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ABSTRACT

The type of interactions among deleterious mutations is considered to be crucial in numerous areas of
evolutionary biology, including the evolution of sex and recombination, the evolution of ploidy, the evo-
lution of selfing, and the conservation of small populations. Because the herbicide resistance genes could be
viewed as slightly deleterious mutations in the absence of the pesticide selection pressure, the epistatic
interactions among three herbicide resistance genes (acetolactate synthase CSR, cellulose synthase IXR1,
and auxin-induced AXR1 target genes) were estimated in both the homozygous and the heterozygous states,
giving 27 genotype combinations in the model plant Arabidopsis thaliana. By analyzing eight quantitative
traits in a segregating population for the three herbicide resistances in the absence of herbicide, we found
that most interactions in both the homozygous and the heterozygous states were best explained by multi-
plicative effects (each additional resistance gene causes a comparable reduction in fitness) rather than by
synergistic effects (each additional resistance gene causes a disproportionate fitness reduction). Dominance
coefficients of the herbicide resistance cost ranged from partial dominance to underdominance, with a
mean dominance coefficient of 0.07. It was suggested that the csr1-1, ixr1-2, and axr1-3 resistance alleles are
nearly fully recessive for the fitness cost. More interestingly, the dominance of a specific resistance gene in
the absence of herbicide varied according to, first, the presence of the other resistance genes and, second,
the quantitative trait analyzed. These results and their implications for multiresistance evolution are dis-
cussed in relation to the maintenance of polymorphism at resistance loci in a heterogeneous environment.

THE type of interactions among deleterious muta-
tions is considered tobe crucial in numerous areas of

evolutionary biology, including the evolution of sex
and recombination (Kondrashov 1988; Barton and
Charlesworth 1998; Peck and Waxman 2000; Otto

and Lenormand 2002), the evolution of ploidy (Perrot
et al. 1991), the evolution of selfing (Charlesworthand
Charlesworth 1998), and the conservation of small
populations (Lande 1994). All these issues relate to the
mutation load of a population due to the accumulation
of deleterious mutations (Kimura and Maruyama

1966). Sex and recombination can provide an advantage
by reducing this load (Kondrashov 1982). The muta-
tional deterministic (MD) hypothesis states that the elimi-
nation of deleterious mutations provides an advantage
to sex if the interactions among mutations are synergis-
tic, that is, when each additional deleterious mutation

leads to a greater decrease in fitness than the previous
one (Rivero et al. 2003).

Empirical evidence for synergistic epistasis is rather
sparse, however (e.g., de Visser et al. 1997). Elena and
Lenski (1997) generated 225 genotypes of Escherichia
coli carrying one, two, or three successive mutations and
measured their fitness relative to an unmutated com-
petitor. Several combinations of mutations exhibited
significant interactions for fitness, but they displayed
synergistic epistasis as often as they displayed antago-
nistic epistasis. Similar results were found in Aspergillus
niger (de Visser et al. 1997). Recently, using five chro-
mosomal regions containing visible recessive mutations
in Drosophila melanogaster, Whitlock and Bourguet
(2000) found that the productivity showed a pattern of
strong synergistic epistasis. This pattern was not ob-
served, though, for male mating success. In the same
manner, using chemically induced deleterious muta-
tions, Rivero et al. (2003) found that synergistic epistasis
occurred for longevity, but not for egg production in
the parasitic wasp Nasonia vitripennis. By combing the
literature, de Visser and Hoekstra (1998) studied the
distribution of a variety of quantitative characters related
to fitness in plants. Fitness-related traits show almost
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exclusively negative skewness, suggesting the existence
of synergistic epistasis among deleterious alleles.

Studying the dominance level of deleterious muta-
tions is also crucial to understanding how natural selec-
tion may work against the load of deleterious mutations
(Muller 1950). In diploid genomes, deleterious mu-
tations tend to be recessive (Wright 1934; Kacser and
Burns 1981; Bourguet 1999). A deleterious allele can
be masked therefore by the wild-type allele. Masking has
long-term costs for populations because the deleteri-
ous allele persists for a longer time (Haldane 1937).
However, few observations were available to assess the
interactions among deleterious mutations in the het-
erozygous state (Yanget al. 2001; Szafraniec et al. 2003).

To understand how deleterious mutations act to-
gether, the type of interactions were tested here among
three herbicide resistance mutations in Arabidopsis thali-
ana in the absence of herbicide, i.e., among deleterious
mutations, in both the homozygous and the heterozy-
gous states. Compared to previous studies on the type
of interactions among deleterious mutations, the resis-
tance mutations are rather original as (1) they are dele-
terious in the absence of herbicide and adaptive in the
presence of herbicide, and (2) they correspond to actual
cases where different genes, providing resistance to the
same pesticide or to several pesticides, are concomi-
tantly present in pest populations (Raymond et al. 2001;
Sibony and Rubin 2003; Délye et al. 2004).

In this article, we present results from an analysis of
eight productivity-related traits in a segregating resistant-
susceptible (R/S) population for the three herbicide
resistances in the absence of herbicide treatment.
Analyzing at least 30 plants for each of the 27 possible
genotypes at the three resistance loci, our objectives
were (i) to determine the type of interactions among the
three resistance genes in both the homozygous and the
heterozygous states and (ii) to measure the stability of
the dominance level according to the presence of other
resistance genes. The results and their implications for
multiresistance evolution are discussed.

