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a  b  s  t  r  a  c  t

Optimizing  the  germination  timing  is  crucial  for the  establishment  of new  generations.  We  hypothesized
that  environmental  maternal  effects  may  be  relevant  in the fine  tuning  of  this  trait  in a long-lived  Mediter-
ranean  model  tree.  We  analyzed  the influence  of maternal  genotype,  maternal  environment  and  their
interaction  on  the  germination  success  and  germination  phenology  of 8725  Pinus  pinaster  seeds  collected
from  genotypes  clonally  replicated  in  two  contrasting  environments.  Besides  maternal  genetic  effects,  the
maternal  environment  significantly  affected  both  the  percentage  and  the  timing  of  germination.  Seeds
from  the  more  favourable  environment  germinated  7.5  days  earlier  and  showed  higher  germination  rate
(0.93  ± 0.01  vs 0.85  ±  0.03).  Seed  weight  significantly  influenced  germination  time,  but  seed  weight dif-
ferences  between  maternal  environments  were  not  enough  to explain  this form  of  transgenerational
orestry
ong-lived plants
aritime pine
aternal effects

eed weight
eed size
ransgenerational plasticity

plasticity.  The  effect  of  the  maternal  environment  varied  depending  on  the  genotype,  indicating  that
genetic  variation  in the  sensitivity  to  the  maternal  environment  in  this  pine  species  does  exist.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Optimizing the timing of germination is vital for the establish-
ent of an individual, especially in areas with strong seasonal

ariability (Baskin and Baskin, 1998; Castro, 2006). Among other
imitations, germinating too early may  expose the immature
eedling to late frost injuries, whereas delaying germination may
educe the early competitive ability of the resulting offspring
Donohue et al., 2010). Plant populations have evolved to fine tune
he timing of germination accordingly to these and other selec-
ive pressures. Environmental gradients within the distribution
ange of a plant species have commonly led, thus, to large among-
opulation differentiation in this adaptive trait (see references in
askin and Baskin, 1998; Donohue et al., 2010; Wagner and Simons,
009).

Additive genetic variation within populations provides the fuel
or adapting the timing of germination to the current environ-

ental conditions. In addition to this, there is emerging evidence
Please cite this article in press as: Cendán, C., et al., The maternal environm
Exp.  Bot. (2011), doi:10.1016/j.envexpbot.2011.11.022

hat environmental maternal effects are also relevant influenc-
ng this process (Donohue, 2009; Donohue et al., 2010; Tielborger
nd Petru, 2010). Environmental maternal effects are defined as

∗ Corresponding author. Tel.: +34 986854800; fax: +34 986841362.
E-mail address: rzas@mbg.csic.es (R. Zas).

098-8472/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.envexpbot.2011.11.022
the direct contribution of the maternal environment to the off-
spring phenotype, irrespective of the chromosomal contribution
of the parents (Roach and Wulff, 1987). In angiosperms, there
is increasing evidence that environmental maternal effects affect
both germination percentage (Alboresi et al., 2005; Donohue, 2009;
Figueroa et al., 2010; Tielborger and Petru, 2010) and germination
phenology (Biere, 1991; Lacey, 1996). For instance, in resource lim-
iting environments, seeds of semi-arid Mediterranean plant species
developed in favourable years were found to have higher propor-
tion of dormant seeds (Tielborger and Petru, 2010). Delaying the
germination of a fraction of the seed yield may  help to reduce com-
petition between siblings in the current year, and to increase the
available seed bank in following unfavourable years (Tielborger and
Petru, 2010). Environmental factors such as photoperiod and tem-
perature during seed maturation have also been found to determine
the environmental conditions needed to broke dormancy in Ara-
bidopsis thaliana, and therefore significantly modulate germination
timing (Boyko et al., 2010; Donohue et al., 2008). Moreover, it is
well known that the environmental conditions where the mother
plant grows may  largely influence the size of the seeds, which in
turn may  influence germination timing and success (Castro et al.,
ent determines the timing of germination in Pinus pinaster. Environ.

