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Figure 2: Modified from Bell (1994). Diversity of life cycles among eukaryotes. Life cycles are classified according to the
size and complexity of the haploid and the diploid phases. Phaeophytes, rhodophytes and chlorophytes exhibit a large
range of life cycles and examples are given in brown, red and green respectively. Abbreviations: H, haploid vegetative
growth; D, diploid vegetative growth; S, sexual cycle; f, gamete fusion; m, meiosis; h, haplospores; d, diplospores.

1.2 Diversity of life cycles

The relative development of the haploid and the diploid phases is extremely variable between

species (Figure 2). When both phases present a vegetative development, the life cycle may be

isomorphic, with morphologically similar haploid and diploid generations, or heteromorphic.

For instance, in Dictyotales, the gametophyte and the sporophyte have morphologically iden-

tical thalli, in Porphyra, the gametophyte is macroscopic while the sporophyte is microscopic,

and in Laminaria, the gametophyte is microscopic. Some large phyla are fixed for haploid

or diploid life cycles (charophytes and zygomycetes are purely haplontic, while animals and

ciliates are strictly diplontic), suggesting that life cycle evolution may be narrowly constrained

in those phyla. However, in phyla where both haploid and diploid individuals undergo mitotic

development, their is a great deal of variation in the relative degree of development of both

phases. For instance, chlorophyta (green algae), phaeophyta (brown algae) and rhodophytoa
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the effect of selection will be minimized, as the genotypes
making up the next generation are determined by ran-
dom chance rather than by competitive ability or any
other measure of fitness. As the replicate lines are
propagated, random mutations gradually accumulate,
and after numerous bottlenecks and a sufficiently large
number of generations (usually hundreds or thousands,
for yeast), the experimenter is rewarded with a collection
of random mutations distributed among the MA lines.
The properties of those random mutations can then be
examined using fitness assays and statistical analyses.

Korona [10] used such an experiment to compare the
fitness effects of random mutations in haploids and
diploids. First, MA was performed in haploids, using a
genetic ploy to accelerate mutation accumulation: the
DNA mismatch repair system was inactivated by dele-
tion of the MSH2 gene (which in addition to increasing
the speed of MA may also alter the spectrum of muta-
tions that accumulate). After random mutations had
accumulated, ploidy was manipulated. Using crosses
between and within MA lines, diploids that were het-
erozygous or homozygous for the accumulated muta-
tions were constructed, and the fitnesses of all genotypes
were assayed.

Fitness values for heterozygotes showed no particular
relationship to the fitness values of the haploids used to
construct them, and gave a somewhat unclear picture of
the nature of the random mutations and of the inter-
actions among them. Dominance and selection coeffi-
cients were negatively correlated – in other words,
mutations with the most severe effects were also the
most recessive, as in Drosophila [8]. The data also sug-
gested epistasis, or interactions between mutations at

different loci in their fitness effects. With these compli-
cations, Korona’s estimate of h ¼ 0:08, while suggesting
that harmful mutations are recessive enough to provide
diploids a large advantage in masking them, must be
taken with caution. An additional complication is that
the fitness effects of these mutations may be much
greater in harsh environments, such as under thermal
stress [11] than in the usual benign lab environment.

Even if mutations are frequent and recessive enough
to give diploids an immediate advantage by masking
those mutations, there is a longer-term problem with
this hypothesis. Diploids have twice as many genes that
can mutate, and the masking effect that initially spares
diploids from the fitness cost of mutations then allows
those mutations to accumulate, hidden from natural
selection by that same heterozygosity. Eventually, when
mutation and selection have reached a balance, a lineage
of diploids will be less fit than a lineage of haploids [12].
Attempts have been made to rescue the masking hy-
pothesis by allowing co-existing haploids and diploids to
interbreed [13] or by assuming high mutation rates and a
pattern of selection in which fitness is an all-or-none
outcome of the number of mutations a genotype carries
[14]. Although this pattern of ‘‘truncation selection’’
may apply in some populations that are controlled by an
upper limit on their density, there is no indication that
truncation selection is typical, so these rescue attempts
are unconvincing as explanations for a trait as wide-
spread as diploidy.

4. Genetic variation in diploids

Because the theories described to date all offer im-
mediate advantages for diploidy, they are all candidates
for explaining the evolutionary origin of diploidy, and
its initial spread. What remains to be discussed is a va-
riety of theories that provide longer-term advantages.
Natural selection, the reproductive advantage of some
types over their competitors, has no predictive capacity,
so a trait can be favored only if it provides an immediate
advantage. For this reason it is important to distinguish
between the long-term effects of a trait such as diploidy,
and explanations for its evolution. This means that even
though, as discussed above, the long-term effect of
masking deleterious mutations is to reduce diploid fit-
ness, the immediate benefit of masking may be enough
to allow diploidy to evolve, despite its eventual cost of a
greater load of harmful mutations [12], especially be-
cause any subsequent reversion to haploidy will reduce
fitness by fully expressing the accumulated harmful
mutations. This blindness of selection to the future poses
a problem for the remaining theories of the evolution of
diploidy discussed below, since their hypothesized ad-
vantages generally would not have appeared for many
generations [6].