MATERIALS AND METHODS

Plant materials: The csr1-1 chlorsulfuron resistance
(Bergelson et al. 1996; Purrington and Bergelson 1997,
1999), the ixr1-2 isoxaben resistance (Heim et al. 1989), and the
axr1-3 2,4-D resistance (Estelle and Somerville 1987) were
used to investigate the type of interactions among deleterious
alleles in both the homozygous and the heterozygous states.
These resistances were chosen according to three criteria. First,
there must be evidence that each resistance mutation induces
some fitness penalty. The csr1-1, ixr1-2, and axr1-3 resistances of
A. thaliana were isolated by Haughn and Somerville (1986),
Heim et al. (1989), and Estelle and Somerville (1987), re-
spectively, from ethyl methanesulfonate (EMS)-mutagenized
populations of the wild-type Columbia (Col) ecotype. In a
segregating F2 population from a cross between each mutant
line (Col genetic background) and the male-sterile-sensitive
line NW77 (Ler genetic background), the csr1-1, ixr1-2, and

axr1-3 resistances were found to confer a decrease in total seed
production of 37, 43, and 78% compared to wild type, re-
spectively (Roux et al. 2004). Second, the resistances must seg-
regate freely from each other for us to study all genotype
combinations at the three resistance loci. The CSR, IXR1, and
AXR1 resistances genes are located on chromosomes III, V,
and I of A. thaliana, respectively, so they should segregate freely
from each other. Third, the resistance genes are key metabo-
lism genes involved in the biosynthesis of the branched-chain
amino acids isoleucine, valine, and leucine (CSR, Haughn

and Somerville 1986); of cellulose synthase (IXR1, Heim et al.
1989); and of hormone auxin (AXR1, Leyser et al. 1993). It
could be expected that epistasis would take place between two
primary metabolism gene mutations. More, using a QTL ap-
proach, recent studies found that epistasis would be a com-
mon trend in A. thaliana (Weinig et al. 2003; Juenger et al.
2005; Kroymann and Mitchell-Olds 2005).

The csr1-1 mutant is resistant due to a point mutation re-
sulting in the Pro197-to-Ser amino acid substitution (Haughn

et al. 1988), the ixr1-2 mutant is resistant due to a point
mutation resulting in the Thr942-to-Ile substitution (Scheible
et al. 2001), and the axr1-3 mutant is resistant due to a point
mutation resulting in the Cys154-to-Tyr substitution (Leyser
et al. 1993). The three resistant mutant lines were provided by
the Nottingham Stock Centre.

The cross design among the three resistant lines is illus-
trated in Figure 1. Crossing success was checked by genotyping
each resistance allele using an allele-specific PCR method

Figure 1.—Crossing scheme. For the three resistance
genes, susceptible and resistance alleles are indicated in up-
percase type and italics, respectively. A csr1-1 homozygous re-
sistant plant was crossed with an axr1-3 homozygous resistant
plant. A resulting F1 plant was crossed with an ixr1-2 homo-
zygous resistant plant. Four genotypes (generation 2) were
expected from that cross. A resulting triple-heterozygous
resistant-susceptible plant, i.e., a heterozygous plant at the
three resistance loci, was isolated and selfed to produce the
27 expected genotypes described in Table 1. This cross design
was replicated six times.
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(Roux et al. 2004). A csr1-1 homozygous resistant plant was
crossed with an axr1-3 homozygous resistant plant. In this cross,
the csr1-1 resistance line was used as the maternal parent. A
resulting F1 plant was crossed with an ixr1-2 homozygous re-
sistant plant. In this cross, the F1 plant was used as the maternal
parent. Four genotypes (generation 2) were expected from
that cross. A resulting triple heterozygous plant, i.e., a hetero-
zygous plant at the three resistance loci, was isolated and selfed
to produce the 27 expected genotypes numbered and de-
scribed in Table 1. This cross design was replicated six times,
giving six triple-heterozygous resistant-susceptible (R/S) plants
(called the G2 family), each used to originate a segregating
family (G3). The EMS origin of the csr1-1, ixr1-2, and axr1-3 lines
means that they may carry several mutations other than the ones
conferring resistance (Jander et al. 2003). By our crossing pro-
tocol, any EMS mutations other than the ones conferring resis-
tance (except those closely linked to the resistance mutations)
would contribute equally to the average fitness of each of the 27
genotypes. Because of an expected 1

4,
1
2,

1
4 segregation for each

resistance gene, the triple-heterozygote RS genotype should be
eight times more frequent than any triple-homozygote geno-
type. The total number of plants to be analyzed was therefore
adjusted such that it would exceed 30 for the rarest genotypes.
Growth and quantitative traits: To measure epistatic inter-

actions among the three herbicide resistances, an experiment
involving 3744 plants was established. For each G2 family, 552
seeds corresponding to the G3 (see Figure 1) were included.
In the experiment, 96 Col SS seeds, 48 Ler SS seeds, and 48
seeds of each mutant Col RR line (csr1-1, ixr1-2, and axr1-3)
were also added as external controls of known genotypes.
Forty-eight RS seeds of each resistance were also added as a
control. These RS seeds were obtained by crossing a mutant
Col RR line with a Ler NW77 SS line (Roux et al. 2004). Seeds
were sown in 36 trays (44 3 28.5 cm) filled with a commercial
soil (Terreau Semis Bouturage Repiquage, Composana, Roche-
les-Beaupré, France), and watered twice a week without sup-
plementary nutrients. Each tray consisted of an 83 13 array of
plants. All 3744 seeds were randomized among plots and grown
in the absence of herbicides in the greenhouse in autumn 2003,
under natural light supplemented by artificial light to provide a
16-hr photoperiod. The temperature was maintained between
20� and 25�. In each tray, the 104 seeds were regularly spaced
3 cm apart. The experiment stopped after senescence of all
plants.