2006). Identifying the environmental, genetic and epigenetic mech-
anisms involved in the transmission of maternal environmental
effects through the seeds is important to understand their ecolog-
ical function and adaptive value. This field is becoming a prolific

dx.doi.org/10.1016/j.envexpbot.2011.11.022
dx.doi.org/10.1016/j.envexpbot.2011.11.022
http://www.sciencedirect.com/science/journal/00988472
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esearch line in angiosperms (Boyko and Kovalchuk, 2011; Gehring
t al., 2009; Mirouze and Paszkowski, 2011; Mosher and Melnyk,
010) but available information for long-lived woody species such
s gymnosperms is much more limited (Dolgosheina et al., 2008;
akovlev et al., 2010)

In conifers, the maternal environment is known to influence the
ffspring frost-hardiness (Johnsen et al., 1996; Lindgren and Wei,
994), but there are only few examples of significant environmen-
al maternal effects on germination phenology (Stoehr et al., 1998).
uriously, however, certain particularities of the reproduction

n gymnosperms could favour their sensitivity to environmental
aternal effects. In conifers, both the seed coat and the endosperm

ad maternal origin whereas in angiosperms both parents genet-
cally contribute to form the endosperm (Linkies et al., 2010).
dditionally, the period during which the seed remain connected

o the mother is, in some genera such as Pinus, remarkably large,
asting up to two years in Maritime pine (Pinus pinaster Ait.) and
ven more in other species. Although the underlying mechanisms
nvolved in the transmission of environmental maternal effects
re largely unknown, they are likely activated during this period
Donohue et al., 2008; Lacey et al., 1997; Roach and Wulff, 1987).

The main objective of this paper was to evaluate the influence of
he maternal environment on the germination timing of P. pinaster.
his pine species is an emblematic Mediterranean forest tree that
ccupies more than 4 million ha in southwest Europe and north
frica, and it is becoming a model species for genetic and eco-

ogical studies in the Mediterranean region (González-Martínez
t al., 2004). We  followed the germination timing of pre-weighted
eeds collected from several genotypes clonally replicated in two
ontrasting environments, one with favourable conditions for the
evelopment of this pine species (in terms of growth and reproduc-
ion rate), and the other one with less favourable conditions (see
able 1). Our experimental design allowed to separate and quantify
Please cite this article in press as: Cendán, C., et al., The maternal environm
Exp.  Bot. (2011), doi:10.1016/j.envexpbot.2011.11.022

he influence of the maternal genotype, the maternal environment
nd their interaction, providing a quantification of the relative con-
ribution of genetic and epigenetic effects on both the germination
uccess and the germination timing, two relevant life-history traits

able 1
limatic, edaphic and dasometric characteristics of the two maternal environments
f  contrasting site quality, the high (Sergude), and the low quality clonal seed
rchards (Monfero).

Monfero Sergude

Altitude (m)  615 258
Mean annual temperature (◦C) 10.6 13.2
Maximum temperature (◦C) 35.3 38.7
Minimum temperature (◦C) −8.0 −4.7
Mean temperature of the warmest

month (◦C)
15.5 19.2

Mean temperature of the coldest
month (◦C)

5.9 7.8

Number of frost-free monthsa 3 5
Annual precipitation (l m−2) 1435 1445
Daily average wind speed (m s−1) 5.2 3.2
Number of windy days per yearb 166 35
Soil pH (H2O, 1:2.5) 4.5 5.1
Soil depth (cm) 45.1 ± 3.2 >120 cm
Tree  age at sampling 20 27
Mean tree diameter at breast

height (cm)
6.1 ± 0.3 20.9 ± 0.6

Annual individual tree growth in
basal area (cm2 year−1)

1.65 ± 0.15 13.6 ± 0.8

Number of cones per tree at age 9 3.8 ± 0.2 76.5 ± 11.0
Reproductive allocation

(cones dm−2)c
15.8 ± 2.8 47.8 ± 4.1

a Sensu Emberger et al. (1963), i.e. the period during which the average minimum
emperature is over 7 ◦C.

b Average wind speed > 5 m s−1.
c Number of cones per unit of basal area at breast height (modified from Climent

t  al., 2008).
 PRESS
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that represent the main change within a plant cycle, the switch
from adult to offspring.