Serial transfer of random single colonies – 
mutation accumulation (MA)

ancestor

Fitness assays and 
estimation of

parameters (fitness
cost, dominance, rate

of occurrence) of 
spontaneous mutation

replicate MA lines

Fig. 1. Schematic illustration of a mutation accumulation (MA) ex-
periment. Multiple replicate MA lines are simultaneously established
from a single ancestor and propagated through a series of population
bottlenecks (often a single colony, representing a bottleneck of the
single cell that founded it). Colonies are chosen randomly. Since there
is no selection, other than that against lethal mutations, random mu-
tations (represented as gray dots on linear chromosomes) accumulate.
Following MA, the fitness of each line is compared to the fitness of the
ancestor. From the rate of decline in average fitness of the lines, and
the increase in the variance in fitness among lines, parameters such
as the mutation rate and the average effect of each mutation can be
estimated.
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81Fitness of Haploid and Diploid Yeast

Figure 4.—Selection coefficients of half-loaded heterozy-
gous (sLi/U) and loaded homozygous diploids (sLi/Li). Li denotes
a loaded haploid genotype that was mated with several un-
loaded haploids, resulting in half-loaded heterozygotes (Li/
U, compare Figure 1), or used to derive a homozygote (Li/
Li). In this graph, the sLi/U coefficients form a column over
the single sLi/Li coefficient. (The sLi/U coefficients were obtained
by relating half-loaded heterozygotes to unloaded heterozy-Figure 3.—Maximum growth rates of genetically unloaded
gotes. The sLi/Li coefficients were obtained by relating loaded(empty bars and letter U) and loaded (dotted bars and letter
homozygotes to unloaded homozygotes; see the text for de-L) haploid strains in which mismatch repair and mitochon-
tails.)drial function were restored. Vertical lines indicate 95% con-

fidence limits on the slopes of the regression lines. (a) The
aL strains were derived from am strains (compare Figure 2a).
(b) The aL strains were derived from ap strains (compare type). Thus, the average selection coefficient of loaded
Figure 2b).

heterozygotes was s 5 0.046.
Dominance coefficient (h): The average dominance coef-

ficient of the new mutations can be calculated as theThe average relative fitness of the L/L homozygotes
was then compared with the average relative fitness of ratio of the selection coefficient of a half-loaded hetero-

zygote, sU/L, to the selection coefficient of a loaded ho-the L haploids. The two L strains forwhich L/L homozy-
gotes could not be constructed were excluded from the mozygote, sL/L. Figure 4 shows the distributions of both

selection coefficients. The average coefficient of domi-analysis. The average relative fitness of the remaining 11
L strains was 0.752. There was no statistically significant nance was h 5 0.08.

Variation among loaded heterozygotes: The b coefficientsdifferencewhen isogenic haploids and homozygous dip-
loids were compared in a paired t -test (t 5 1.166, d.f. 5 (MGRs) of 42 fully loaded heterozygotes were compared

in a single-classification ANOVA. The variance compo-10, P 5 0.271). The test of the correlation between
haploids and homozygotes is reported in the section on nent due todifferences among theMGRswas statistically

significant [0.0260 6 0.0122; the 95% confidence limitsfitness transitions.
Heterozygous diploids: Figure 1 provides details of were found by a jacknife method (Sokal and Rohlf

1995, p. 821)]. The variance component due to errorthe matings that resulted in 42 groups of genetically
related heterozygous diploids. A group consisted of four of the MGR measurements was 0.0179 [the 95% confi-

dence limits were 0.0137 and 0.0239; Tate and Klett’sstrains: one unloaded, two half loaded, and one fully
loaded.Within each group the fully loaded diploid com- method (Sokal and Rohlf 1995, p. 157)].

Fitness transitions between haplo- and diplophase:bined mutations present in both half-loaded ones. Rela-
tive fitness of a loaded diploid was then calculated as The fitness of a diploid strain may be determined by

the fitness of the haploid strains from which the diploidits MGR divided by the MGR of an unloaded diploid.
This scaling of fitness was done separately within each was derived. This dependence would result in a correla-

tion between both values. There is also a possibility thatof the 42 groups.
Selection coefficient (s): The average fitness of fully the fitnesses of diploids sharing a particular L haploid

genotype tend to be similar to each other although notloaded heterozygotes, 0.954,was significantly lower than
one, that is, the fitness of unloaded heterozygotes (t 5 correlated with the fitness of this haploid. These two

hypotheses were tested and the results are provided in2.705, d.f. 5 41, P 5 0.010, if individual loaded heterozy-
gotes and the corresponding individual unloaded het- the following two sections.