The edges of each tray (46 places) were sown with nine
seeds of each Bur-0, En-T, Oy-0, Rld-2, and Ta-0 ecotypes (the
remaining place in each tray was sown with seeds of Ler
ecotype and was not further considered in our study). Using
seeds of these five worldwide ecotypes permitted us to achieve
several goals. First, the seeds buffered against possible border
effects. Second, although the trays were regularly rotated
during the growing period, the highly genetically diverse
ecotypes Bur-0, En-T, Oy-0, Rld-2, and Ta-0 (McKhann et al.
2004) allowed us to take into account a general effect of
environmental microvariation among trays. In each tray, the
plants were then assessed for eight quantitative traits (see below)
relative to these five ecotypes used as within-tray internal
standard references.

Due to the pattern of epistasis potentially varying with the
measured trait (Whitlock and Bourguet 2000; Rivero et al.
2003), we decided to extend the recorded information beyond
solely seed production. Roux and Reboud (2005) have shown
that some characters (such as plant height) may still induce
an ecological cost while they have no direct impact on seed
production under optimal experimental conditions. Since
.3300 plants (552 seeds 3 6 families) were needed to cover
the 27 genotypes, the quantitative measures were restricted to
the most informative characters. As detailed in Reboud et al.

(2004), three criteria were utilized for the choice: high genetic
heritability, low sensitivity to environmental conditions, and
contribution to fitness (with the lowest possible redundancy
between traits). One phenological and three morphological
characters were measured during the experiment: flowering
time (FLOR), number of rosette leaves (LEAF) and cauline
leaves (CAULIN), and height from the soil to the first flower
at flowering (H1FL). The four other morphological traits were
measured on harvested plants: maximum plantheight (HMAX);
the total silique length (TOTSIL), a derived trait closely match-
ing the total seed production and corresponding to the multi-
plication of the mean silique size (measured on the third, fifth,
seventh, and ninth siliques on the main stem) by the total num-
ber of siliques; the total number of flowering heads (HEADS)
measured by summing the number of flowering axes and the
number of primary and secondary branches on the primary and
secondary axes; and the mean distance between siliques (LEN).
This set of variables describes the height and volume occupied by
the inflorescence and its degree of ramification and compact-
ness (Reboud et al. 2004). Most of these traits have been shown to
havevaluesofheritability.0.2whenanalyzedforaworldwidecol-
lection of wild-type A. thaliana accessions (McKhann et al. 2004).
Genotyping the resistance status: DNA was extracted from a

section of the first cauline leaf that was cut during the last
3 days of the experiment. Each cauline leaf section was then
placed in a microcentrifuge tube containing 50 ml of the
extraction buffer described by Saini et al. (1999). The cauline
leaf sections were crushed using a mixer mill. Tubes were
placed in a water bath at 95� for 6 min, transferred onto ice for
5 min, and vortexed for 15 sec. DNA extracts were kept at �20�
prior to PCR analysis.

The single-nucleotide polymorphisms (SNPs) conferring
the csr1-1, axr1-3, and ixr1-2 resistances were genotyped
by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry as described by Sauer et al.
(2000). In addition, the genotypes obtained were confirmed by
using fluorescence-based technologies: either the Amplifluor
technology (Serological Corporation) for the csr1-1 and the
axr1-3 resistances or the TaqMan technology (Applied Bio-
systems, Foster City, CA) for the ixr1-2 resistance.
Statistical analysis: For each tray and for each quantitative

trait, the mean value of each of the 27 expected genotypes (see
Figure 1 and Table1) was expressed as the ratio to the mean of
the five worldwide ecotypes used as the within-tray reference.
The natural logarithm of this ratio is the measure of the log-
relative trait of these five worldwide ecotypes. In contrast to
untransformed data, this measure of log trait would decline
linearly with additional mutations if the trait was determined
by a multiplicative interaction among alleles. The log-trait
score would decline with negative curvature if there were
synergistic epistasis (Elena and Lenski 1997).

The resistances in both the homozygous and heterozygous
states were treated as fixed effects. Due to a balanced design
with equal numbers of within-tray mean values for each geno-
type, a Ryan-Einot-Gabriel-Welsch (REGWQ) multiple-range
test was performed for each trait using SAS software version 8.1
(Statistical Analysis System; SAS Institute, Cary, NC). This step-
down test divides just pairwise differences into possibly over-
lapping groups; i.e., it groups the genotypes with an identical
effect. Means within the same group are not significantly dif-
ferent; those from different groups are significantly different
at an assumed level a that depends on the number of com-
parisons but keeps overall significance at the P ¼ 0.05 level.
The susceptible Col control line was also analyzed to test for
the presence of EMS mutations other than the ones conferr-
ing the resistances. As the csr1-1, ixr1-2, and axr1-3 resistant
lines were all generated from the wild-type Col line, each trait
of the triple-homozygous susceptible plants (genotype 1) was
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compared at generation 3 to the trait of the susceptible Col
control plants.

