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Abstract The notion of intragenomic bet-hedging is

introduced by modeling a system where one locus is seen as

setting the ‘‘environment’’ for selection in a two-locus genetic

system. Using a spatially structured simulation model I show

that bet-hedging alleles with a lower mean fitness and lower

variance of fitness across genotypes at a different locus can go

to fixation, potentially providing a mechanism for the

reduction of severe heterozygote advantage.
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Bet-hedging—buffering effects of the environment

In a series of seminal articles, Gillespie outlined the con-

sequences of viewing reproductive output of genotypes and

individuals as random variables (Gillespie 1973, 1975,

1977). One of the interesting outcomes of such a per-

spective is a phenomenon later dubbed evolutionary bet-

hedging (Slatkin 1974); the basic idea is that common

idioms like ‘putting all the eggs in the same basket’ and ‘a

bird in the hand is better than two in the bush’ have their

evolutionary counterparts (Seger and Brockmann 1987;

Philippi and Seger 1989). In population genetic models

with discrete generations, evolution maximizes the geo-

metric mean fitness of a genotype (Levins 1968; Dempster

1955; Lewontin and Cohen 1969) and, since this measure is

sensitive to variability, alleles that sacrifice some payoff (in

terms of arithmetic mean fitness) for less variable payoffs

can be favoured. Similar aspects are found in structured

populations with overlapping generations, where fitness

measures predicting the invasion and fixation of alleles are

also of a multiplicative nature where the variability of

success is important (Metz et al. 1992; Lande 2007),

though usually not phrased in terms of bet-hedging

strategies.

In a classic example of evolutionary bet-hedging by

Philippi and Seger (1989) years are either dry or wet, with

one strategy (or morph) doing well in dry conditions and

another doing well in wet years. In such a setting, a gen-

eralist strategy with a higher geometric mean fitness than

either of these two specialists will invade, even if it has a

lower arithmetic mean fitness. In other words, in an

unpredictable environment, it is better to do on average

bad, but stable as opposed to sometimes bad and sometimes

good. In this perspective bet-hedging strategies ‘buffer’

against the effect of the environment, performing more

evenly across environmental conditions. Two types of bet-

hedging strategies are recognized, depending on the grain

of the environment. The example above serves to illustrate

between-generation bet-hedging; the environment varies

across years and all individuals of a given generation

experiencing the same environment. Another route is

dubbed within-generation bet-hedging in which all indi-

viduals of a given generation need not experience the same

environment. If in every generation some individuals

experience dry conditions while others wet, bet-hedging

strategies can invade although under a more restricted

set of assumptions. As the approximation for what
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is maximized under between-generation bet-hedging is

l� r2

2l (l—arithmetic mean genotypic fitness, r2—vari-

ance in genotypic fitness, Gillespie 1973), whereas under

within-generation bet-hedging the maximand is l� r2

N

(Gillespie 1975), where N is the population size. Popula-

tion sizes are often fairly large and within-generation bet-

hedging has thus been described as a seductive explanation

but an unlikely scenario (Hopper and Rosenheim 2003;

Hopper 1999). These measures have been developed for

large panmictic populations; however when the population

exhibits spatial structuring (for instance consisting of a

number of patches with limited connectivity), bet-hedging

strategies can be favoured, despite total population sizes

being large. When a population is locally regulated at the

level of the patches, within-generation bet-hedging can still

occur (see Lehmann and Balloux 2007 for an example, also

see Hopper 1999, Rice and Papadopoulos 2009).

Intragenomic bet-hedging—buffering the effect of other

loci

Here I look at within-generation bet-hedging in a new

perspective. In previous examples of bet-hedging the

environment has always been portrayed as external to the

individuals or that the fitnesses are drawn from a proba-

bility distribution. Here I introduce the notion that the

‘‘environment’’ (sensu latu) of a locus can also be seen as

other loci, and give a proof of principle of intragenomic

within-generation bet-hedging.

Using a two-locus system, I compare a deterministic

population genetics model (assuming infinite population

size) with an individual-based simulation model in which the

same genetic system exists, but the population has varying

degrees of spatial structuring. To introduce the intragenomic

equivalent of different environments, one locus experiences

varying degrees of heterozygote advantage, determined by

three ‘‘environments’’ (the genotypes BB, Bb/bB and BB).