2. Materials and methods

2.1. Site location and plant material

Seed material was  collected from two  clonal seed orchards with
exactly the same genetic material and experimental design but
contrasting site qualities. Both seed orchards belong to the Gali-
cian Tree Breeding Program (Consellería do Medio Rural, Xunta
de Galicia) and include 116 unrelated P. pinaster genotypes. These
genotypes were selected in natural stands or mature plantations
within the coastal area of Galicia (NW Spain, provenance ‘1a.
Noroeste Litoral’ sensu Alía et al. (1996)). Within each stand, indi-
vidual trees were mass selected for their superior growth, stem
form and branching habit by comparing its phenotype with that of
the surrounding trees (see Zas et al., 2004 for details). Scions were
collected in each selected tree using climbing tools and grafted on
two-year old seedlings (height ∼80 cm,  basal diameter ∼1.5 cm) by
replacing the terminal bud. Each genotype was clonally replicated
by grafting in 10 individual trees (ramets) within each site. The
experimental layout in each site was a randomized block design
with 10 blocks and one ramet of each genotype per block. The
favourable seed orchard (Sergude, 42.82◦N, 8.45◦W)  is located in
a high quality site for P. pinaster development, with mild tem-
peratures, adequate moisture all over the year, and well drained
and deep soil (Table 1). The other seed orchard (Monfero, 43.52◦N,
7.93◦W)  is located in the top of a hillside on a site especially harm-
ful for P. pinaster. Pine growth and reproduction in this site are
strongly limited by low winter and spring temperatures, extreme
wind exposure, and water-logging and thin soils (Table 1). In aver-
age, individual pine growth (measured as the annual increment in
basal area at breast height) was more than eight times higher in
Sergude than in Monfero (Table 1). The reproduction effort (both
at a common age and at a common tree size) was  also much higher
in Sergude. Based on the extreme differences in growth and repro-
duction rates we will refer to Sergude as the favourable maternal
environment, and to Monfero as the stressful maternal environ-
ment.

2.2. Cone and seed sampling, processing and sowing

Ten genotypes, randomly selected among the 116 genotypes
included in the seed orchards, were used in this study. In January
2007, four to six ramets of each of these genotypes were selected
for sampling within each seed orchard. In each ramet, three to
four cones were randomly selected within the tree at the stage of
flowers (March 2007), adequately labelled and allowed to be open-
pollinated during spring 2007. In January 2009, after the regular
maturation time for this species (two seasons), all the cones were
carefully collected using ladders and climbing tools. Total sample
size was  377 cones. Diameter at breast height was measured in all
mother trees.

Cones were air dried for a few weeks and then oven-dried (7 days
at 35 ◦C) to induce opening. After this time, cones were weighed
with a precision scale (0.001 g) and all the seeds were removed
and stored in PET vials at 4 ◦C. For each individual cone, empty
seeds were separated by decantation in cold water for some sec-
onds, where empty seeds remained floating at the surface. Empty
and filled seeds were immediately oven-dried again at 35 ◦C for
ent determines the timing of germination in Pinus pinaster. Environ.

seven days, and then the number and total weight of seeds per
cone were recorded. Twenty-four filled seeds per cone were ran-
domly selected, individually weighed (0.0001 g), identified by their
position in 96 wells microplates and stored at 4 ◦C. These identified

dx.doi.org/10.1016/j.envexpbot.2011.11.022
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Table 2
Results of the generalized mixed models for the analysis of the proportion of filled seeds and the germination rate of filled seeds. Degrees of freedom (DF) and F-ratios are
shown  for fixed effects; variance components (VarComp) and associated �2 values showing their statistical significance are shown for random factors. Both seed orchards
have  exactly the same genetic material, clonally replicated by grafting, and follow the same spatial design. Significance (P < 0.05) P values are given in bold.

Effect Filled seeds (%) Germination (%)

DF or VarComp F or �2 P value DF or VarComp F or �2 P value

Fixed factors
Maternal environment [E] 1, 9 0.04 0.8542 1, 9 5.48 0.0439
Block(E)a 15, 68 1.09 0.3842 15, 68 0.86 0.6722

Random factors
Mother genotype [G] 0.01 ± 0.11 2.82 0.0465 0.02 ± 0.16 0.27 0.3017
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favourable and unfavourable maternal environments respectively)
and around seven days earlier than those from the unfavourable
maternal environment (Fig. 1). The percentage of filled seeds did
not significantly differ between the two  maternal environments

Table 3
Results of the general mixed model for the analysis of the emergence time. Degrees
of  freedom (DF) and F-ratios are shown for fixed effects; variance components (Var-
Comp) and associated �2 values showing their statistical significance are shown for
random factors. Both seed orchards have exactly the same genetic material, clonally
replicated by grafting, and follow the same spatial design. Significance (P < 0.05) P
values are given in bold.

