,  J.R.   ( 1994 )  A ruby in the rubbish: 
benefi cial mutations, deleterious 
mutations and the evolution of sex . 
 Genetics ,  137 ,  597  –  606 .  

18     Liberman ,  U.   and   Feldman ,  M.W.   ( 1986 ) 
 A general reduction principle for genetic 
modifi ers of recombination .  Theor. 
Popul. Biol. ,  30  ( 3 ),  341  –  371 .  

19     Feldman ,  M.W.  ,   Christiansen ,  F.B.    et al . 
( 1980 )  Evolution of recombination in a 
constant environment .  Proc. Natl. Acad. 
Sci. U.S.A. ,  77  ( 8 ),  4838  –  4841 .  

20     Barton ,  N.H.   ( 1995 )  A general - model for 
the evolution of recombination .  Genet. 
Res. ,  65  ( 2 ),  123  –  144 .  

21     Otto ,  S.P.   and   Barton ,  N.H.   ( 2001 ) 
 Selection for recombination in small 
populations .  Evolution ,  55 ,  1921  –  1931 .  

22     Charlesworth ,  B.   ( 1976 )  Recombination 
modifi cation in a fl ucturating environ-
ment .  Genetics ,  83  ( 1 ),  181  –  195 .  

23     Otto ,  S.P.   and   Michalakis ,  Y.   ( 1998 )  The 
evolution of recombination in changing 
environments .  Trends Ecol. Evol. ,  13  ( 4 ), 
 145  –  151 .  

24     Hamilton ,  W.D.  ,   Axelrod ,  R.    et al . ( 1990 ) 
 Sexual reproduction as an adaptation to 
resist parasites (a review) .  Proc. Natl. 
Acad. Sci. U.S.A. ,  87 :  3566  –  3573 .  

25     Howard ,  R.S.   and   Lively ,  C.M.   ( 1994 ) 
 Parasitism, mutation accumulation and 
the maintenance of sex .  Nature ,  367  
( 6463 ),  554  –  557 .  

  Acknowledgments 

 I wish to thank Tuvik Beker for many helpful comments on the manuscript. This 
work was supported in part by NSF grant 0639990.  



 14  1 On the Role of Stress in Evolution

26     Agrawal ,  A.F.  ,   Hadany ,  L.    et al . ( 2005 ) 
 The evolution of plastic recombination . 
 Genetics ,  171  ( 2 ),  803  –  812 .  

27     Barton ,  N.H.   and   Charlesworth ,  B.   
( 1998 )  Why sex and recombination?  
 Science ,  281  ( 5385 ),  1986  –  1990 .  

28     Hadany ,  L.   and   Beker ,  T.   ( 2003 ) 
 On the evolutionary advantage of 
fi tness - associated recombination . 
 Genetics ,  165  ( 4 ),  2167  –  2179 .  

29     Fabre ,  F.   and   Roman ,  H.   ( 1977 )  Genetic 
evidence for inducibility of recombina-
tion competence in yeast .  Proc. Natl. 
Acad. Sci. U.S.A. ,  74  ( 4 ),  1667  –  1671 .  

30     Golub ,  E.I.   and   Low ,  K.B.   ( 1983 )  Indirect 
stimulation of genetic recombination . 
 Proc. Natl. Acad. Sci. U.S.A. ,  80  ( 5 ), 
 1401  –  1405 .  

31     Bernstein ,  C.   ( 1987 )  Damage in DNA 
of an infecting phage T4 shifts 
reproduction from asexual to sexual 
allowing rescue of its genes .  Genet. Res. , 
 49  ( 3 ),  183  –  189 .  

32     Wojciechowski ,  M.F.  ,   Hoelzer ,  M.A.   
 et al .  (1989 )  DNA repair and the 
evolution of transformation in  Bacillus 
subtilis . II. Role of inducible repair . 
 Genetics ,  121  ( 3 ),  411  –  422 .  

33     Kupiec ,  M.   ( 2000 )  Damage - induced 
recombination in the yeast 
Saccharomyces cerevisiae .  Mutat. Res. , 
 451  ( 1 – 2 ),  91  –  105 .  

34     Bergner ,  D.A.   ( 1928 )  The relation 
between larval nutrition and the 
frequency of crossing over in the third 
chromosome of  Drosophila Melanogaster  . 
 J. Exp. Zool. ,  50 ,  107  –  163 .  

35     Neel ,  J.V.   ( 1941 )  A relation between 
larval nutrition and the frequency of 
crossing over in the third chromosome 
of  Drosophila melanogaster  .  Genetics ,  26 , 
 506  –  516 .  

