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† Background and Aims Selective pressures exerted by agriculture on populations of arable weeds foster the evo-
lution of adaptive traits. Germination and emergence dynamics and herbicide resistance are key adaptive traits.
Herbicide resistance alleles can have pleiotropic effects on a weed’s life cycle. This study investigated the pleio-
tropic effects of three acetyl-coenzyme A carboxylase (ACCase) alleles endowing herbicide resistance on the
seed-to-plant part of the life cycle of the grass weed Alopecurus myosuroides.
† Methods In each of two series of experiments, A. myosuroides populations with homogenized genetic back-
grounds and segregating for Leu1781, Asn2041 or Gly2078 ACCase mutations which arose independently
were used to compare germination dynamics, survival in the soil and seedling pre-emergence growth among
seeds containing wild-type, heterozygous and homozygous mutant ACCase embryos.
† Key Results Asn2041 ACCase caused no significant effects. Gly2078 ACCase major effects were a co-dominant
acceleration in seed germination (1.25- and 1.10-fold decrease in the time to reach 50 % germination (T50) for
homozygous and heterozygous mutant embryos, respectively). Segregation distortion against homozygous
mutant embryos or a co-dominant increase in fatal germination was observed in one series of experiments.
Leu1781 ACCase major effects were a co-dominant delay in seed germination (1.41- and 1.22-fold increase in
T50 for homozygous and heterozygous mutant embryos, respectively) associated with a substantial co-dominant
decrease in fatal germination.
† Conclusions Under current agricultural systems, plants carrying Leu1781 or Gly2078 ACCase have a fitness
advantage conferred by herbicide resistance that is enhanced or counterbalanced, respectively, by direct pleio-
tropic effects on the plant phenology. Pleiotropic effects associated with mutations endowing herbicide resistance
undoubtedly play a significant role in the evolutionary dynamics of herbicide resistance in weed populations.
Mutant ACCase alleles should also prove useful to investigate the role played by seed storage lipids in the
control of seed dormancy and germination.

Key words: ACCase (acetyl-coenzyme A carboxylase), adaptation, agricultural ecosystem, Alopecurus
myosuroides, fitness, grass weed, herbicide resistance, lipid biosynthesis, pleiotropic effect, seed dormancy,
survival analysis.

INTRODUCTION

Weeds growing in agricultural ecosystems are mostly annual,
semelparous species (Baker, 1974). In addition to crop com-
petition, weed populations are subjected to powerful anth-
ropogenic disturbances aiming at eradicating them. These
disturbances can be divided into agricultural practices that
are applied before or after crop sowing. Pre-sowing practices
such as soil cultivation or non-crop-selective herbicide appli-
cations eliminate early-germinated weed seedlings. In conven-
tional agriculture, post-sowing practices essentially consist of
crop-selective herbicide applications that eliminate weed seed-
lings germinated after the crop. Selective pressures exerted by
agricultural practices foster the evolution of adaptive traits in
weed populations. Germination has a prominent role in adap-
tation, because adequate germination timing allows seedlings
to elude pre-sowing practices and to emerge under the best
possible conditions for growth (Mortimer, 1997; Andersson
et al., 2009). The ability to withstand herbicide effects, i.e.
herbicide resistance, is another major adaptive trait (Powles

and Yu, 2010). Both traits are crucial for weed success in agri-
cultural ecosystems. Thus, the success of a weed species will
depend on its capacity to evolve adequate germination dynam-
ics, herbicide resistance or both, under the pressure of agricul-
tural practices.

Complex factors determine weed seed germination.
Germination is driven by both genetic determinants and the
environment (Baskin and Baskin, 1998; Nonogaki et al.,
2010). Dormancy maintenance and release depend on interac-
tions between hormones. The transition to germination is trig-
gered by signal molecules, among which reactive oxygen
species play a key role (Oracz et al., 2007). The genetics of
herbicide resistance is only partly elucidated. Herbicide resist-
ance can evolve from mutations at the herbicide target as well
as from variation in the weed metabolism pathways (Délye,
2005; Powles and Yu, 2010). It is widely recognized that
genes conferring adaptation to a new environment often have
pleiotropic effects, i.e. they affect a range of phenotypic
traits (Otto, 2004; Pavlicev and Wagner, 2012). Due to antag-
onistic pleiotropy, plants expressing resistance to environmental
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stresses often display a fitness cost in the absence of the select-
ive agent (Purrington, 2000). It has been shown that alleles
endowing herbicide resistance can have pleiotropic effects on
the weed life cycle, and that these effects depend on the
allele (Vila-Aiub et al., 2009, 2011). A series of previous
studies suggested a possible link between resistance to the
major class of grass-specific selective herbicides inhibiting
acetyl-coenzyme A carboxylase (ACCase, a key enzyme in
fatty acid biosynthesis) and variation in seed germination,
emergence and/or survival in the soil (Ghersa et al., 1994;
Gill et al., 1996; Vila-Aiub et al., 2005b; Gundel et al.,
2008; Menchari et al., 2008; Wang et al., 2010; Owen et al.,
2011). A causative link between herbicide resistance and
seed germination, emergence and/or survival in the soil
would imply that herbicide applications will foster the simul-
taneous evolution of herbicide resistance and of other traits
that are also crucial for weed success in agricultural ecosys-
tems. Yet, none of the previous studies provided definite
support for a direct, pleiotropic effect of herbicide resistance
alleles. A single study to date suggested that differences in
the requirements for seed germination and emergence could
be associated with an identified herbicide resistance allele
(Vila-Aiub et al., 2005b). However, a single population was
used in this study. Association of the herbicide resistance
allele with other causative genes via physical linkage or as a
result of a genetic bottleneck, or simultaneous selection of re-
sistance and the other traits could therefore not be ruled out.