The triple SS homozygote genotype 1 was expected to be of
highest fitness. To assess the type of epistasis, genotype 1 was
therefore used as a reference for the genotypes 2–27 as all
genotypes have an identical origin; i.e., plants are issued from
the selfing of triple-heterozygous R/S plants. Considering only
the homozygous genotypes 1, 3, 7, 9, 19, 21, 25, and 27 (see
Table 1), a three-factor full factorial analysis of variance was
performed, looking at the effects in the homozygous state on
each trait. In the same manner, considering the heterozygous
genotypes 1, 2, 4, 5, 10, 11, 13, and 14, a three-factor full
factorial analysis of variance was performed, looking at the
effects in the heterozygous state on each trait. The size of these
effects was estimated using the general linear model (GLM)
procedure in SAS. As stated by Whitlock and Bourguet
(2000), if the interaction effect is significantly negative, syn-
ergistic epistasis occurs. If the effect is significantly positive,
antagonistic epistasis occurs. If no effect is detected, gene
interaction does not depart from multiplicativity.

To detect an effect of the number of resistances accumu-
lated in the genome on the dominance level of a particular
resistance, we focused only on genotypes for which a domi-
nance coefficient could be calculated. For each resistance and
trait, we first compared SS, RS, and RR plants in each of the
nine genetic backgrounds as determined by the two other
resistances (see Table 3) by a GLM procedure. When a geno-
type effect was detected, the dominance coefficient was calcu-
lated on untransformed ratios and was taken as

h ¼ ðSS mean trait � RS mean traitÞ=ðSS mean trait � RR mean traitÞ:

Following convention, the resistant allele is dominant for
the herbicide resistance cost when h ¼ 1, semidominant when
h¼ 0.5, recessive when h approaches 0, and overdominant and
underdominant when h . 1 and ,0, respectively. Overdom-
inance and underdominance indicate identical and opposite
effects of RS and RR plants compared to SS plants, respectively.
For each dominance coefficient, a distribution was generated
by calculating a dominance coefficient for each value of the
RS data set with their respective SS and RR mean traits. For
each resistance and trait, using these generated distributions,
dominance coefficients were grouped after a Fisher’s least-
significant-difference test.

RESULTS

Genotypic frequencies: For 3312 plants correspond-
ing to generation 3 (552 seeds 3 6 families), 2931 plants
were successfully genotyped for the three resistances
(Table 1).

As expected, the triple-heterozygote RS genotype
(genotype 14) was the most frequent genotype with
377 plants while the number of plants for each triple-
homozygote genotype ranged from 35 (genotype 9) to
60 (genotype 1). No distortion from Mendelian segre-
gation was detected either when taking into account the
27 genotypes of the G3 (x2 ¼ 30.05, P ¼ 0.27, d.f. ¼ 26)
or for each resistance gene analyzed individually (CSR,
x2 ¼ 3.65, P ¼ 0.16, d.f. ¼ 2; IXR1, x2 ¼ 1.97, P ¼ 0.37,
d.f.¼ 2; AXR1, x2 ¼ 4.50, P¼ 0.11, d.f.¼ 2). In a previous
study (Roux et al. 2004), no distortion from Mendelian
segregation was found for the csr1-1 and ixr1-2 resis-
tances but a significant distortion from Mendelian seg-
regation was detected for the axr1-3 resistance.

Deleterious effects of the mutations: The untrans-
formed quantitative trait estimates for each genotype
and the results after REGWQ multiple-range tests are
given in Table 1. The results of variance analysis on each
quantitative trait in the homozygous and the heterozy-
gous states are shown in Table 2, A and B, respectively.

For each trait, no significant difference was detected
among the triple-homozygous susceptible genotype (ge-
notype 1) and the Col susceptible control line (Table 1).
This result indicated the absence of any significant effect
of potential EMS mutations other than the ones con-
ferring resistance. If there were cryptic EMS-induced
mutations other than the resistance mutations, their
phenotypic effects were not detectable in our assays.

Compared to the mean of the five worldwide ecotypes,
the 27 genotypes of generation 3 exhibited, in most cases,
lower values for each quantitative trait except LEN). No
general trend among the quantitative traits was observed
when grouping the 27 genotypes (Table 1). The number
of significantly different groups ranged from nine for
FLOR to two for CAULIN. FLOR seemed thus the most
sensitive variable to the presence of the resistance genes
studied here.