Correlations: The MGRs of diploid homozygotes wereerozygotes were compared in pairs; or, t 5 4.175, d.f. 5
12, P 5 0.001, if a pair of comparison consisted of the correlated with the MGRs of the haploids from which

they were derived (Figure 5a). The results imply thataverage fitness of all heterozygotes sharing a particular
L haploid genotype and the average fitness of all hetero- there was a strong correspondence between the MGRs

of the haploid and diploid genetic phases as long as thezygotes sharing the corresponding U haploid geno-
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significant [0.0260 6 0.0122; the 95% confidence limitsfitness transitions.
Heterozygous diploids: Figure 1 provides details of were found by a jacknife method (Sokal and Rohlf

1995, p. 821)]. The variance component due to errorthe matings that resulted in 42 groups of genetically
related heterozygous diploids. A group consisted of four of the MGR measurements was 0.0179 [the 95% confi-

dence limits were 0.0137 and 0.0239; Tate and Klett’sstrains: one unloaded, two half loaded, and one fully
loaded.Within each group the fully loaded diploid com- method (Sokal and Rohlf 1995, p. 157)].

Fitness transitions between haplo- and diplophase:bined mutations present in both half-loaded ones. Rela-
tive fitness of a loaded diploid was then calculated as The fitness of a diploid strain may be determined by

the fitness of the haploid strains from which the diploidits MGR divided by the MGR of an unloaded diploid.
This scaling of fitness was done separately within each was derived. This dependence would result in a correla-

tion between both values. There is also a possibility thatof the 42 groups.
Selection coefficient (s): The average fitness of fully the fitnesses of diploids sharing a particular L haploid

genotype tend to be similar to each other although notloaded heterozygotes, 0.954,was significantly lower than
one, that is, the fitness of unloaded heterozygotes (t 5 correlated with the fitness of this haploid. These two

hypotheses were tested and the results are provided in2.705, d.f. 5 41, P 5 0.010, if individual loaded heterozy-
gotes and the corresponding individual unloaded het- the following two sections.

Correlations: The MGRs of diploid homozygotes wereerozygotes were compared in pairs; or, t 5 4.175, d.f. 5
12, P 5 0.001, if a pair of comparison consisted of the correlated with the MGRs of the haploids from which

they were derived (Figure 5a). The results imply thataverage fitness of all heterozygotes sharing a particular
L haploid genotype and the average fitness of all hetero- there was a strong correspondence between the MGRs

of the haploid and diploid genetic phases as long as thezygotes sharing the corresponding U haploid geno-
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Figure 4.—Selection coefficients of half-loaded heterozy-
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loaded haploids, resulting in half-loaded heterozygotes (Li/
U, compare Figure 1), or used to derive a homozygote (Li/
Li). In this graph, the sLi/U coefficients form a column over
the single sLi/Li coefficient. (The sLi/U coefficients were obtained
by relating half-loaded heterozygotes to unloaded heterozy-Figure 3.—Maximum growth rates of genetically unloaded
gotes. The sLi/Li coefficients were obtained by relating loaded(empty bars and letter U) and loaded (dotted bars and letter
homozygotes to unloaded homozygotes; see the text for de-L) haploid strains in which mismatch repair and mitochon-
tails.)drial function were restored. Vertical lines indicate 95% con-

fidence limits on the slopes of the regression lines. (a) The
aL strains were derived from am strains (compare Figure 2a).
(b) The aL strains were derived from ap strains (compare type). Thus, the average selection coefficient of loaded
Figure 2b).
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was then compared with the average relative fitness of ratio of the selection coefficient of a half-loaded hetero-

zygote, sU/L, to the selection coefficient of a loaded ho-the L haploids. The two L strains forwhich L/L homozy-
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Variation among loaded heterozygotes: The b coefficientsdifferencewhen isogenic haploids and homozygous dip-
loids were compared in a paired t -test (t 5 1.166, d.f. 5 (MGRs) of 42 fully loaded heterozygotes were compared

in a single-classification ANOVA. The variance compo-10, P 5 0.271). The test of the correlation between
haploids and homozygotes is reported in the section on nent due todifferences among theMGRswas statistically

significant [0.0260 6 0.0122; the 95% confidence limitsfitness transitions.
Heterozygous diploids: Figure 1 provides details of were found by a jacknife method (Sokal and Rohlf

1995, p. 821)]. The variance component due to errorthe matings that resulted in 42 groups of genetically
related heterozygous diploids. A group consisted of four of the MGR measurements was 0.0179 [the 95% confi-

dence limits were 0.0137 and 0.0239; Tate and Klett’sstrains: one unloaded, two half loaded, and one fully
loaded.Within each group the fully loaded diploid com- method (Sokal and Rohlf 1995, p. 157)].