Controlling the genetic background is essential when
attempting to assess the pleiotropic effects of a particular
allele (Vila-Aiub et al., 2011; Barrett and Hoekstra, 2012).
Yet, using segregating genetic backgrounds cannot fully elim-
inate effects caused by genes tightly linked to the adaptive
allele investigated (Purrington, 2000). Definite evidence for
pleiotropy can only be obtained if the phenotypic effects
observed are consistent among independent evolutionary
origins of the adaptive allele. In the grass weed Alopecurus
myosuroides Huds. (black-grass), resistance to herbicides inhi-
biting ACCase is endowed by a set of mutant ACCase alleles
and by as yet unknown non-ACCase-based mechanisms
(Délye, 2005; Powles and Yu, 2010). We previously demon-
strated that each mutant, resistant ACCase allele originated
from multiple independent mutational events in separate
A. myosuroides populations (Délye et al., 2004). This provides
the unique opportunity to assess the pleiotropic effects of
mutant ACCase alleles by controlling both the genetic back-
ground and the evolutionary history of populations.

Five mutant ACCase alleles have been identified to date in
A. myosuroides: Leu1781, Cys2027, Asn2041, Gly2078 and
Ala2096 (Délye, 2005). Earlier studies identified Leu1781 as
the most frequent allele (present in approx. 40 % of the popu-
lations where resistance evolved) and Gly2078 as the least fre-
quent allele (present in ,10 % of the populations where
resistance evolved). The other three alleles had similar, inter-
mediate frequencies in A. myosuroides populations (present
in approx. 20 % of the populations where resistance evolved)
(Menchari et al., 2006; Délye et al., 2010). Here, we investi-
gated the pleiotropic effects of three ACCase alleles
(Leu1781, Gly2078 and Asn2041) differing in frequency on
the early life cycle stages of A. myosuroides (seed survival
in the soil, seed germination and seedling emergence).

MATERIALS AND METHODS

Plant material

Assessment of pleiotropic effects must be performed using
individuals sharing a common genetic background, except at
the locus of interest (Vila-Aiub et al., 2009). We used batches
of A. myosuroides seeds containing embryos that shared a
genetic background but were homozygous wild-type (W/W), het-
erozygous mutant (M/W) or homozygous mutant (M/M) at the
ACCase locus. The seed batches were produced in 2004 and
2005, and were the same as those used to assess fitness costs
associated with Leu1781, Asn2041 and Gly2078 alleles on the
plant-to-seed part of the life cycle of A. myosuroides
(Menchari et al., 2008).

Each seed batch was a segregating population obtained by
crossing mother plants issued from the same A. myosuroides
field sample. Field samples were collected at different local-
ities in eastern France, in which independent mutation events
were detected based on ACCase genotyping and sequencing
(Menchari et al., 2006). Thirty mother plants were used to
produce a segregating population. ACCase genotyping ensured
that all mother plants used for producing a segregating population
were M/W for the same mutant allele (e.g. Leu1781/wild-type)
and did not contain any other known mutant ACCase allele
(Menchari et al., 2008). Each group of 30 mother plants was
planted in mid-April in a field in Dijon and isolated within a
pollen-proof enclosure. All plants flowered simultaneously.
Open pollination was allowed within each enclosure. Five segre-
gating populations containing Leu1781 ACCase, three containing
Asn2041 ACCase and two containing Gly2078 ACCase, i.e. a
total of ten segregating populations, were produced in 2004.
For a given mutant ACCase allele, each segregating population
derived from a different field (Table 1). The whole procedure
was repeated in 2005 so that ten new segregating populations
were produced in 2005 (Table 1). The environmental conditions
experienced by A. myosuroides plants during the 4 weeks preced-
ing seed shed are critical in determining the degree of seed dor-
mancy (Swain et al., 2006). In order to reduce environment-
related heterogeneity in dormancy, a segregating population
consisted of the seeds collected on the same day on all plants
within an enclosure. All segregating populations produced in
2004 or in 2005 were collected on 18 August or on 26 July,
respectively.

Fresh seed and buried seed experiments

Two types of seeds were used in our experiments: freshly
collected seeds and seeds buried in the soil for 1 year. For
each mutant allele, a total of 3000 seeds was used each year
and were equally distributed among the populations segregating
for this allele (Table 1). They consisted of 1000 seeds intended
for the fresh seed experiments, and 2000 seeds intended for the
buried seed experiments (Table 1). Seeds intended for the fresh
seed experiments were counted and used in seed germination
experiments on the day they were collected.