Effect Emergence time

DF or VarComp F or �2 P value

Fixed factors
Maternal environment [E] 1, 67 378.18 <0.0001
Block(E)a 15, 67 1.38 0.1832
Seed weight [SW] 1, 7201 64.32 <0.0001
SW  × E 1, 7201 37.55 <0.0001

Random factors
Mother genotype [G] 5.8 ± 5.7 18.6 <0.0001
G  × E 7.7 ± 4.8 10.9 0.0005
Ramet [G × B(E)] 10.9 ± 2.3 123.4 <0.0001
G  × E 0.17 ± 0.15 2.12 

Ramet [G × B(E)] 0.64 ± 0.13 1860.9 

a Block was nested within maternal environments [B(E)].

eeds were individually sown on sterilized vermiculite (0.5–2.0 mm
oarse), using 96 wells sowing trays with 9 cm tall wells. Trays were
oisturized and disposed at random inside a glass greenhouse in
ctober 2009 at temperatures fluctuating in the range of 22 ± 4 ◦C.
ermination was individually assessed every second or third day
uring three months. Total sample size was 8990 identified seeds
f known individual seed weight.

.3. Statistical analyses

The effects of design factors on the percentage of filled seeds
nd the germination percentage per cone were analyzed with a
eneralized linear mixed model using the PROC-GLIMMIX proce-
ure of the SAS System, assuming a binomial residual distribution.

 hierarchical model with two levels of nested experimental units
ramets and cones) was considered (Littell et al., 2006). This model
ncludes the fixed effect of the maternal environment (the two
win seed orchards with contrasting site qualities), the random
ffect of the maternal genotype (the 10 genotypes clonally repli-
ated in each seed orchard), and the random interaction between
oth factors, which represents the genetic variation in the trans-
ission to the progeny of environmental maternal effects. The
odel also includes the effect of blocks nested within each seed

rchard, which accounted for the environmental variation within
ach seed orchard, and the random effect of ramets, accounting for
icro-environmental variation at scales lower than the block size

nd other phenotypic effects of the ramets such as the effect of
he root genotype in which the genotypes were grafted, ontogeny,
iotic interactions, etc. Measures from different cones within the
ame ramet were considered as a within-subject factor (Littell
t al., 2006). As cones were open-pollinated, any environmental
nd genetic paternal effects would be included into the residual
erm. Diameter at breast height of each tree was also included as a
xed covariate in this model in order to account for possible allo-
etric effects, but it was removed because it was  not significant

nd did not improve the resolution of the model.
The effects of design factors on germination time were analyzed

sing a linear mixed model with the PROC-MIXED procedure of
he SAS System fitting a hierarchical model similar to those used
o solve a split–split design with three levels of nested experi-

ental units: ramets, cones and seeds (Littell et al., 2006). Both,
alues within a given cone, and values from different cones within

 ramet were dependent measures within the same subject (cone
r ramet, respectively). Besides the factors included in the former
odel and described above, the model also included the random

ffect of cones, the covariation of the germination time with the
ndividual seed weight, and the interaction of the seed weight with
Please cite this article in press as: Cendán, C., et al., The maternal environm
Exp.  Bot. (2011), doi:10.1016/j.envexpbot.2011.11.022

he maternal environment, which accounted for the possible vari-
tion between environments in the seed weight covariation. Both
xed covariates were highly significant and clearly improved the
odel. Diameter of the mother tree and cone weight were included
0.0727 0.24 ± 0.22 1.97 0.0802
<0.0001 0.86 ± 0.18 452.0 <0.0001

as covariates in a former version of this model, but then removed as
they did not improve the likelihood of the model. Both the ramet
and cone effects were considered within-subject random effects,
thus conforming together with the residual error term, the three
experimental units of this hierarchical model (ramet, cone and
seed).

The statistical significance of the variance components for each
random factor in both statistical models was  assessed using likeli-
hood or pseudo-likelihood ratio tests (Littell et al., 2006), where the
differences in two times the log-likelihood of the models including
and excluding that random factor are distributed as one tailed �2,
with one degree of freedom.