Fitness transitions between haplo- and diplophase:bined mutations present in both half-loaded ones. Rela-
tive fitness of a loaded diploid was then calculated as The fitness of a diploid strain may be determined by

the fitness of the haploid strains from which the diploidits MGR divided by the MGR of an unloaded diploid.
This scaling of fitness was done separately within each was derived. This dependence would result in a correla-

tion between both values. There is also a possibility thatof the 42 groups.
Selection coefficient (s): The average fitness of fully the fitnesses of diploids sharing a particular L haploid

genotype tend to be similar to each other although notloaded heterozygotes, 0.954,was significantly lower than
one, that is, the fitness of unloaded heterozygotes (t 5 correlated with the fitness of this haploid. These two

hypotheses were tested and the results are provided in2.705, d.f. 5 41, P 5 0.010, if individual loaded heterozy-
gotes and the corresponding individual unloaded het- the following two sections.

Correlations: The MGRs of diploid homozygotes wereerozygotes were compared in pairs; or, t 5 4.175, d.f. 5
12, P 5 0.001, if a pair of comparison consisted of the correlated with the MGRs of the haploids from which

they were derived (Figure 5a). The results imply thataverage fitness of all heterozygotes sharing a particular
L haploid genotype and the average fitness of all hetero- there was a strong correspondence between the MGRs

of the haploid and diploid genetic phases as long as thezygotes sharing the corresponding U haploid geno-

SelecHon	
  coefficent	
  
in	
  homozygous	
  diploids	
  

Se
le
cH
on

	
  c
oe

ffi
ce
nt
	
  	
  

in
	
  h
et
er
oz
yg
ou

s	
  d
ip
lo
id
s	
  

Muta/on	
  accumula/on	
  lines	
  in	
  yeast	
  

(Korona	
  1999)	
  

(!!!)!
aa	
  
*	
  
*	
  

Aa	
  
*	
  

(ℎ!!!)!

•  EsHmate	
  of	
  the	
  average	
  dominance:	
  
•  EsHmate	
  from	
  other	
  studies:	
  

ℎ = 0.08 
ℎ = 0.2 (Agrawal	
  and	
  Whitlock	
  2011,	
  

Manna	
  et	
  al	
  2011)	
  



81Fitness of Haploid and Diploid Yeast

Figure 4.—Selection coefficients of half-loaded heterozy-
gous (sLi/U) and loaded homozygous diploids (sLi/Li). Li denotes
a loaded haploid genotype that was mated with several un-
loaded haploids, resulting in half-loaded heterozygotes (Li/
U, compare Figure 1), or used to derive a homozygote (Li/
Li). In this graph, the sLi/U coefficients form a column over
the single sLi/Li coefficient. (The sLi/U coefficients were obtained
by relating half-loaded heterozygotes to unloaded heterozy-Figure 3.—Maximum growth rates of genetically unloaded
gotes. The sLi/Li coefficients were obtained by relating loaded(empty bars and letter U) and loaded (dotted bars and letter
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significant [0.0260 6 0.0122; the 95% confidence limitsfitness transitions.
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1995, p. 821)]. The variance component due to errorthe matings that resulted in 42 groups of genetically
related heterozygous diploids. A group consisted of four of the MGR measurements was 0.0179 [the 95% confi-

dence limits were 0.0137 and 0.0239; Tate and Klett’sstrains: one unloaded, two half loaded, and one fully
loaded.Within each group the fully loaded diploid com- method (Sokal and Rohlf 1995, p. 157)].

Fitness transitions between haplo- and diplophase:bined mutations present in both half-loaded ones. Rela-
tive fitness of a loaded diploid was then calculated as The fitness of a diploid strain may be determined by

the fitness of the haploid strains from which the diploidits MGR divided by the MGR of an unloaded diploid.
This scaling of fitness was done separately within each was derived. This dependence would result in a correla-

tion between both values. There is also a possibility thatof the 42 groups.
Selection coefficient (s): The average fitness of fully the fitnesses of diploids sharing a particular L haploid

genotype tend to be similar to each other although notloaded heterozygotes, 0.954,was significantly lower than
one, that is, the fitness of unloaded heterozygotes (t 5 correlated with the fitness of this haploid. These two

hypotheses were tested and the results are provided in2.705, d.f. 5 41, P 5 0.010, if individual loaded heterozy-
gotes and the corresponding individual unloaded het- the following two sections.