In the field, A. myosuroides seeds can be buried by soil cul-
tivation after crop harvest. Buried seeds will germinate when
new soil cultivation is performed after the following crop
unearths them, if they survived in the soil. Buried seed experi-
ments were aimed at assessing the effect of mutant ACCase
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alleles on seed survival in the soil and on subsequent seed ger-
mination and emergence. To simulate natural post-maturation
after seed shedding, seeds intended for buried seed experi-
ments were allowed to mature for 40 d at room temperature
before burial. Seeds from each population were then equally
distributed in two sub-batches, mixed with 200 mL of soil
from the INRA experimental farm in Bretenières, 13 km
south-east of Dijon, and put into woven Tergal bags with a
plastic identification label. Bags were subsequently heat
sealed and placed at the bottom of 28 cm deep open-work
baskets, with four randomly chosen bags per basket. Baskets
were buried at approx. 40 cm depth at the INRA experimental
farm in Bretenières, to simulate burial by ploughing. Bags pre-
pared in 2004 were buried on 27 September and unearthed on
13 October 2005. Bags prepared in 2005 were buried on 4
September and unearthed on 19 September 2006. Seeds were
manually separated from soil and immediately used for ger-
mination and pre-emergence growth experiments as described
below. Soil was subsequently washed and sieved to recover the
seeds not found manually. As washing induces germination
(Colbach et al., 2006), the seeds thus recovered were allowed
to extend a first leaf for ACCase genotyping, but were not
used for germination or pre-emergence growth experiments.

Seed germination

The procedure was adapted from Colbach and Dürr (2003)
and Sester et al. (2006). Seeds were laid in polystyrene boxes,
directly on pleated paper (113 g m22, double folds,
110 mm × 20 mm), with two seeds per fold and 100 seeds
per box. Each seed was identified by a unique code. After add-
ition of deionized water (40 mL), the boxes were closed hermet-
ically to avoid water losses and placed in a growth chamber.

The expression of pleiotropic effects associated with adap-
tive alleles varies with the environment, and can be increased
under stressful conditions (Vila-Aiub et al., 2009). In order to
detect only strong effects of mutant ACCase alleles on seed ger-
mination, we used experimental conditions optimal for the
germination of A. myosuroides seeds: a constant temperature
of 20 8C and constant light (20 mmol m22 s21) to release dor-
mancy (Froud-Williams et al., 1984; Colbach et al., 2002).
During the following 3–4 months, the boxes were opened peri-
odically. Germinated seeds with a visible rootlet were removed
and their removal date registered. Germinated seeds removed

from boxes were either immediately used for seedling pre-
emergence growth experiments, or allowed to extend a first leaf
that was collected in a 0.2 mL microcentrifuge tube labelled with
the seed code and stored at –20 8C prior to ACCase genotyping.

When seed germination reached a plateau, all seeds not ger-
minated were transferred to fresh pleated paper strips placed
into new boxes. After addition of a gibberellin A3 (Sigma-
Aldrich) solution (100 mg L21, 40 mL per box), the boxes
were incubated as before. Seeds germinated under gibberellin
action were allowed to extend a first leaf that was collected for
ACCase genotyping, but were not considered in our germin-
ation dynamics analyses. Seeds not having germinated 35 d
after transfer to gibberellin were either viable but deeply
dormant, or dead. To assess the proportion of seeds containing
a viable embryo, 100 ungerminated seeds equally distributed
among the populations segregating for a given allele were dis-
sected each year and for each allele. Embryos with translucent
tissues were considered viable, while embryos with brown,
necrotic tissues were considered dead.

Seedling pre-emergence growth

This series of experiments was conducted to assess pleio-
tropic effects of mutant ACCase alleles on the heterotrophic
growth phase of the seedlings that occurs in the soil between
germination and emergence. We measured the capacity of
seedlings to extend roots and shoots using the seed storage
compounds as their sole carbon source. The procedure was
adapted from Colbach and Dürr (2003) and Sester et al.
(2006). Germinating seeds were removed from the germination
boxes along with germination date recording and immediately
sown 2 cm deep in 8.5 cm diameter pots filled with sand (150–
200 mm; bulk density 1.47 kg dm23). The water content of the
pots (20 % w/w) was adjusted with a mineral nutrient solution
before seed sowing (Colbach and Dürr, 2003). Five seeds
were sown per pot, with the code and position of each seed
marked on the pot. The pots were sheathed within a 20 cm
high cardboard cylinder closed at the top end, covered with alu-
minium foil to block light and prevent photosynthesis, and
transferred at 20 8C. After 15 d, sheaths were removed and the
root and shoot lengths measured for each seedling. The leaf
of each seedling, or the root if no leaf developed, was collected
in a 0.2 mL microcentrifuge tube labelled with the seed code
and stored at –20 8C prior to ACCase genotyping.

TABLE 1. Alopecurus myosuroides segregating populations analysed

Segregating populations produced in: No. of seeds used each year for:

2004 2005 Field of origin Segregating ACCase allele Fresh seed experiments Buried seed experiments

Leu1781-D24-04 Leu1781-D24-05 D24 Leu1781 200 400
Leu1781-D57-04 Leu1781-D57-05 D57 Leu1781 200 400
Leu1781-D98-04 Leu1781-D98-05 D98 Leu1781 200 400
Leu1781-D121-04 Leu1781-D121-05 D121 Leu1781 200 400
Leu1781-D143-04 Leu1781-D143-05 D143 Leu1781 200 400
Asn2041-D60-04 Asn2041-D60-05 D60 Asn2041 333 666
Asn2041-D83-04 Asn2041-D83-05 D83 Asn2041 333 666
Asn2041-D121-04 Asn2041-D121-05 D121 Asn2041 333 666
Gly2078-D41-04 Gly2078-D41-05 D41 Gly2078 500 1000
Gly2078-D83-04 Gly2078-D83-05 D83 Gly2078 500 1000

Délye et al. — Direct effect of herbicide resistance alleles on seed germination 683



ACCase genotyping of seed embryos

Genotyping seed embryos at the ACCase locus requires dis-
secting the seeds, collecting the embryos and extracting DNA.
Genotyping can therefore not be performed prior to germin-
ation and pre-emergence growth experiments. Furthermore,
attempts at genotyping embryos extracted from dissected
ungerminated seeds at the ACCase locus were unsuccessful.
Genotyping was therefore performed at the end of the experi-
ments using the leaf or root fragments collected on germinated
seeds, and genotypes (W/W, M/W or M/M) were retrospective-
ly assigned to embryos. DNA extraction and genotyping were
as described in Délye et al. (2010).