In the homozygous state, the csr1-1 (genotype 19)
resistance has no effect on quantitative traits while the
ixr1-2 (genotype 7) and axr1-3 (genotype 3) resistances
have a significant effect on one and five quantitative
traits, respectively (Table 1). Analyses of variance indi-
cated no effect on quantitative traits for the csr1-1 re-
sistance and an effect on three and six quantitative traits
for the ixr1-2 and axr1-3 resistances, respectively (Table
2A). In particular, TOTSIL drops 37% compared to wild
type (genotype 1) for the ixr1-2 resistance (genotype 7).
This value is consistent with the one estimated by Roux
et al. (2004), where the ixr1-2 resistance was found to
confer a decrease in TOTSIL of 43%. Although the es-
timate of the TOTSIL decrease conferred by the csr1-1
resistance (18%, genotype 19 vs. genotype 1) is close to
the one found in previous studies (26%; Purrington
and Bergelson 1997), this value does not here signif-
icantly differ from 0 mainly because of the higher signifi-
cance level required when adjusted for multiple pairwise
comparisons. Surprisingly, the axr1-3 resistance con-
ferred no difference in TOTSIL compared to the wild
type; this is in contrast to a previous study by Roux et al.
(2004) in which a decrease in TOTSIL of 78% was found
to be associated with the axr1-3 resistance in a segregat-
ing F2 population from a cross between a Col and a Ler
genetic background. This potential effect of genetic
background on the expression of a fitness cost associ-
ated with axr1-3 resistance is currently under deeper
investigation.

In the heterozygous state, no significant effect on
quantitative traits was detected for the csr1-1 (genotype
10) and ixr1-2 (genotype 4) resistances while a signifi-
cant effect on FLOR was detected only for the axr1-3
resistance (Table 1). A significant effect on four, one,
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and two quantitative traits was detected for the csr1-1,
ixr1-2, and axr1-3 resistances, respectively (Table 2B).
The few disparities in the results between the two sta-
tistical methods come from the level of significance,
which is adjusted to the number of performed compar-
isons for the REGWQ multiple-range tests but not for the
GLM procedure.
Epistatic interactions for quantitative traits: Overall,

the analysis of variance on each quantitative trait shows
few significant interaction terms in either the homozy-
gous or the heterozygous state (Table 2, A and B, re-
spectively). On average, there was no departure from
multiplicative effects among the three resistance genes.
In the homozygous state, only 2 of 24 two-way inter-
actions were significant; in each of these two cases the
direction of this effect is negative; that is, synergistic
epistasis occurred (Table 2A). Both synergisms (affect-
ing either HMAX or LEN) occurred between the csr1-1
and axr1-3 resistances. No three-way interaction was
detected. In the heterozygous state, only 4 of 24 two-way
interactions were significant; in each of these 4 cases the
direction of this effect is positive; that is, antagonistic
epistasis occurred (Table 2B). Only the three-way in-
teraction for FLOR was significant; in this case synergis-
tic epistasis occurred (Table 2B).
Dominance of resistance genes: For each quantitative

trait, the effects of the number of resistance genes ac-
cumulated in the genome on the dominance of the csr1-1,
ixr1-2, and axr1-3 resistances are given in Table 3, A, B,
and C, respectively. For each resistance, 72 comparisons

(8 traits3 9 genetic backgrounds determined by the two
other resistances) among SS, RS, and RR plants were
performed. Only 5 genotype effects were detected for
the csr1-1 resistance (Table 3A), while 48 genotype ef-
fects were detected for both the ixr1-2 and axr1-3 resis-
tances (Table 3, B and C). Five, 48, and 48 dominance
coefficients were therefore calculated for the csr1-1, ixr1-2,
and axr1-3 resistances, respectively.

Overall, the dominance for the herbicide resistance
cost ranged from partial dominance with a value of 0.58
(H1FL for the ixr1-2 resistance in a csr1-1 SS and axr1-3
RS genetic background) to underdominance with a
value of �0.73 (HMAX for the ixr1-2 resistance in a csr1-1
RR and axr1-3 RR genetic background) with an extreme
value of �1.53 (FLOR for the ixr1-2 resistance in a csr1-1
SS and axr1-3 SS genetic background). The distribution
of the dominance coefficients is illustrated in Figure 2.
The mean dominance is 0.07 with a standard error of
0.29, indicating that most mutations are recessive what-
ever the quantitative trait or the genetic background.
In a previous study (Roux et al. 2004), the mean dom-
inance on TOTSIL was found to be 0.05, 0.13, and
0.10 for the csr1-1, ixr1-2, and axr1-3 resistance alleles,
respectively.

The effect of the quantitative traits on the dominance
found for each resistance depends on the genetic back-
ground determined by the two other resistances. In a
csr1-1 SS and axr1-3 RS genetic background, the dom-
inance of the ixr1-2 resistance was very stable over the
different quantitative traits. By contrast, in a csr1-1 RS

TABLE 2

Analysis of variance for effects of alleles on each log-transformed trait

FLOR LEAF CAULIN H1FL HMAX HEADS TOTSIL LEN

Source Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P

A. Homozygous state
csr1-1 �0.031 �0.070 �0.090 0.051 0.019 �0.008 �0.118 0.120
ixr1-2 0.034 0.049 0.029 �0.252 ** �0.200 ** �0.182 �0.474 ** 0.011
axr1-3 �0.083 *** �0.108 * 0.273 *** 0.051 �0.193 * 0.334 ** 0.118 �0.652 ***
csr1-1*ixr1-2 0.041 0.076 �0.023 �0.016 �0.019 �0.128 0.144 �0.117
csr1-1*axr1-3 0.027 0.070 0.152 �0.061 �0.225 * �0.173 �0.172 �0.322 **
ixr1-2*axr1-3 0.034 0.025 0.032 �0.102 �0.057 �0.048 �0.420 �0.111
csr1-1*ixr1-2*axr1-3 �0.051 �0.104 �0.033 0.089 0.054 0.356 0.217 0.137