Correlations: The MGRs of diploid homozygotes wereerozygotes were compared in pairs; or, t 5 4.175, d.f. 5
12, P 5 0.001, if a pair of comparison consisted of the correlated with the MGRs of the haploids from which

they were derived (Figure 5a). The results imply thataverage fitness of all heterozygotes sharing a particular
L haploid genotype and the average fitness of all hetero- there was a strong correspondence between the MGRs
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TABLE 2

Fitness of fully loaded heterozygotes grouped according
to the haploids from which they were derived

Source of variation d.f. MS F P

Among aL genotypes 6 0.004852 2.409 0.051
Among aL genotypes 5 0.002923 1.451 0.235
Unexplained 30 0.002014

Two-way ANOVA without replications was performed.

that this was due to the generally low fitness of the
heterozygotes containing genes from the aL3 haploid,
which, surprisingly, was the least loaded among the aL
strains (Figure 3a). The differences among the re-
maining 12 groups were small. The general conclusion
is that there was no significant dependence of loaded
heterozygous diploids on loaded haploids.

DISCUSSION

Quantitative traits are usually assumed to be influ-
enced by many genes with small individual effects. A
character is shaped by the additive effects of such genes
and by their interactions, both within and between loci.
Individuals sharing the same alleles will resemble each
other only if the interactions between genes are not
strong enough to obscure their additive effects. This
standard conceptual framework was applied in this
study. The maximum growth rate of yeast was chosen
as the trait that is quantitative and representative of
the organism’s fitness. Experimental accumulation of
random mutations revealed that the maximum growth
rate is indeed influenced mostly by many genes with
relatively small effects. However, the genetic relatedness
of organisms, such as in the case of a diploid and the
two haploids from which it was derived, did not result

Figure 5.—(a–c) Relationships of maximum growth rates in similarmaximum growth rates. It is suggested that the
(MGRs) between mutation-loaded strains. Genetic relation- unpredictability of fitness transitions between haploids
ships between haploids, half-loaded diploids, and fully loaded

and diploids does not merely reflect phenotypic differ-diploids are shown in Figure 1.
ences between these two genetic phases, but results from
the nonadditive fitness effects of the new alleles.

Accumulation of mutations: This study demonstratedcompared strains were isogenic. However, no correla-
tion was found when the MGR of a fully loaded but that strains deficient in mismatch repairmay be used for

efficient accumulation of mildly deleterious mutations.heterozygous diploid was related to the average MGR
of the two haploids from which it was derived (Figure The average fitness of mutator strains declined substan-

tially during the course ofmutation accumulation,while5b). The MGR of a fully loaded diploid can also be
related to the average MGR of the two relevant half- variation between the replicate lines increased (Figure

2, a and b). Neither acceleration nor deceleration inloaded diploids. This correlation is statistically signifi-
cant (Figure 5c). the rate of fitness decline were observed. Thus, the

pattern of fitness decline is in agreement with a simpleTwo-way ANOVA: The fully loaded heterozygotes can
be grouped according to the loaded haploids from model assuming that mutations happen at random in

different strains over time, and that their average effectwhich they were derived (lower right in Figure 1). A two-
way ANOVA without replication is presented in Table 2. does not change during the course of the experiment.

This conclusion must be taken cautiously, however, asThe differences between the aL genotypes are close to
the 0.05 significance level. Closer examination showed the accumulation of mutations was interrupted by the
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strong enough to obscure their additive effects. This
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tion was found when the MGR of a fully loaded but that strains deficient in mismatch repairmay be used for

efficient accumulation of mildly deleterious mutations.heterozygous diploid was related to the average MGR
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tially during the course ofmutation accumulation,while5b). The MGR of a fully loaded diploid can also be
related to the average MGR of the two relevant half- variation between the replicate lines increased (Figure

2, a and b). Neither acceleration nor deceleration inloaded diploids. This correlation is statistically signifi-
cant (Figure 5c). the rate of fitness decline were observed. Thus, the

pattern of fitness decline is in agreement with a simpleTwo-way ANOVA: The fully loaded heterozygotes can
be grouped according to the loaded haploids from model assuming that mutations happen at random in

different strains over time, and that their average effectwhich they were derived (lower right in Figure 1). A two-
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that this was due to the generally low fitness of the
heterozygotes containing genes from the aL3 haploid,
which, surprisingly, was the least loaded among the aL
strains (Figure 3a). The differences among the re-
maining 12 groups were small. The general conclusion
is that there was no significant dependence of loaded
heterozygous diploids on loaded haploids.
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enced by many genes with small individual effects. A
character is shaped by the additive effects of such genes
and by their interactions, both within and between loci.
Individuals sharing the same alleles will resemble each
other only if the interactions between genes are not
strong enough to obscure their additive effects. This
standard conceptual framework was applied in this
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way ANOVA without replication is presented in Table 2. does not change during the course of the experiment.