Analysis of germination data

All analyses were performed with R (R Development Core
Team, 2012) using the package Survival 2.54. Germination
data were analysed following the approach derived from sur-
vival analysis recently proposed by Onofri et al. (2010).
Survival analysis enables analysis of the timing of events
such as germination which occur over time, and to quantify
the effects of contributing factors. Germination times were
used to calculate the ‘germination probability’, i.e. the prob-
ability that a seed germinates after a specific time t, with add-
ition of water to the germination boxes defined as t ¼ 0. The
time interval between two successive germination records
varied between 1 and 8 d. Data were thus of the ‘interval’
type, as the real germination time occurred between two con-
secutive records. Seeds not germinated when seed germination
reached a plateau were considered ‘right-censored’ observa-
tions, i.e. they were expected to germinate at an unknown
time after the end of the experiment. Right-censored observa-
tions could include some dead seeds. However, assessment of
embryo viability based on the dissection of seeds that had not
germinated 35 d after addition of gibberellin (see ‘Seed ger-
mination’ above) indicated that the overall proportion of
seeds containing dead embryos ranged from 1 to 4 %, and
was thus unlikely to affect the analysis results. In the buried
seed experiments, germinated seeds were found during recov-
ery from the soil. They were considered ‘left-censored’ data,
i.e. they germinated at an unknown time before the beginning
of the experiment. Germination probabilities as a function of time
(germination functions) were estimated using the Kaplan–Meier
estimator, as implemented in the R function survfit:

S(t) =
∏
ti≤t

1 − di

ni

( )

where di is the number of germinations during a given time inter-
val and ni is the number of ungerminated seeds entering the inter-
val minus half the number of seeds having germinated during the
interval (Onofri et al., 2010).

As recommended by Onofri et al. (2010), we used acceler-
ated failure time (AFT) regression modelling as implemented
in the R function survreg to compare germination functions.
Experimental factors accelerating or decelerating germination
shift the germination function curves to the left or right, re-
spectively. AFT modelling assumes a linear relationship
between the logarithm of time to germination and the

underlying factors. As a parametric method, AFT modelling
requires that an underlying distribution is defined for the ger-
mination function. Four distribution models were tested, i.e.
exponential, Weibull, log-logistic and log-normal. The best
distribution model was selected based on Akaike’s information
criterion (AIC). Model fit was checked graphically by compar-
ing the fitted curves with those obtained using the Kaplan–
Meier estimator.

Our aim was to assess the effect of the genotype at the
ACCase locus on seed germination for each mutant allele
investigated. AFT modelling was performed separately for
the fresh and buried seed experiments, and for each mutant
ACCase allele. We first considered a full model including all
explanatory variables of interest, i.e. year (two levels), popula-
tion (2–5 levels, Table 1) and embryo genotype (three levels,
W/W, W/M or M/M), and their interactions. The experimental
unit (germination box) was considered a clustering random
effect and included in the model using the R frailty function.
Full models were subsequently simplified by eliminating vari-
ables with non-significant effects, based on log-likelihood ratio
tests. When a significant overall genotype effect was detected,
the contrasting genotypes were identified by pairwise compar-
isons of the germination function of each genotype with those
of the other two genotypes. Significant differences were
assessed after sequential Bonferroni correction.

Analysis of emergence data

Seed germination does not necessarily result in successful
seedling emergence. In our pre-emergence growth experi-
ments, some germinated seeds showed no subsequent elong-
ation of the shoot, or of both the root and the shoot. These
seeds were classified as fatal germinations, i.e. seeds clearly
having no chance of reaching the soil surface (Davis and
Renner, 2007). The effect of genotype on germination
success, a binary response variable (fatal or successful), was
analysed using generalized linear modelling with a logit link
function and a binomial distribution of error terms. The popu-
lation and the year in which the experiment was conducted
were included as random factors using the glmer function in
the R package lmer4. The main effects of random factors
and their interaction with genotype were assessed. When a sig-
nificant overall genotype effect was detected, the contrasting
genotypes were identified by pairwise comparisons of the ger-
mination success of each genotype with those of the other two
genotypes. Significant differences were assessed after sequen-
tial Bonferroni correction.

The leaf and root lengths of successfully germinated seeds
were square-root transformed to meet analysis of variance
(ANOVA) assumptions, and the genotype effect was analysed
using linear mixed-effect modelling, using the same model
terms as for germination success.

RESULTS

Embryo genotypes at the ACCase locus

Attempts at genotyping embryos from ungerminated seeds
were unsuccessful. Thus, only embryos from germinated
seeds could be genotyped. Above 80 % of the fresh seeds
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used germinated and could be used for genotyping
(Supplementary Data Table S1), except in populations
Leu1781-D121-04 and Asn2041-D121-04, which contained
high proportions of ungerminated seeds. Depending on the
population, 9.5–61.5 % of the seeds buried in 2004 or in
2005 could be recovered, germinated and could be used for
genotyping. A total of 9328 seedlings were thus genotyped.
The number of seeds genotyped and genotyping results are
given in detail in Supplementary Data Table S1.