Cumulative germination over time was  modelled by fitting
exponential and Gompertz models using nonlinear regression pro-
cedures in SAS. The time needed to reach the inflexion point (i.e.
the time needed for germination of the 50% of the sowed seeds) was
used to quantitatively compare the timing of germination between
both environments.

3. Results

The maternal environment significantly affected both the
percentage of germination (Table 2) and the emergence time
(Table 3). Specifically, seeds from trees of the high quality site ger-
minated more successfully (0.927 ± 0.013 and 0.854 ± 0.029 in the
ent determines the timing of germination in Pinus pinaster. Environ.

Cone(E × G × B)a 3.4 ± 0.6 69.0 <0.0001
Residual 71.6 ± 1.2

a Block was nested within maternal environments [B(E)], and cones were nested
within ramets [G × B(E)].

dx.doi.org/10.1016/j.envexpbot.2011.11.022
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Fig. 1. Germination progression of seeds collected in ten genotypes clonally repli-
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(black dots) and the other suffering multiple abiotic stresses (open circles). Dashed
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ompertz model was  fitted for each series. Sample size was 4628 and 4097 for the

avourable and unfavourable environments, respectively.

Table 2, 0.927 ± 0.01 and 0.922 ± 0.01 in the favourable and
nfavourable maternal environments, respectively).

Germination time was genetically variable (Table 3), with aver-
ge emergence time varying among maternal genotypes from 23.6
o 39.0 days since sown. The significant genotype by environment
nteraction also revealed that pine families varied in their ability to
xpress maternal environments effects in their germination time
Table 3). Comparison of variance components for the G and G × E
Please cite this article in press as: Cendán, C., et al., The maternal environm
Exp.  Bot. (2011), doi:10.1016/j.envexpbot.2011.11.022

ffects indicates that the variation among genotypes in this form of
ransgenerational plasticity was even higher than the genetic varia-
ion in the average germination time (Table 3). Differences between
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ig. 2. Germination percentage and time to emergence of seeds of P. pinaster
ollected from ten maternal genotypes clonally replicated in two  contrasting envi-
onments, one especially favourable for pine growth (black bars) and the other
uffering multiple abiotic stresses (white bars). Means ± S.E. are shown.
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environments in the timing of germination ranged from 0.6 days
for pinions of genotype G1 to 14.5 days for pinions of genotype G9
(Fig. 2b). Germination time of seeds from the favourable maternal
environment was shorter for all the studied genotypes (Fig. 2b).

Percentage of filled seeds also significantly varied among
maternal genotypes, but no genetic variation and just marginally
significant G × E interaction were observed for the germination per-
centage (Table 2). While seeds from the favourable environment
germinated earlier in all cases, the effect of the maternal environ-
ment in the percentage of germination showed contrasting trends,
depending on the family (Fig. 2a).

Germination time significantly covariated with seed weight
(Table 3), with heavier seeds germinating earlier. The significant
SW × E interaction revealed that the dependence of the timing of
germination on the seed weight was not the same for the two
maternal environments (Table 3). The slopes of the covariation
between seed weight and germination time significantly differed
between the two environments. The covariation for seeds from
the unfavourable environment (slope in Monfero = −0.187 ± 0.021)
was steeper than that for seeds from the favourable environment
(slope in Sergude = −0.026 ± 0.017). This result indicates that the
effect of seed weight on germination time was more pronounced
in the unfavourable environment.

4. Discussion

Our results showed that the maternal environment had a strong
influence on both the germination viability and the timing of ger-
mination of P. pinaster pinions. Seeds from the stressful maternal
environment germinated later, and the proportion of seeds that
remained ungerminated at the end of the experiment was higher
for this maternal environment. There is growing evidence that
maternal effects are involved in the expression of key characters
controlling the adaptation of populations to environmental condi-
tions (Bossdorf et al., 2009; Donohue, 2009; Donohue et al., 2008,
2010; Richards et al., 2010; Tarutani et al., 2010). Previous studies
have also identified environmental maternal effects as a signif-
icant factor explaining the variation in germination timing and
dormancy in different plant species (Biere, 1991; Donohue et al.,
2005; Stoehr et al., 1998; Teixeira et al., 2009; Tielborger and Petru,
2010). Particularly, Picea glauca seeds from mother trees grown at
colder conditions have been shown to germinate earlier and in
greater proportion, and the resulting seedlings were more frost
hardy (Stoehr et al., 1998). These last results contrast with the
results reported here, in which seeds from mother trees grown
in the colder environment germinated later and in lower propor-
tion. This discrepancy may arise because the environmental factors
that more critically limit seedling performance differ between the
two studies. For example, under boreal climates, the plants may
benefit from starting its development soon, as they would have
more chance to exploit the short growing season (Bevington, 1986).
Furthermore, differences between the maternal environments in
the Stoehr et al. (1998) study also include differences in mater-
nal photoperiod, which has been reported to modulate offspring
germination time (Donohue et al., 2005). Seeds from the north-
ern location were developed under shorter photoperiods, and thus
could tend to germinate earlier than seeds from the southern loca-
tion when planted in a common environment. In our case, latitude
differences between the two maternal environments were minimal
and the photoperiod was almost the same in both sites.