B. Heterozygous state
csr1-1 �0.043 ** �0.072 * �0.136 ** 0.017 0.028 0.053 �0.030 0.091 *
ixr1-2 �0.045 ** �0.022 �0.003 �0.077 0.038 0.135 0.075 0.032
axr1-3 �0.065 *** �0.081 * �0.028 0.059 0.042 0.138 0.105 0.033
csr1-1*ixr1-2 0.064 ** 0.090 0.107 0.055 �0.027 �0.094 �0.038 �0.065
csr1-1*axr1-3 0.057 * 0.084 0.156 * �0.015 �0.052 �0.104 �0.023 �0.096
ixr1-2*axr1-3 0.074 ** 0.070 0.031 �0.076 �0.066 �0.168 �0.169 �0.022
csr1-1*ixr1-2*axr1-3 �0.080 * �0.096 �0.110 �0.003 0.063 0.126 0.106 0.055

If the estimate is significantly negative or positive, synergistic or antagonistic epistasis occurs, respectively. If no effect is detected,
gene interaction does not depart from multiplicativity. FLOR, flowering time; LEAF, number of rosettes leaves; CAULIN, number
of cauline leaves; H1FL, height from the soil to the first flower at flowering; HMAX, maximum plant height; HEADS, total number
of flowering heads; TOTSIL, total silique length (seed production); LEN, mean distance between siliques. *0.05 . P . 0.01,
**0.01 . P . 0.001, ***P , 0.001.
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and ixr1-2 RS genetic background, the dominance for
the axr1-3 resistance varied among the different quan-
titative traits. In parallel, the effect of the genetic
background on the dominance depended on the quan-
titative trait. The dominance of the ixr1-2 resistance did
not vary for the LEAF and H1FL traits whatever the
genetic background at the two other resistance loci. By
contrast, the genetic background greatly affected the
dominance of the axr1-3 resistance for the CAULIN and

LEN traits (see Figure 3). The general trend that
emerges from all these comparisons is that the genetic
background had much more effect on the dominance
than the type of quantitative trait analyzed.

DISCUSSION

Epistatic interactions among deleterious alleles:
Quantifying selection coefficients, degree of domi-
nance for the fitness penalty, and direction and intensity
of genetic interactions is crucial to understanding how
natural selection may work against load of deleterious
mutations in general and against resistance stacking
(multiresistance) in particular. In our study, in the ab-
sence of herbicide, for eight quantitative traits, most
interactions between two or three resistance genes in
the homozygous state were best explained by multipli-
cative effects rather than by synergistic effects. Such a
pattern was also observed in the heterozygous state.
However, no distortion of segregation for any resistance
gene was detected in the progeny of selfed triple-
heterozygous resistant-susceptible plants while a distortion
of segregation in favor of the wild type was described in
the progeny of axr1-3 heterozygous resistant-susceptible
plants (Roux et al. 2004). The restoration of segregation
of the axr1-3 resistance allele in a triple-heterozygous
plant could be viewed as a kind of antagonistic epistasis
in the heterozygous state among the csr1-1, ixr1-2, and
axr1-3 resistance alleles. Since Otto (2003) suggested
that the benefits of segregation were more likely than
the benefits of recombination to have driven the evolu-
tion of sexual reproduction in diploids, the determi-
nation of the type of interactions among deleterious

Figure 2.—Overall distribution of dominance coefficients.
The resistant allele is dominant for the fitness cost when h ¼ 1,
semidominant when h ¼ 0.5, recessive when h approaches 0,
and overdominant and underdominant when h . 1 and ,0,
respectively.

Figure 3.—Effect of the accumula-
tion of resistance genes on the dom-
inance of the axr1-3 resistance allele
for the number of cauline leaves
(CAULIN) and mean distance be-
tween siliques (LEN) traits. Means
and standard errors of the SS, RS,
and RR plants for the axr1-3 resis-
tance are grouped according to the
genotypes of the ixr1-2 and csr1-1
resistances. Values under each group
indicate the dominance coefficient
(see Table 3).
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mutations in the heterozygous state and the analysis of
the meiotic drive would be worth incorporating into
further studies.