No deviation from the expected proportions of W/W (25 %),
M/W (50 %) and M/M (25 %) embryos was detected in most
populations (Supplementary Data Table S1). A significant
deficit in M/W embryos was observed in the buried seeds
from population Leu1781-D121-04 (x2 ¼ 9.65; P , 0.01). A
significant deficit in M/M embryos together with a significant
excess of W/W embryos was observed in the buried seeds from
population Leu1781-D143-05 (x2 ¼ 6.23; P , 0.05), in the
fresh seeds from populations Gly2078-D41-04 and
Gly2078-D83-04 (x2 ¼ 39.12; P , 0.001 and x2 ¼ 15.58;
P , 0.001, respectively), and in the buried seeds from popula-
tion Gly2078-D83-04 (x2 ¼ 6.01; P , 0.05).

Seed germination

Seed dormancy was greatly reduced after burial, with sub-
stantially faster germination. The seed germination plateau
was reached in 81 d for fresh seeds, and in 10–15 d for
buried seeds (Fig. 1). In AFT modelling, the most appropriate
distributions were always log-normal or log-logistic (Table 2).
Visual comparison of the Kaplan–Meier germination func-
tions with AFT models indicated an adequate fit (illustrated
in Fig. 1).

AFT modelling (Supplementary Data Tables S2 and S3)
identified a significant year effect on the germination function
in all cases except buried seeds from populations segregating
for Leu1781 ACCase. A significant population effect was not
systematically observed. Overall, seeds produced in 2005 ger-
minated faster than seeds produced in 2004. Time to reach
50 % germination (T50) values for fresh seeds were 38.7 and
46.0 d in 2005 and in 2004, respectively. T50 values
were 4.9 and 6.2 d for buried seeds in 2005 and in 2004, re-
spectively. A significant effect of the embryo genotype on
the germination function was observed for fresh seeds from
populations segregating for Leu1781 or Gly2078 ACCase,
and for buried seeds from populations segregating for
Asn2041 ACCase. The effect of the interaction of the embryo
genotype with the other variables was never significant.

Pairwise comparisons of the germination functions of the
different embryo genotypes (M/M, M/W and W/W) showed
that, in fresh seeds from populations segregating for
Leu1781 ACCase, germination of seeds containing M/M and
M/W embryos was strongly delayed compared with seeds con-
taining W/W embryos (Fig. 1, P , 0.001 and P , 0.01 for M/
M and M/W embryos, respectively). In these populations, there
was an average increase of 15.8 and 8.3 d in the T50 of seeds
containing M/M and M/W embryos, respectively, compared
with seeds containing W/W embryos (Table 2). This corre-
sponded to a 1.41- and a 1.22-fold increase, respectively, in
T50. In fresh seeds from populations segregating for Gly2078
ACCase, germination of seeds containing M/M embryos was

noticeably accelerated compared with seeds containing W/W
embryos (P , 0.01), while germination of seeds containing
M/W embryos was intermediate (Fig. 1). In these populations,
there was an average decrease of 8.1 and 3.5 d in the T50 of
seeds containing M/M and M/W embryos, respectively, com-
pared with seeds containing W/W embryos (Table 2). This cor-
responded to a 1.25- and a 1.10-fold decrease, respectively, in
T50. Finally, in buried seeds from populations segregating for
Asn2041 ACCase, germination of seed containing M/W
embryos was delayed compared with seeds containing W/W
embryos (P , 0.001), while germination of seeds containing
M/M embryos was intermediate (Fig. 1). In these populations,
there was an average increase of 1 and 0.5 d in the T50 of seeds
containing M/W and M/M embryos, respectively, compared
with seeds containing W/W embryos (Table 2). This corre-
sponded to a 1.06- and a 1.02-fold increase, respectively, in T50.

Fatal germinations

Overall, a significant year or population effect was not sys-
tematically observed (Supplementary Data Tables S4 and S5).
A significant effect of the embryo genotype on the proportion
of fatal germinations was observed in fresh seeds from popula-
tions segregating for Leu1781 ACCase, and in buried seeds
from populations segregating for Asn2041 ACCase. The
effect of the interaction of the embryo genotype with the
other variables was never significant, except in fresh seeds
from populations segregating for Gly2078 ACCase, where a
significant year × genotype interaction was observed.

Pairwise comparisons of the different embryo genotypes in
fresh seeds from populations segregating for Leu1781 ACCase
showed a significantly lower frequency of fatal germinations in
seeds containing M/M and M/W embryos compared with seeds
containing W/W embryos (Fig. 2, top; P , 0.001). In these
populations, there was a 3.24- and a 2.12-fold reduction in
fatal germination in seeds containing M/M and M/W
embryos compared with seeds containing W/W embryos, re-
spectively. In buried seeds from populations segregating for
Asn2041 ACCase, seeds containing M/W embryos showed a
significantly lower frequency of fatal germinations than
seeds containing W/W embryos (P , 0.01), while the fre-
quency of fatal germination of seeds containing M/M
embryos was intermediate (Fig. 3, top). There was a 2.71-
and a 1.36-fold decrease in fatal germination in seeds contain-
ing M/W and M/M embryos compared with seeds containing
W/W embryos, respectively.