The bet-hedging locus modifies the level of heterozygote

advantage in the other, with allele a giving a lower mean

fitness but a lower variance across the ‘‘environmental’’

genotypes. Figure 1 (and Table 1) show an example of a

fitness landscape in which large panmictic populations leads

to the fixation of an allele that yields a high arithmetic mean

fitness with high variance (allele A) and thus less degree of

bet-hedging. Figure 2 compares population genetical deter-

ministic evolution to simulations of structured populations in

which the bet-hedging allele a can increase to fixation (allele

a). Since the simulations use finite population sizes, the

impact of drift will also increase and counteract the selection

for allele A. Drift alone, however, will only drive the pro-

portion of simulations with the fixation of allele a towards

0.5, the initial allele frequencies in the simulations. In the

examples, the fixation probability of the bet-hedging allele

increases to unity with small deme sizes. This shows that in

structured populations, selection can favor the evolution of

intragenomic bet-hedging alleles, and that under some cir-

cumstances spatially structured populations might give rise

to selection against severe heterozygote advantage. Table 2

Fig. 1 The fitness landscape used in the population genetic model,

leading to a fixation for allele A and frequency 0.5 for allele B/b at the

‘‘environmental’’ locus. For the simulations presented in Table 2 and

Fig. 2 these fitnesses are interpreted as fecundities and multiplied by 20

Table 1 The fitnesses of the genotypes used in the examples. The

arithmetic mean fitnesses and variances are calculated for each

genotype at the bet-hedging locus given a frequency of 0.5 for the

environmental alleles (genotype frequencies given in brackets). The

AA genotype (and the marginal fitness of the A allele, not shown) has

a higher expected fitness in a well mixed population (arithmetic mean

across genotypes at the ‘‘environmental’’ locus), but in small or

structured populations the variance is also of importance, in which

selection of the a allele leading to intragenomic bet-hedging. The

fecundities used in the simulations are multiplied by 20. The arith-

metic means are then the ones reported in the table times 20, whereas

the variances are the ones reported times 400 (20 9 20)

Bet-hedging locus 

AA Aa / aA aa 

“E
nv

ir
on

m
en

ta
l”

 lo
cu

s BB ( ¼ ) 0.3 0.4 0.55 

Bb / bB ( ½ ) 1 0.8 0.6 

bb ( ¼ ) 0.3 0.4 0.55 

Arithmetic mean (µ) 0.65 0.6 0.575 

Variance (σ 2) 0.1225 0.04 0.006 
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shows the output of simulations using a wider range of set-

tings for different levels of population structuring. As classic

bet-hedging ‘buffers’ against the impact of environmental

fluctuations, intragenomic bet-hedging can ‘buffer’ against

the impact of fitness differences at other loci, and in the

example here specifically it may lead to the buffering of

heterozygote advantage.

In addition to the above implication that population

structure can lead to selection for alleles minimizing the

impact of heterozygote advantage, the fact that population

structure directly affects which allele is favored in the

simulations can also be interpreted as a mechanism for the

preservation of allelic diversity. From the example, some

types of population structuring might give rise to a form of

stabilizing selection in which the population level favoring

of the allele giving the highest arithmetic mean and the

‘lower’ level selection more sensitive to variability of fit-

ness balances each other.

In the model presented, there are only two loci and with

spatial structuring of populations there can be selection

against strong heterozygote advantage. The fitness alloca-

tions were purely phenomenological, but if the fitness of

each genotype is seen as coming about through one par-

ticular phenotypic trait, one possible way to reduce strong

heterozygote advantage could be by making the trait more

polygenic. The importance of intragenomic within-gener-

ation bet-hedging in the evolution of heterozygote advan-

tage across other genotypes deserves further investigation.
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Table 2 Fixation probabilities of the bet-hedging allele a. The pop-

ulation structure was manipulated by varying the number and size of

subpopulations. The fitness landscape from Fig. 1 was used as

fecundities in the model. See figure legend for simulation details. As

the size of the demes decrease, the probability of fixation of the bet-

hedging allele a increase

Number of demes (n)

100 10 6

Deme size (Ni) 100 0 0 0

10 0.96 0.81 0.68

6 1 0.99 0.93

Fig. 2 The dashed line give the evolution of the frequency of the bet-

hedging allele a in a classic population genetic model with infinite

population sizes. The full lines give three examples of a simulation

with the same genetic system but with n = 20 demes of size Ni = 6

and dispersal (pdisperse = 0.01). The frequency of the environmental

alleles rapidly approach 0.5 in the population genetic model, and

fluctuate around 0.5 in the simulations (not shown). In a structured

population the a allele is fixed yielding a lower arithmetic mean

fitness. (Simulation model: The model has individuals with the same

genetic system as in the population genetics model in the figures. The

population consists of n patches in which Ni individuals survive

population regulation. For each generation individuals in every patch

are paired (if there is an odd number of individuals one is removed)

and they mate. The genotype of one randomly chosen individual in

the pair determines the reproductive output according to the fitness

table, and offspring acquire their alleles randomly following classic

segregation. These offspring then disperse to a randomly selected

patch with a fixed probability (pdisperse = 0.01), after which maximum

Ni individuals in each patch survive to mate. The simulations were

initiated with Ni 9 n individuals with randomly drawn alleles, i.e.

initial frequencies of all alleles were 0.5)
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