36     Dubnau ,  D.   ( 1991 )  Genetic competence 
in  Bacillus subtilis  .  Microbiol. Rev. ,  55  ( 3 ), 
 395  –  424 .  

37     Redfi eld ,  R.J.   ( 1993 )  Genes for breakfast: 
the have - your - cake - and - eat - it - too of 
bacterial transformation .  J. Hered. ,  84  
( 5 ),  400  –  404 .  

38     Kon ,  N.  ,   Krawchuk ,  M.D.    et al . ( 1997 ) 
 Transcription factor Mts1/Mts2 
(Atf1/Pcr1, Gad7/Pcr1) activates the 
M26 meiotic recombination hotspot in 

 Schizosaccharomyces pombe  .  Proc. Natl. 
Acad. Sci. U. S. A. ,  94  ( 25 ),  13765  –  13770 .  

39     Abdullah ,  M.F.F.   and   Borts ,  R.H.   ( 2001 ) 
 Meiotic recombination frequencies are 
affected by nutritional states in 
 Saccharomyces cerevisiae  .  PNAS ,  98  ( 25 ), 
 14524  –  14529 .  

40     Davis ,  L.   and   Smith ,  G.R.   ( 2001 )  Meiotic 
recombination and chromosome 
segregation in  Schizosaccharomyces 
pombe  .  Proc. Natl. Acad. Sci. U.S.A. ,  
98  ( 15 ),  8395  –  8402 .  

41     Jarmer ,  H.  ,   Berka ,  R.    et al . ( 2002 ) 
 Transcriptome analysis documents 
induced competence of  Bacillus subtilis  
during nitrogen limiting conditions . 
 FEMS Microbiol. Lett. ,  206  ( 2 ), 
 197  –  200 .  

42     Plough ,  H.H.   ( 1917 )  The Effect of 
Temperature on Linkage in the Second 
Chromosome of  Drosophila  .  Proc. Natl. 
Acad. Sci. U.S.A. ,  3  ( 9 ),  553  –  555 .  

43     Grell ,  R.F.   ( 1978 )  A comparison of heat 
and interchromosomal effects on 
recombination and interference in 
Drosophila melanogaster .  Genetics ,  89 , 
 65  –  77 .  

44     Tracey ,  M.L.   and   Dempsey ,  B.   ( 1981 ) 
 Recombination rate variability in 
Drosophila Melanogaster females 
subjected to temperature stress . 
 J. Hered. ,  72 ,  427  –  428 .  

45     Zhuchenko ,  A.A.  ,   Korol ,  A.B.    et al . 
( 1986 )  The correlation between the 
stability of the genotype and the change 
in its recombination characteristics 
under temperature infl uences .  Genetika , 
 22 ,  966  –  974 .  

46     Parsons ,  P.A.   ( 1988 )  Evolutionary rates: 
effects of stress upon recombination . 
 Biol. J. Linn. Soc. ,  35 ,  49  –  68 .  

47     Belyaev ,  D.K.   and   Borodin ,  P.M.   ( 1982 ) 
 The infl uence of stress on variation and 
its role in evolution .  Biol. Zentbl. ,  100 , 
 705  –  714 .  

48     Tucic ,  N.  ,   Ayala ,  F.J.    et al . ( 1981 ) 
 Correlation between recombination 
frequency and fi tness in  Drosophila 
melanogaster  .  Genet. Pol. ,  56 ,  61  –  69 .  

49     Cvetkovic ,  D.   and   Tucic ,  N.   ( 1986 ) 
 Female recombination rates and fi tness 
in  Drosophila melanogaster  .  Z. Zool. Syst. 
Evolutionsforsch. ,  24  ( 3 ),  198  –  207 .  



 References  15

50     Hoffman ,  A.A.   and   Parsons ,  P.A.   ( 1991 ) 
 Evolutionary Genetics and Environmental 
Stress ,  Oxford University Press ,  New 
York .  

51     Maynard Smith ,  S.J.   ( 1978 )  The Evolution 
of Sex ,  Cambridge University Press , 
 Cambridge .  

52     Bell ,  G.   ( 1988 )  Sex and Death in 
Protozoa ,  Cambridge University Press , 
 Cambridge .  

53     Kassir ,  Y.  ,   Granot ,  D.    et al . ( 1988 )  IME1, 
a positive regulator gene of meiosis in 
 S. cerevisiae  .  Cell ,  52  ( 6 ),  853  –  862 .  