Although a genotype effect was not significant in fresh
seeds from populations segregating for Gly2078 ACCase, a
significant year × genotype interaction was observed (P ,
0.001; Supplementary Data Table S4). We therefore analysed
the germination success of the different embryo genotypes in
these populations for each year separately. In 2004, the geno-
type effect was non-significant (P ¼ 0.06). In 2005, the geno-
type effect was highly significant overall (P , 0.001) and for
each pairwise comparison between genotypes (P , 0.001,
P , 0.05 and P , 0.01 for M/M vs. W/W, M/W vs. W/W
and M/M vs. M/W, respectively). There was an 8.81- and a
4.64-fold increase in fatal germination in seeds containing
M/M and M/W embryos compared with seeds containing
W/W embryos, respectively.
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TABLE 2. Estimates of T50 (time to 50 % germination) obtained for each ACCase genotype using accelerated failure time (AFT)
modelling

T50 estimates (d)*

Experiment ACCase allele Best fitting AFT model W/W M/W M/M

Fresh seeds Leu1781 Log-normal 38.4 (3.0)a 46.7 (3.3)b 54.2 (4.5)b

Asn2041 Log-normal 43.6 (3.5)a 46.4 (3.3)a 44.6 (3.6)a

Gly2078 Log-normal 40.0 (2.0)a 36.5 (1.6)ab 31.9 (2.0)b

Buried seeds Leu1781 Log-logistic 4.8 (0.4)a 4.4 (0.4)a 4.6 (0.4)a

Asn2041 Log-normal 3.6 (0.2)a 4.6 (0.2)b 4.1 (0.2)ab

Gly2078 Log-logistic 5.8 (0.4)a 6.3 (0.4)a 6.3 (0.4)a

*The s.e. is given in parentheses. Identical letters on the same line indicate T50 values not significantly different at P , 0.05 after sequential Bonferroni
correction.
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Seedling pre-emergence growth

Overall, no significant year or population effect on leaf or
root length was systematically observed. The effect of the
interaction of the embryo genotype with the other variables
was never significant (Supplementary Data Tables S6–S9).

A significant effect of the embryo genotype on leaf length
was only observed in buried seeds from populations segregat-
ing for Asn2041 or for Gly2078 ACCase (Supplementary Data
Tables S6 and S7). Pairwise comparisons of the different
embryo genotypes in buried seeds from populations segregat-
ing for Asn2041 ACCase showed a significantly higher leaf
length for seeds containing M/W embryos compared with
seeds containing M/M or W/W embryos (Fig. 3, middle,
P , 0.05), with a 1.09- and a 1.12-fold increase in leaf
length in seeds containing M/W embryos compared with
seeds containing M/M and W/W embryos, respectively. In
buried seeds from populations segregating for Gly2078
ACCase, seeds containing M/W embryos showed a higher
leaf length compared with seeds containing W/W embryos
(P , 0.001), while leaf length of seeds containing M/M

embryos was intermediate (Fig. 3, middle). In these popula-
tions, there was a 1.28- and a 1.15-fold increase in leaf
length in seeds containing M/W and M/M embryos compared
with seeds containing W/W embryos, respectively.

A significant effect of the embryo genotype on root length was
only observed for fresh seeds from populations segregating for
Leu1781 ACCase (Supplementary Data Tables S8 and S9).
Pairwise comparisons of the different embryo genotypes showed
a significantly higher root length for seeds containing M/M
embryos compared with seeds containing W/W (P , 0.05),
while root length of seeds containing M/W embryos was intermedi-
ate (Fig. 2, bottom). There was a 1.12- and a 1.07-fold increase in
root length in seeds containing M/M and M/W embryos compared
with seeds containing W/W embryos, respectively.

DISCUSSION

Direct effects of resistance alleles on germination and emergence

Several previous studies investigated a possible link between
resistance to ACCase inhibitors and variation in seed germination
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dynamics without reaching definite conclusions (Ghersa et al.,
1994; Gill et al., 1996; Vila-Aiub et al., 2005b; Gundel et al.,
2008; Menchari et al., 2008; Wang et al., 2010; Owen et al.,
2011). This is probably because none of these studies com-
pared plants sharing a genetic background and containing a
known copy number of a single, clearly identified resistance
allele using several different genetic backgrounds and evolu-
tionary histories, as we did here. All the populations used in
our study were field populations that underwent selection by
ACCase-inhibiting herbicides. No reduction in the genome-
wide genetic diversity of these populations was observed
when compared with ‘naive’, unselected populations
(Menchari et al., 2007). Thus, the pleiotropic effects observed
here were not influenced by a loss of diversity at the segregat-
ing genetic background. Each mutant ACCase allele used in
this study had been shown to evolve from independent muta-
tional events in different A. myosuroides populations (Délye
et al., 2004). We accordingly sampled A. myosuroides in dif-
ferent fields to generate the segregating populations studied
here. Different evolutionary origins of the same mutant
ACCase allele consistently endowed the same pleiotropic

effects, whatever the population of origin, indicating that
pleiotropic effects were stable across independent evolutionary
histories. It is thus extremely unlikely that the effects we
observed were systematically due to loci specifically linked
to each mutant ACCase allele. This work is therefore the
first clear and unambiguous demonstration of a direct effect
of herbicide resistance alleles (i.e. mutant ACCase alleles)
on seed germination dynamics and seedling emergence.

Pleiotropic effects depend on the ACCase allele

In buried seeds, Asn2041 ACCase showed a substantial
overdominant reduction in fatal germination. The biological
significance of these differences is not obvious, because they
were only observed in seeds having sojourned 1 year in the
soil. When seeds were not protected in Tergal bags as in our
experiments, A. myosuroides annual seed decline rate values
were estimated to be 73–83 % (Moss, 1985). Thus, the differ-
ences observed may not be of perceptible biological and eco-
logical significance in the field. No other phenotypic
differences due to Asn2041 ACCase have been identified here
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and in a previous work (Menchari et al., 2008). Phenotypic
changes associated with this type of mutant ACCase allele can
thus be considered extremely limited, and not likely to confer
substantial fitness variation during the A. myosuroides life cycle.