This conclusion must be taken cautiously, however, asThe differences between the aL genotypes are close to
the 0.05 significance level. Closer examination showed the accumulation of mutations was interrupted by the

(Korona	
  1999)	
  

SelecHon	
  coefficent	
  
in	
  haploids	
  

Se
le
cH
on

	
  c
oe

ffi
ce
nt
	
  	
  

in
	
  h
om

oz
yg
ou

s	
  d
ip
lo
id
s	
  

•  Same	
  selecHon	
  coefficient	
  in	
  haploids	
  and	
  homozygous	
  diploids:	
  

è EffecHve	
  dominance	
  lower	
  than	
  one:	
  
è SelecHon	
  for	
  an	
  increased	
  diploid	
  phase	
  

a	
  *	
  

a	
  *	
  
*	
  

(!)!

(!!!)!

!! ≈ 1!

ℎ!! < 1 



Muta/on	
  accumula/on	
  lines	
  in	
  yeast	
  
82 R. Korona

TABLE 2

Fitness of fully loaded heterozygotes grouped according
to the haploids from which they were derived

Source of variation d.f. MS F P

Among aL genotypes 6 0.004852 2.409 0.051
Among aL genotypes 5 0.002923 1.451 0.235
Unexplained 30 0.002014

Two-way ANOVA without replications was performed.
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Statistical analysis

All statistical analyses were performed in R (R version
3.0.2, packages: ‘lawstat’ version 2.4.1, ‘lme4’ version
1.17 and ‘nlme’ version 3.1-120). Individual statistical
tests are listed in the Results. All hybrid relative com-
petitive growth measures were log-transformed to pro-
duce measures of positive or negative heterosis for
competitive growth. We tested the intraspecies and
interspecies competitive growth for normality (Shapiro–
Wilk test: mid-parent heterosis: W = 0.953, P = 0.063,
Best-parent heterosis: W = 0.984, P = 0.781) and
homogeneity of variances (Levene’s test: mid-parent
heterosis: F1,44 = 0.041, P = 0.840, best-parent hetero-
sis: F1,44 = 0.001, P = 0.971) to ensure the correct use
of parametric tests.

Results

Colony counts from all competitive growth assays are
provided as Tables S1 and S2. Note that although
some authors use the word heterosis only to refer to
cases of hybrid outperforming parents, our measure of
heterosis can be negative (see Methods), which thus
describes parent outcompeting their hybrids.

Heterosis and genetic divergence in different
crosses

Genetic divergence ranged from 0.06% to 14%
(Table S1), but because of the global population struc-
ture of S. paradoxus, divergence clustered into four cate-
gories (Fig. 1): hybrids between S. paradoxus parents
from within the same continent (i.e. within Europe,
Asia or America, resulting in <1% sequence diver-
gence) with similar competitive growth than the paren-
tal average (group mean = !0.001%), hybrids between
S. paradoxus parents from adjacent continents (i.e.
between Europe and Asia, resulting in 1–2% sequence
divergence) with similar competitive growth to the par-
ental average (group mean = 0.012%), hybrids
between S. paradoxus parents from continents isolated
by oceans (i.e. crosses between America and Europe
and between America and Asia, resulting in 3–4%
sequence divergence) also with similar competitive
growth to the parental average (group mean =
!0.001%) and finally interspecific hybrids between
S. paradoxus and S. cerevisiae (13–14% sequence diver-
gence) with higher competitive growth than the parental
average (group mean = 4.3%).
Overall, there was a significant increase in mid-par-

ent heterosis for relative competitive growth with
increasing genetic divergence (F44 = 2127, P < 0.001,
Fig. 1), but the relationship was driven entirely by the
interspecific hybrids, which as a group showed strong
and significant positive mid-parent heterosis with
hybrids on average growing 4.3% better than the

average parent (one-sample t-test: t18 = 7.142,
P < 0.001). The intraspecific hybrids grew on average
0.2% better than their parents, but not significantly
(one-sample t-test: t26 = 0.628, P = 0.536). Interspecific
hybrids had significantly higher mid-parent heterosis
for competitive growth than intraspecific hybrids (two-
sample t-test: t44 = 4.547, P < 0.001). There was no sig-
nificant relationship between genetic divergence and
heterosis within intraspecific hybrids as a group
(F1,25 = 0.108, P = 0.746), nor within interspecific
hybrids as a group (F1,17 = 2.883, P = 0.108).
Best-parent heterosis for competitive growth also

increased significantly with genetic distance
(F1,44 = 10.49, P = 0.002), but, as for mid-parent
heterosis, the relation was driven by the higher best-
parent heterosis of the interspecific hybrid group com-
pared to the intraspecific group (Fig. S1). Interspecific
hybrids had significantly higher best-parent heterosis
for competitive growth than intraspecific hybrids (two-
sample t-test: t44 = 3.307, P = 0.002), but there was no
significant relationship between genetic divergence and
best-parent heterosis within either of the two sub-
groups (Fig. S1: intraspecific hybrids: F1,26 = 0.003,
P = 0.954; interspecific hybrids: F1,18 = 0.397,
P = 0.535). Interspecific hybrids grew on average 0.5%
better than their best parent but not significantly (one-
sample t-test: t18 = 0.812, P = 0.427). Intraspecific
hybrids grew on average 2% worse than their best par-
ents, a significant difference (one-sample t-test: t26 = 4,
P < 0.001).