54     Bernstein ,  C.   and   Johns ,  V.   ( 1989 ) 
 Sexual reproduction as a response to 
H 2 O 2  damage in  Schizosaccharomyces 
pombe  .  J. Bacteriol. ,  171  ( 4 ),  1893  –  1897 .  

55     Harris ,  E.H.   ( 1989 )  The Chlamidomonas 
Sourcebook ,  Academic Press ,  New York .  

56     Kleiven ,  O.T.  ,   Larsson ,  P.    et al . ( 1992 ) 
 Sexual reproduction in daphnia - magna 
requires 3 stimuli .  Oikos ,  65  ( 2 ), 
 197  –  206 .  

57     Gemmill ,  A.W.  ,   Viney ,  M.E.    et al . ( 1997 ) 
 Host immune status determines 
sexuality in a parasitic nematode . 
 Evolution ,  51  ( 2 ),  393  –  401 .  

58     Mai ,  B.   and   Breeden ,  L.   ( 2000 )  CLN1 
and its repression by Xbp1 are important 
for effi cient sporulation in budding 
yeast .  Mol. Cell. Biol. ,  20  ( 2 ),  478  –  487 .  

59     West ,  S.A.  ,   Gemmill ,  A.W.    et al . ( 2001 ) 
 Immune stress and facultative sex in a 
parasitic nematode .  J. Evol. Biol. ,  14  ( 2 ), 
 333  –  337 .  

60     Grishkan ,  I.  ,   Korol ,  A.B.    et al . ( 2003 ) 
 Ecological stress and sex evolution in 
soil microfungi .  Proc. Roy. Soc. Lond. B , 
 270  ( 1510 ),  13  –  18 .  

61     Van Kleunen ,  M.   and   Fischer ,  M.   ( 2003 ) 
 Effects of four generations of density -
 dependent selection on life history 
traits and their plasticity in a clonally 
propagated plant .  J. Evol. Biol. ,  16  ( 3 ), 
 474  –  484 .  

62     Mitchell ,  S.E.  ,   Read ,  A.F.    et al . ( 2004 ) 
 The effect of a pathogen epidemic on 
the genetic structure and reproductive 
strategy of the crustacean  Daphnia 
magna  .  Ecol. Lett. ,  7  ( 9 ),  848  –  858 .  

63     Bell ,  G.   ( 1982 )  The Masterpiece of Nature: 
The Evolution and Genetics of Sexuality , 
 University of California Press ,  Berkeley .  

64     Hadany ,  L.   and   Otto ,  S.P.   ( 2007 )  The 
evolution of condition - dependent sex in 
the face of high costs .  Genetics ,  176  ( 3 ), 
 1713  –  1727 .  

65     Fisher ,  R.A.   ( 1941 )  Average excess and 
average effect of a gene substitution . 
 Ann. Eugen. ,  11 ,  53  –  63 .  

66     Williams ,  G.C.   ( 1975 )  Sex and Evolution , 
 Princeton University Press ,  Princeton, 
N.J .  

67     Bateson ,  P.   ( 1982 )  Preference for 
cousins in Japanese quail .  Nature ,  295  
( 5846 ),  236  –  237 .  

68     Bengtsson ,  B.O.   ( 1978 )  Avoiding 
inbreeding    –    at what cost?   J. Theor. Biol. , 
 73 ,  439  –  444 .  

69     Pusey ,  A.   and   Wolf ,  M.   ( 1996 ) 
 Inbreeding avoidence in animals .  Trends 
Ecol. Evol. ,  11 ,  201  –  206 .  

70     Roze ,  D.   and   Rousset ,  F.   ( 2005 ) 
 Inbreeding depression and the evolution 
of dispersal rates: a multilocus model . 
 Am. Nat. ,  166 ,  708  –  721 .  

71     Hamilton ,  W.D.   and   May ,  R.M.   ( 1977 ) 
 Dispersal in stable habitats .  Nature ,  279 , 
 578  –  581 .  

72     Comins ,  H.N.  ,   Hamilton ,  W.D.    et al . 
( 1980 )  Evolutionary stable dispersal 
strategies .  J. Theor. Biol. ,  82 ,  205  –  230 .  

73     McPeek ,  M.A.   and   Holt ,  R.D.   ( 1992 )  The 
evolution of dispersal in spatially and 
temporally varying environments .  Am. 
Nat. ,  140  ( 6 ),  1010  –  1027 .  

74     Travis ,  J.M.J.   and   Dytham ,  C.   ( 1998 ) 
 The evolution of dispersal in a 
metapopulation: a spatially explicit, 
individual - based model .  Proc. Roy. Soc. 
Lond. B ,  265 ,  17  –  23 .  