As previously observed (Menchari et al., 2008) in popula-
tions segregating for Gly2078 ACCase, a segregation distortion
against M/M embryos was observed in the seeds produced in
2004 only. A co-dominant substantial increase in fatal germin-
ation was observed in 2005 only. In 2004, during the 4 week
period before seed shed that is crucial for A. myosuroides
seed viability (Swain et al., 2006), temperatures were higher
(+3.2 8C on average) and rainfall lower (21.6 mm vs.
57.8 mm) than during the same period in 2005. Peaks of
high temperatures (.30 8C during 1–4 h) were observed on
several occasions in 2005 during the crucial 4 week period
before seed shed. Stressful conditions at critical periods may
be responsible for the observed variation of pleiotropic
effects. More importantly, in fresh seeds, Gly2078 ACCase
caused a co-dominant acceleration in germination. Gly2078
ACCase had previously been shown to confer a substantial, re-
cessive reduction in plant biomass and seed output under stress-
ful conditions (Menchari et al., 2008). Here, we showed that
Gly2078 ACCase also had pleiotropic effects on seed germin-
ation and emergence, and that these effects seemed to vary
with the environmental conditions prevailing during seed
development.

Leu1781 ACCase caused a substantial co-dominant delay in
germination, and a substantial co-dominant decrease in fatal
germination of fresh seeds. Delayed germination due to
Leu1781 ACCase had previously been proposed in the grass
weed Lolium rigidum. It could not definitely be proved
because the increase in T50 observed was slight and a single
population had been studied (Vila-Aiub et al., 2005b).
Previous studies controlling genetic background showed a non-
significant trend for plants carrying Leu1781 ACCase to
produce more seeds and biomass than W/W plants (Vila-Aiub
et al., 2005a; Menchari et al., 2008). A recent study using a con-
trolled genetic background in the grass Setaria sp. reported an
increase in vigour, tolerance to stress and seed output, together
with earlier flowering in plants containing Leu1781 ACCase
(Wang et al., 2010). The authors used a single evolutionary
origin of Leu1781 ACCase and could not reach a conclusion
on a direct effect of Leu1781 ACCase. However, the consistent
trends observed across grass species in the literature (Vila-Aiub
et al., 2005a; Menchari et al., 2008; Wang et al., 2010) would
suggest so. Furthermore, an increase in vigour caused by
Leu1781 ACCase would be consistent with the reduction in
fatal germination observed here for seeds with embryos carrying
Leu1781 ACCase. In this hypothesis, Leu1781 ACCase consist-
ently causes delayed seed germination, a reduction in fatal ger-
mination and most probably an increase in vigour and in seed
and biomass production.

Our results therefore show that pleiotropic effects directly
associated with mutant ACCase alleles vary substantially
with the allele, and can also vary with the environment.
Such results are not unique to plants. The deleterious effects
on winter survival of four mutant alleles conferring the same
adaptation (insecticide resistance) in the mosquito Culex
pipiens had been shown to vary with the allele. For one
allele, the pleiotropic effects observed also varied with the

environment (Chevillon et al., 1997). In the yeast
Saccharomyces cerevisiae, the pleiotropic effects of several
mutant alleles endowing fungicide resistance were studied in-
dividually for each of several genes. The pleiotropic effects
associated with resistance alleles could be positive or deleteri-
ous in a given environment, depending on the allele. When
several environmental conditions were assessed, the pleiotrop-
ic effects associated with each allele could also be positive or
deleterious, depending on the environment (Gerstein et al.,
2012). Variation of associated pleiotropic effects with the re-
sistance allele and with the environment may be thus be a
general rule.

Fitness effect of mutant ACCase alleles in agricultural ecosystems

Our experimental conditions were designed to be optimal
for seed germination. They were not representative of environ-
mental conditions in the field, where resistance evolves. Yet,
strong phenotypic effects were still observed under these ex-
perimental conditions, especially on seed germination. It can
thus reasonably be expected that the effects we observed
would also occur in the field. This is further supported by the
consistency of the mutant ACCase pleiotropic effects observed
across different grass species and in different experimental
systems here and in previous works (Vila-Aiub et al. 2005a, b;
Menchari et al., 2008; Wang et al., 2010). This suggests the
results obtained on A. myosuroides are of general value.

Success of a weed species in agricultural ecosystems
depends on its capacity successfully to withstand or escape
pre-sowing practices and post-sowing herbicide applications.
Weed seed germination in a given weed population is not
synchronous (Froud-Williams et al., 1984; Mortimer, 1997).
Pre-sowing practices destroy seedlings issued from early-
germinating seeds. Post-sowing herbicide applications
destroy herbicide-sensitive seedlings. The mutant ACCase
alleles studied here all confer the capacity to survive applica-
tion of the ACCase inhibitors most widely used in Europe
(Délye et al., 2008). They also directly cause various pheno-
typic and phenological changes, especially in seed germination
dynamics. Seedlings carrying Leu1781 ACCase show a
delayed germination: the fitness advantage conferred by herbi-
cide resistance is expected to be enhanced by a higher prob-
ability of escaping pre-sowing cultural practices. This
advantage is further enhanced by the decrease in fatal germin-
ation conferred by this allele. In contrast, seedlings carrying
Gly2078 ACCase show earlier germination: the fitness advan-
tage conferred by herbicide resistance is expected to be coun-
terbalanced by a higher probability to be destroyed by
pre-sowing cultural practices. These differences are expected
to be further enhanced during a grass weed life cycle by an
increased vigour and tolerance to environmental stresses asso-
ciated with Leu1781 ACCase, and a higher sensitivity to stres-
ses associated with Gly2078 ACCase (Menchari et al., 2008).