Fig. 1 Mid-parent heterosis in intraspecific and interspecific

hybrids. Horizontal lines indicate the average mid-parent heterosis

for intraspecific (mean = 0.004) and interspecific hybrids

(mean = 0.045). Points with error bars indicate the means and

standard deviations, respectively, of the replicates measures of

mid-parent heterosis (see Methods). Diamonds indicate

intraspecific hybrids, which are crosses between Saccharomyces

paradoxus strains, and circles indicate interspecific hybrids, which

are crosses between Saccharomyces cerevisiae and S. paradoxus.
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Figure 2: Modified from Bell (1994). Diversity of life cycles among eukaryotes. Life cycles are classified according to the
size and complexity of the haploid and the diploid phases. Phaeophytes, rhodophytes and chlorophytes exhibit a large
range of life cycles and examples are given in brown, red and green respectively. Abbreviations: H, haploid vegetative
growth; D, diploid vegetative growth; S, sexual cycle; f, gamete fusion; m, meiosis; h, haplospores; d, diplospores.

1.2 Diversity of life cycles

The relative development of the haploid and the diploid phases is extremely variable between

species (Figure 2). When both phases present a vegetative development, the life cycle may be

isomorphic, with morphologically similar haploid and diploid generations, or heteromorphic.

For instance, in Dictyotales, the gametophyte and the sporophyte have morphologically iden-

tical thalli, in Porphyra, the gametophyte is macroscopic while the sporophyte is microscopic,

and in Laminaria, the gametophyte is microscopic. Some large phyla are fixed for haploid

or diploid life cycles (charophytes and zygomycetes are purely haplontic, while animals and

ciliates are strictly diplontic), suggesting that life cycle evolution may be narrowly constrained

in those phyla. However, in phyla where both haploid and diploid individuals undergo mitotic

development, their is a great deal of variation in the relative degree of development of both

phases. For instance, chlorophyta (green algae), phaeophyta (brown algae) and rhodophytoa
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Figure 2: Modified from Bell (1994). Diversity of life cycles among eukaryotes. Life cycles are classified according to the
size and complexity of the haploid and the diploid phases. Phaeophytes, rhodophytes and chlorophytes exhibit a large
range of life cycles and examples are given in brown, red and green respectively. Abbreviations: H, haploid vegetative
growth; D, diploid vegetative growth; S, sexual cycle; f, gamete fusion; m, meiosis; h, haplospores; d, diplospores.
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Figure 2: Modified from Bell (1994). Diversity of life cycles among eukaryotes. Life cycles are classified according to the
size and complexity of the haploid and the diploid phases. Phaeophytes, rhodophytes and chlorophytes exhibit a large
range of life cycles and examples are given in brown, red and green respectively. Abbreviations: H, haploid vegetative
growth; D, diploid vegetative growth; S, sexual cycle; f, gamete fusion; m, meiosis; h, haplospores; d, diplospores.
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Figure 2: Modified from Bell (1994). Diversity of life cycles among eukaryotes. Life cycles are classified according to the
size and complexity of the haploid and the diploid phases. Phaeophytes, rhodophytes and chlorophytes exhibit a large
range of life cycles and examples are given in brown, red and green respectively. Abbreviations: H, haploid vegetative
growth; D, diploid vegetative growth; S, sexual cycle; f, gamete fusion; m, meiosis; h, haplospores; d, diplospores.

1.2 Diversity of life cycles

The relative development of the haploid and the diploid phases is extremely variable between

species (Figure 2). When both phases present a vegetative development, the life cycle may be

isomorphic, with morphologically similar haploid and diploid generations, or heteromorphic.

For instance, in Dictyotales, the gametophyte and the sporophyte have morphologically iden-

tical thalli, in Porphyra, the gametophyte is macroscopic while the sporophyte is microscopic,

and in Laminaria, the gametophyte is microscopic. Some large phyla are fixed for haploid

or diploid life cycles (charophytes and zygomycetes are purely haplontic, while animals and

ciliates are strictly diplontic), suggesting that life cycle evolution may be narrowly constrained

in those phyla. However, in phyla where both haploid and diploid individuals undergo mitotic

development, their is a great deal of variation in the relative degree of development of both

phases. For instance, chlorophyta (green algae), phaeophyta (brown algae) and rhodophytoa
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reproduction. This sexual reproduction mode was distinctly
different from that in diploids. The interaction between the
genetic materials of the two nuclei in dikaryons has not been
well characterized. Are the modes of gene action in dikaryons
the same as that in diploids during vegetative growth?