75     Clobert ,  J.J.  ,   Danchin ,  E.    et al . ( 2001 ) 
 Dispersal ,  Oxford University Press , 
 Oxford .  

76     Murray ,  B.B.G.   ( 1967 )  Dispersal in 
vertebrates .  Ecology ,  48  ( 6 ),  975 .  

77     Lidicker ,  W.W.Z.   ( 1975 )  The role of 
dispersal in the demography of small 
mammals , in  Mammalian Dispersal 
Patterns  (eds   F.B.   Golley  ,   K.   Petrusewicz   
and   L.   Ryszkowsky  ),  Cambridge 
University Press ,  London , pp.  103  –  128 .  

78     Dobson ,  F.F.S.   ( 1982 )  Competition for 
mates and predominant juvenile male 
dispersal in mammals .  Anim. Behav. ,  
30  ( 4 ),  1183  –  1192 .  



 16  1 On the Role of Stress in Evolution

79     Gaines ,  M.S.   and   McClenaghan ,  L.R.   
( 1980 )  Dispersal in small mammals . 
 Annu. Rev. Ecol. Syst. ,  11  ( 1 ),  163  –  196 .  

80     Mech ,  L.L.D.   ( 1987 )  Age, season, 
distance, direction, and social aspects of 
wolf dispersal from a Minnesota pack , in 
 Mammalian Dispersal Patterns  (eds   B.D.  
 Chepko Sade   and   T.   Halpin  ),  Chicago 
Press ,  Chicago , pp.  55  –  74 .  

81     Anderson ,  P.K.   ( 1989 )  Dispersal in 
Rodents: A Resident Fitness Hypothesis , 
 American Society of Mammalogists , 
 Provo .  

82     Hanski ,  I.   ( 1991 )  Natal dispersal and 
social dominance in the common 
shrew  Sorex araneus  .  Oikos ,  62 ,  48  –  58 .  

83     Gese ,  E.E.M.  ,   Ruff ,  R.L.    et al . ( 1996 ) 
 Social and nutritional factors infl uencing 
the dispersal of resident coyotes .  Anim. 
Behav. ,  52  ( 5 ),  1025  –  1043 .  

84     Alonso ,  J.C.  ,   Martin ,  E.    et al . ( 1998 ) 
 Proximate and ultimate causes of natal 
dispersal in the great bustard,  Otis tarda  . 
 Behav. Ecol. ,  9 ,  243  –  252 .  

85     Altwegg ,  R.  ,   Ringsby ,  T.H.    et al . ( 2000 ) 
 Phenotypic correlates and consequences 
of dispersal in a metapopulation of 
house sparrows,  Passer domesticus  . 
 J. Anim. Ecol. ,  69 ,  762  –  770 .  

86     Serrano ,  D.D.  ,   Tella ,  J.L.    et al . ( 2001 ) 
 Factors affecting breeding dispersal in 
the facultatively colonial lesser kestrel: 
individual experience vs. conspecifi c 
cues .  J. Anim. Ecol. ,  70  ( 4 ),  568  –  578 .  

87     Forero ,  M.G.  ,   Donazar ,  J.A.    et al . ( 2002 ) 
 Causes and fi tness consequences of 
natal dispersal in a population of black 
kites .  Ecology ,  83 ,  858  –  972 .  

88     Hanski ,  I.   and   Gilpin ,  M.E.   (eds) ( 1997 ) 
 Metapopulation Biology: Ecology, Genetics, 
and Evolution ,  Academic Press ,  San 
Diego .  

89     Brown ,  J.H.   and   Kodric - Brown ,  A.   ( 1977 ) 
 Turnover rates in insular biogeography: 
effect of immigration on extinction . 
 Ecol. Lett. ,  58 ,  445  –  449 .  

90     Fahrig ,  L.   and   Merriam ,  G.   ( 1985 ) 
 Habitat patch connectivity and 
population survival .  Ecol. Lett. ,  66 , 
 1762  –  1768 .  

91     Pulliam ,  R.   ( 1988 )  Sources, sinks and 
population regulation .  Am. Nat. ,  132 , 
 652  –  661 .  

92     Holt ,  R.D.   ( 1985 )  Population - dynamics 
in 2 - patch environments    –    some 
anomalous consequences of an optimal 
habitat distribution .  Theor. Popul. Biol. , 
 28  ( 2 ),  181  –  208 .  