Several explanations can be advanced for the general
observed lack of synergistic epistasis for the eight
quantitative traits among the csr1-1, ixr1-2, and axr1-3
resistance genes. First, as argued by de Visser and
Hoekstra (1998), the MD hypothesis predicts synergis-
tic epistasis among slightly deleterious mutations, which
are thought to be more relevant for evolution than
deleterious mutations with large effect. Using a com-
puter model, You and Yin (2002) also suggested that
synergistic epistasis may be difficult to distinguish
experimentally from nonepistasis because its effects ap-
pear to be most pronounced when the effects of muta-
tions on fitness are more challenging to measure. Here,
the csr1-1 mutation in the homozygous state has no
detectable effect on any quantitative trait analyzed. The
two cases of synergism detected in the homozygous state
(HMAX and LEN) involved the csr1-1 and axr1-3
mutations. The csr1-1 mutation could therefore be con-
sidered as a slightly deleterious mutation. Such a feature
was also observed in D. melanogaster (Whitlock and
Bourguet 2000) for male mating success. Antagonistic
interaction was found between two mutations although
no detectable effect was associated with either of the
mutations when considered alone. Our inability to
detect the deleterious effects of the three resistance
genes is thus expected to affect in a conservative way our
ability to detect synergistic or antagonistic interactions.
In other words, although the experiment involved
.2900 genotyped plants, we still lack statistical power
in our study to distinguish between synergistic and multi-
plicative effects. Second, the CSR, IXR1, and AXR1 re-
sistance genes are tissue dependent, meaning that their
levels of expression vary between different parts of the
plant. The acetolactate synthase encoded by the CSR
gene has its peak of activity in reproductive organs
(Purrington and Bergelson 1999). The IXR1 gene is
mainly expressed in stems (Dhugga 2001), while the
AXR1 gene is expressed during many stages of plant
growth and development from embryogenesis to senes-
cence (Nagpal et al. 2000). Testing for an interaction
between genes for a specific trait could be useless if only
one of the two genes is expressed at a time in the
quantitative trait. Further investigations on the pattern
of expression of the resistance genes are needed to
clarify whether the lack of synergistic or antagonistic
interactions is not biased by different levels or timings of
expression. Third, Rivero et al. (2003) pointed out that
deleterious mutations may lead to fitness consequences
only in individuals competing for limited resources.
Peck and Waxman (2000) demonstrated also that
synergistic epistasis may not be detected unless experi-
ments are redesigned to make them much more like in
nature. Bergelson and Purrington (2002) showed
that the deleterious effects of the csr1-1 resistance were

enhanced under competition. Although our experi-
mental protocol was designed to allow competition for
available resources and light (plant rosettes overlap
each other), it could be relevant to examine how each
interaction tested in this study would respond to other
stressful conditions such as a change in total plant
density. At the opposite, Kishony and Leibler (2003)
suggested that environmental stress could also alleviate
the average deleterious effects of mutations. Fourth,
although a direct measure of several life-history traits
may provide information about the underlying compo-
nents contributing to the fitness cost of a resistance
gene, only the measure of changes in resistance allele
frequency in untreated populations over several gen-
erations allows the estimation of the complete fitness
cost (Gilliland et al. 1998). Cumulating slightly syner-
gistic epistasis present in different quantitative traits
could result in a detectable synergism at the fitness level.
Microevolutionary dynamics in experimental popula-
tions could be more sensitive for assessing the type of
interactions among deleterious mutations and would
also include directly the effects of any meiotic drive.

In a perspective of herbicide resistance management,
nonepistasis among resistance alleles in both the homo-
zygous and the heterozygous states would indicate that
the decline of multiresistance in an herbicide-free popu-
lation would be slower than that with a synergism among
resistance alleles. However, compared to previous stud-
ies on the types of interactions among deleterious muta-
tions, the resistance mutations studied here are rather
original as they are deleterious in the absence of
herbicide and adaptive in the presence of herbicide.
Although Raymond et al. (1989) found that the type of
epistasis among resistance alleles depends on the par-
ticular physiological mechanisms of resistance, theory
on sexual reproduction and recombination (Barton
and Charlesworth 1998; Otto and Michalakis

1998) predicted antagonistic epistasis among beneficial
alleles and synergistic epistasis among deleterious al-
leles. Both antagonistic and synergistic epistases could
therefore be expected for resistance genes according
to the presence or absence of herbicides, respectively.
Evolutionary data are required to evaluate how inde-
pendent epistasis is in a favorable environment (pres-
ence of herbicide) compared to that expressed in a less
permissive environment (absence of herbicide).

Dominance of deleterious mutations: As the domi-
nance coefficient (h) is expected to affect the mean
fitness of populations, it is an important parameter
in models of variation in mating systems and in the
evolution of sex and recombination (e.g., Peters et al.
2003). In an overview of the estimate of dominance,
Szafraniec et al. (2003) show that alleles with small
fitness effects retain approximately one-quarter of their
impact on fitness in heterozygotes, suggesting that small
mutational effects are only moderately masked by wild-
type alleles. Here, the mean coefficient of dominance of
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the herbicide resistance cost was found to be h ¼ 0.07,
a value close to the ones found by Korona (1999) in the
yeast Saccharomyces cerevisiae (h ¼ 0.08) and by Peters
et al. (2003) in the nematode Caenorhabditis elegans (h �
0.01). This low coefficient suggests a strong masking
effect of the susceptible (wild-type) alleles and could be
partly explained by the enzymatic function of the CSR,
IXR1, and AXR1 genes. In their detailed biochemical
theory of dominance, Kacser and Burns (1981) dem-
onstrated that the activity of the wild-type enzymes is
usually far in excess of that necessary as a consequence
of the kinetic properties of metabolic pathways. For the
CSR, AXR1, and IXR1 genes, a single copy of the sensitive
allele would confer sufficient enzymatic activity to pro-
duce identical phenotypes between RS and SS plants. In
the presence of herbicide, the enzymatic activity of RS
individuals would thus be out of the ‘‘safety margin,’’ a
value used to describe the maximum decrease of the
enzyme activity that can be tolerated without affecting
the phenotype (Wright 1929). The phenotype of RS
plants would depend on the relative activity of the R
enzyme vs. the S enzyme and how much S enzyme is left
functional in the SS plant after herbicide treatment.
Although the predictions of metabolic control theory
are well met by the cases where enzyme pathways are
involved, Kacser and Burns (1981) do not claim that
this theory applies to genes encoding nonenzyme prod-
ucts. In the presence of insecticides, sodium-channel-
based resistance in the mosquito Culex pipiens tends to
be much closer to recessivity than acetylcholinesterase-
based resistance (e.g., Charlesworth 1998). In the
absence of herbicides, Roux et al. (2004) observed that
deleterious mutations in structural proteins could con-
fer distinct patterns of dominance when compared
to deleterious mutations affecting enzymes. Most esti-
mates of the dominance coefficients were obtained for
spontaneous or EMS-induced mutations, regardless of
the gene function. The hypothesis that the level of
dominance may change according to the enzymatic
status of the gene product may contribute to the ex-
planation of a lower coefficient of dominance found
here compared to other studies.