The major types of gene expression patterns found in
diploids during vegetative growth are mitotic crossover or
mitotic recombination,2,3 DNA methylation and gene silenc-
ing by RNAi,4 monoallelic expression (sex chromosome
inactivation, imprinted gene expression, or autosomal ran-
dom monoallelic expression),5 RNA-editing,6 and differential
allele expression in hybrids and parents that contributes to
heterosis,7 etc. Mitotic recombination (also named parasexu-
ality in fungi), DNA methylation and gene silencing by RNAi
were also found in dikaryons,8–10 while monoallelic expres-
sion and RNA-editing have not been identified in the dikaryon.
Although not strictly true for all reported species, in terms of
the growth rate, enzyme activity and pathogenicity, diploids
have a significant advantage over their parental haploids,
which is similar to what is exhibited when dikaryons are
compared to their parental monokaryons. It was proposed
that the heterosis in diploids resulted from the allele gene
differential expression in hybrids and their parents, such as
presence/absence variation and additive/non-additive (high-
and low-parent dominance, underdominance, and overdom-
inance) gene expression.11–14 The mechanism of heterosis in
dikaryons remains obscure.

An effective approach for exploring the allele gene differ-
ential expression in dikaryons is the comparison of soluble
protein profiles or isoenzyme patterns between a dikaryon
and its constituent monokaryons. The soluble protein profile
of Schizophyllum commune dikaryon was dramatically different
from that of its parental monokaryons, and there are many
new bands in the dikaryon15; further studies showed that 14
out of 15 isoenzyme patterns changed between the dikaryon
and two monokaryons.16 Similar results were also reported
in other basidiomycetes, such as Coprinus congregatus17 and
Coprinopsis cinerea.18 Those studies indicated that alleles had
different expression patterns in dikaryons and monokaryons.
However, subsequent studies found no such difference in
higher basidiomycetes and suggested that those reported
differences were probably caused by growth conditions and
the electrophoresis procedure.19,20 Since then, many  other
observations have confirmed such findings. For example, com-
paring S. commune monokaryons and the dikaryon, protein
two-dimensional gel electrophoresis showed only 6.6% and
7.7% differences,21 and the sequence complexities and coding
properties of polysomal RNA and total RNA had no detectable
difference.22,23 Nevertheless, using gene expression profiling,
the relative differences in the transcription quantity of the 12
laccase genes in the Pleurotus ostreatus dikaryon and its two
parental monokaryons showed that the dikaryotic superior-
ity in laccase activity was due to non-additive transcriptional
increases in two genes.24 Genome-wide gene expression pat-
tern analysis of dikaryons and their parental monokaryons
has not been reported.

Oyster mushroom P. ostreatus (Jacq. Fr) Kumm.  is a white
rot basidiomycete that is an important edible and medical
mushroom,25–27 and it has been studied as a model organ-
ism for basidiomycete genetics and genomic studies.24 In this

study, we  compared the genome-wide transcriptional profiles
among the dikaryon and its two constituent monokaryons of
P. ostreatus by Solexa-based RNA-Seq with a focus on the trans-
criptomic profiling difference analysis between the dikaryon
and monokaryons, investigation of the mechanisms of the
advantages of sexual reproduction, monoallelic expression,
and RNA-editing in dikarya.

Materials  and  methods

Strains  and  culture  conditions

Monokaryons MK13 and MK3 were from the basidiospores
of P. ostreatus TD300, which is a commercial cultivation
strain in China and was obtained from Zhengzhou Compos-
ite Experiment station, China Edible Fungi Research System
(Zhengzhou, China). The mycelial growth rate of MK3  was
faster than MK13 on potato dextrose agar (PDA) plates (Fig. 1).
Dikaryon DK13 × 3 was from MK13 and MK3 through A1B1 and
A2B2 mating, as identified using mating tests.28 DK13 × 3 grew
faster than its constituent monokaryons in PDA and formed
normal fruiting bodies with a biological efficiency that was
similar to TD300 in cottonseed hull medium (Fig. 2). The three
strains were cultured in potato dextrose broth (150 mL  in a
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Fig. 1 – Mycelial growth of the monokaryons and
reconstituted dikaryon of Pleurotus ostreatus on PDA plates.
MK13, monokaryon; MK3, monokaryon; DK13 × 3, dikaryon;
TD300, dikaryon and the two monokaryons’ parent; MGR,
mycelial growth rate. Data are given as the means and SE of
four replicates. Data with the same lower case letter do not
significantly differ from other data at p < 0.05.
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