The pleiotropic effects of the three mutant ACCase alleles
studied are consistent with their observed frequencies in the
field (Menchari et al., 2006; Délye et al., 2010). Gly2078
ACCase that causes potentially deleterious effects is the least
frequent allele, while Leu1781 ACCase that causes potentially
favourable effects is by far the most frequent allele. The idea
that resistance endows fitness costs is very widespread
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(Purrington, 2000). Here, we demonstrated that different resist-
ance mutations at the same gene had different, contrasting
pleiotropic effects, with one of them most probably causing
a fitness advantage rather than a fitness cost under current, con-
ventional agricultural systems. Previous studies showed that, in
A. myosuroides populations where resistance due to mutant
ACCase has evolved, a single type of mutant ACCase allele
is generally present (Menchari et al., 2006; Délye et al.,
2010). Our results therefore suggest that the particular muta-
tion acquired by a population during adaptation to herbicide
application will alter its future evolutionary pathway.
Pleiotropic effects must therefore be taken into account when
trying to predict the outcome of herbicide selective pressure,
for instance by incorporation into agronomic models (e.g.
Colbach et al., 2006) to estimate the effects of practices for
managing as well as minimizing the risk for selection of herbi-
cide resistance. This will enable diversification of weed control
programmes, which is the only way towards lasting weed
control efficacy (Menchari et al., 2008; Birch et al., 2011).

Implications of this study for the relationship between lipid
biosynthesis and seed germination

As with most herbicides, ACCase inhibitors target a crucial
step in plant metabolism (Délye, 2005; Powles and Yu, 2010).
ACCase is a key regulatory enzyme in fatty acid biosynthesis
(Ohlrogge and Jaworski, 1997). In grass seeds, lipids are
major storage components of the embryo (reviewed in
Barthole et al., 2012). Lipids can also represent a substantial
part of the storage compounds in the albumen, especially for
grasses in the family Avenaceae (Banaś et al., 2007), which
includes A. myosuroides. The quantity of storage lipids has
an influence on the energy available for seedling emergence,
and the nature of storage lipids affects the dynamics of lipid
peroxidation that is involved in dormancy release (Oracz
et al., 2007). Acetyl-CoA, the substrate of ACCase, cannot
cross the cytoplasmic membrane. The biosynthesis of storage
lipids thus takes place in the developing seed, where it is es-
sentially controlled by the embryo (Neuberger et al., 2008;
Alonso et al., 2010). Thus, changes in seed storage lipid con-
tents due to pleiotropic effects of herbicide-resistant ACCase
alleles contained in the embryo genome could explain the vari-
ation in seed germination and emergence we observed.

Previous studies compared the enzyme activity of isoforms
encoded by mutant ACCase alleles with that of wild-type
ACCase. They reported no differences for Leu1781 ACCase,
no difference or a slight decrease in activity for Asn2041
ACCase, and a strong reduction in activity for Gly2078
ACCase (Marles et al., 1993; Shukla et al., 1997; Délye
et al., 2003, 2005; Yu et al., 2007). Impairment of ACCase ac-
tivity due to ACCase inhibitors has been shown to generate
active oxygen species (Cummins et al., 1999). It is possible
that altered activity of Gly2078 ACCase could also cause
active oxygen species release, which could enhance or acceler-
ate lipid peroxidation and accelerate dormancy release.
However, effects of mutant ACCase alleles on the quantitative
and qualitative composition of seed storage lipids and on its
peroxidation over time have not been investigated to date,
and would require the production of appropriate weed lines
producing seeds with controlled embryo genotypes.

In conclusion, we demonstrated direct effects of the selec-
tion for herbicide resistance on other traits crucial for weed
seedling establishment. Depending on the ACCase mutation
and the selective pressure exerted by cultural practices, these
effects may enhance or counterbalance the selective advantage
conferred by herbicide resistance. Different mutant ACCase
alleles have contrasting effects on seed germination and seed-
ling emergence. Our results therefore contribute to a growing
body of evidence showing a key role for seed storage lipids
in controlling seed dormancy and seedling emergence (Oracz
et al., 2007). One final consequence of this study is the avail-
ability of mutant ACCase alleles selected in natura that should
prove useful for biochemical or physiological studies aiming at
a better understanding of the role played by seed storage lipids
in the control of seed dormancy and germination.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: segregat-
ing populations of A. myosuroides analysed and number of
seeds analysed. Tables S2 and S3: test statistics for an effect
of the explanatory variables used in the accelerated failure
time (AFT) models describing seed germination in fresh
seed experiments and buried seed experiments, respectively.
Tables S4 and S5: tests statistics for an effect of the explanatory
variables used in the generalized linear models describing ger-
mination success in fresh seed experiments and buried seed
experiments, respectively. Tables S6 and S7: tests statistics for
an effect of the explanatory variables used in linear models de-
scribing leaf length in fresh seed experiments and buried seed
experiments, respectively. Tables S8 and S9: tests statistics for
an effect of the explanatory variables used in linear models de-
scribing root length in fresh seed experiments and buried seed
experiments, respectively.
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