Our estimate of the mean coefficient of dominance
could be difficult to compare to other estimates, how-
ever, as the dominance was shown here to depend on
both the genetic background and the trait (to a lesser
degree). The effect of a deleterious mutation that leads
to different dominance coefficients in two traits was
reviewed by Keightley and Kacser (1987) and was
supported by recent work (Fernández and Lopez-
Fanjul 1996; Houle et al. 1997). Two explanations
can be advanced for the variation of the dominance
among traits. First, Keightley and Kacser (1987)
assumed that the cellular environment of a specific
gene in different traits must clearly be different due to
the tissue-dependence of the expression of other genes.
Two traits could be different by sustaining different

substrate concentrations and/or different activation or
induction of genes. The safety margin for any metabo-
lism may therefore change according to the expression
of other genes. The effect of a deleterious mutation
could easily lead to different dominance coefficients
among traits. Second, as suggested by Roux et al. (2004),
physiological requirements are variable within a plant
and change over time. As a result, the safety margins for
different enzymes are also expected to vary according to
the plant tissue and developmental stage requirements.
Therefore, two quantitative traits expressed in different
parts of the plants or at different times/stages could be
differently affected by a resistance allele. As an illustra-
tion, for the ixr1-2 resistance, the absence of differen-
tiation among genotypes for the CAULIN trait could
mean either that the ixr1-2 mutation has no biological
effect on the CAULIN trait or simply that it is not ex-
pressed in the CAULIN trait.

Keightley and Kacser (1987) showed that most mu-
tations, especially those affecting an enzyme, have similar
dominance relations for the traits they affect pleiotro-
pically. This pattern fits our results, as the dominance
among traits varied much less than the dominance levels
expressed in varying genetic backgrounds. For most traits,
the dominance of the cost for a specific resistance was
affected by the genetic background determined by the two
other resistances. However, the accumulation of resis-
tance genes does not lead to a unique trend of increase or
decrease of the dominance level. For some traits such as
LEAF and H1FL for the ixr1-2 resistance and LEAF for the
axr1-3 resistance, the absence of a genetic background
effect on the dominance of a specific resistance allele
could mean either that the two other resistance mutations
(csr1-1 and axr1-3) have no biological effect on the dom-
inance of the former resistance allele or that the two other
resistance genes are not expressed in the analyzed traits.

Fisher and Meunier (2001) as well as Gergersen

et al. (2001) noted that a mutation that affects the level
of expression or the enzyme kinetics can lead to cellular
disorders with different activation or induction of other
genes. As the targets of herbicides involve key metabo-
lism genes, a mutation conferring herbicide resistance
might deeply affect the cellular environment for other
genes and, thus, change their safety margin. The cel-
lular environment of a specific gene would depend not
only on whether other resistance genes are expressed
(as described above) but also on the effect of a resistant
mutation on the activation or induction of the other
genes in the cell. The possible disruption of the cellular
environment for other genes could be also advanced as
a reason for the variation of the dominance in different
genetic backgrounds.
Conclusion: Mutation load is a cornerstone in evolu-

tionary theories for the evolution of sex, recombination,
and ploidy level. Despite its importance, the cases where
a full analysis of the joint effect of deleterious muta-
tions can be conducted are scarce. Here, because the
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favorable herbicide resistance genes behave like slightly
deleterious mutations in the absence of the pesticide
selection pressure, the epistatic interactions among
three deleterious resistance genes were estimated in
both the homozygous and the heterozygous states, giving
27 genotype combinations. We analyzed the stability of
the dominance with respect either to quantitative traits
or to the presence of other resistance genes in the genetic
background. Our results give little evidence for synergis-
tic epistasis among deleterious mutations in either the
homozygous or the heterozygous state. In addition, the
mean dominance coefficient was estimated to be 0.07,
suggesting that the csr1-1, ixr1-2, and axr1-3 resistance
alleles are nearly fully recessive. More interestingly, the
dominance of a specific resistance gene varied according
to the quantitative trait studied and the presence of the
other resistance genes. Our results highlight that both
the presence of synergism among the three resistance
genes and the stability of the dominance may depend on
the expression of the resistance genes and/or the effect
of a resistance on the activation or induction of other
genes affecting the quantitative trait studied. In general,
this result would mean that deleterious mutations with
different spatial and temporal expression within a plant
could be much more easily accumulated during an
evolutionary process in a plant than deleterious muta-
tions with overlapping expression profiles.
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