93     Doak ,  D.F.   ( 1995 )  Source – sink models 
and the problem of habitat degradation: 
general models and applications to the 
Yellowstone Grizzly .  Conserv. Biol. ,  9 , 
 1370  –  1379 .  

94     Amarasekare ,  P.   ( 2004 )  The role of 
density - dependent dispersal in 
source - sink dynamics .  J. Theor. Biol. ,  
226  ( 2 ),  159  –  168 .  

95     Wright   ( 1931 )  Evolution in mendelian 
populations .  Genetics ,  16 ,  97  –  159 .  

96     Wright ,  S.S.M.   ( 1982 )  Character change, 
speciation, and the higher taxa . 
 Evolution ,  36 ,  427 .  

97     Wade ,  M.J.   and   Goodnight ,  C.J.   ( 1991 ) 
 Wright ’ s shifting balance theory: an 
experimental study .  Science ,  253  ( 5023 ), 
 1015  –  1018 .  

98     Moore ,  F.F.B.G.   and   Tonsor ,  S.J.   ( 1994 ) 
 A simulation of Wright ’ s Shifting 
balance process: migration and the three 
phases .  Evolution   48 ,  69 .  

99     Coyne ,  J.A.  ,   Barton ,  N.H.    et al . ( 1997 ) 
 Perspective: a critique of Sewall Wright ’ s 
shifting balance theory of evolution . 
 Evolution ,  51  ( 3 ),  643  –  671 .  

100     Peck ,  S.L.  ,   Ellner ,  S.P.    et al . ( 2000 ) 
 Varying migration and deme size and 
the feasibility of the shifting balance . 
 Evolution Int. J. Org. Evolution ,  54  ( 1 ), 
 324  –  327 .  

101     Hadany ,  L.  ,   Eshel ,  I.    et al . ( 2004 )  No 
place like home: competition, dispersal 
and complex adaptation .  J. Evol. Biol. , 
 17  ( 6 ),  1328  –  1336 .  

102     Foster ,  P.L.   ( 2005 )  Stress responses and 
genetic variation in bacteria .  Mutat. Res. , 
 569  ( 1 – 2 ),  3  –  11 .  

103     Venzke ,  S.  ,   Michel ,  N.    et al . ( 2006 ) 
 Expression of Nef downregulates 
CXCR4, the major coreceptor of human 
immunodefi ciency virus, from the 
surfaces of target cells and thereby 
enhances resistance to superinfection . 
 J. Virol. ,  80  ( 22 ),  11141  –  11152 .  

104     Leontiev ,  V.  ,   Maury ,  W.    et al . ( 2008 ) 
 Drug - induced superinfection in HIV and 



 References  17

the evolution of drug resistance .  Genet. 
Infect. Evol. ,  8 ,  40  –  50 .  

105     McEwen ,  B.   and   Lasley ,  E.N.   ( 2002 )  The 
End of Stress As We Know It ,  Joseph 
Henry Press .  

106     Wyllie ,  A.H.   ( 1980 )  Glucocorticoid -
 induced thymocyte apoptosis is 
associated with endogenous 
endonuclease activation .  Nature ,  284  
( 5756 ),  555  –  556 .  

107     Cohen ,  J.J.   and   Duke ,  R.C.   ( 1984 ) 
 Glucocorticoid activation of a calcium -
 dependent endonuclease in thymocyte 
nuclei leads to cell - death .  J. Immunol. , 
 132  ( 1 ),  38  –  42 .  

108     Hadany ,  L.  ,   Beker ,  T.    et al . ( 2006 )  Why 
is stress so deadly? An evolutionary 
perspective .  Proc. Biol. Sci. ,  273  ( 1588 ), 
 881  –  885 .  

109     Euker ,  J.S.  ,   Meites ,  J.    et al . ( 1975 ) 
 Effects of acute stress on serum Lh 
and prolactin in intact, castrate and 
dexamethasone - treated male rats . 
 Endocrinology ,  96  ( 1 ),  85  –  92 .  

110     Gray ,  G.D.  ,   Smith ,  E.R.    et al . ( 1978 ) 
 Neuroendocrine mechanisms mediating 
suppression of circulating testosterone 
levels associated with chronic stress in 
male rats .  Neuroendocrinology ,  25  ( 4 ), 
 247  –  256 .  

111     Rivier ,  C.  ,   Rivier ,  J.    et al . ( 1986 ) 
 Stress - induced inhibition of reproductive 
functions    –    role of endogenous cortico-
tropin - releasing factor .  Science ,  231  
( 4738 ),  607  –  609 .   

    