Our results seem to agree with the idea that the delay in the
ent determines the timing of germination in Pinus pinaster. Environ.

germination of the seeds collected in the colder environment can
help the offspring to ‘escape’ from late frost damage. This would
be in the same line that several studies in boreal conifers that have
reported that environmental maternal effects are mechanisms for

dx.doi.org/10.1016/j.envexpbot.2011.11.022
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old adaptation (Andersson, 1994; Johnsen et al., 2005; Lindgren
nd Wei, 1994; Webber et al., 2005). Johnsen et al. (2005) observed
hat mother trees of Picea abies subjected to photoperiod and
emperature conditions of higher latitudes during embryo devel-
pment and seed maturation lead to offspring phenotypes with
iological rhythms adapted to cold. However, it should be noted
ere that the environmental differences between the two mater-
al environments of our study are not limited to the temperature
egime, but also include large differences in other characteristics
uch as edaphic properties or wind exposure that have strong influ-
nces in primary productivity and tree growth (Table 1). All these
nvironmental factors are also known to be potential drives of
ransgenerational plastic responses (e.g. Latzel et al., 2010). Besides,
daptation to late spring frosts is probably not the main driver of
he transmission of maternal effects under Mediterranean condi-
ions, although it cannot be discarded because of the biogeographic
istory of this species during glacial periods.

Although our results suggested strong environmental maternal
ffects on germination time and viability, different male parent
onors in the two environments may  have also contributed to
enetically differentiate the seeds in the two maternal environ-
ents. Several reasons led us to think, however, that environmental
aternal effects prevail upon male genetic effects. Firstly, the most

lausible source of parental differences may  arise from contamina-
ion by foreign pollen, which is very unlikely, as both environments
re controlled seed orchards, i.e. plantations designed for seed pro-
uction that are established further away from other P. pinaster
tands. Pollen introgression is, thus, assumed to be low. Secondly,
oth seed orchards include exactly the same genetic material
nd have the same spatial designs, so spatial differences in the
ale gametic contribution within each plantation are likely to

e low. Thirdly, although variation in reproductive phenology
nd allocation could contribute in part to imbalance the parental
ontributions within each orchard (Zas et al., 2003) the repro-
uctive effort of P. pinaster, although plastic, has been shown
o present low genotype × environment interaction (Santos-del-
lanco et al., 2010), so the average pollen contribution in both seed
rchards is expected to be similar. Finally, and more importantly,
he seed tissues that most influence germination (the coat and
he endosperm) are completely maternal in gymnosperms (Linkies
t al., 2010). Specifically, all hormones and provisioning transcripts
egulating germination are directly transmitted from the mother
Nakabayashi et al., 2005). Indeed, it is widely assumed that the
emale genetic contribution has much more influence on germina-
ion than the male contribution (Baskin and Baskin, 1998; Donohue,
009; Roach and Wulff, 1987). Despite all these convincing expla-
ations about the relevance of environmental maternal effects on
he observed differences in germination between the two  maternal
nvironments, further experiments with control-pollinated seeds
re necessary to confirm the results presented here.

The contrasted climatic conditions between the two maternal
nvironments may  have also favoured differences in cone and pin-
on maturation. The observed differences in germination time of the
eeds from the two environments could thus be explained, at least
n part, by differences in seed maturity between environments.
owever full embryo maturation in Pinus is typically complete in

he second autumn after fertilization (Keeley and Zedler, 1996).
articularly, P. pinaster embryos in Portugal, not far from our seed
rchards, have been reported to be full matured at the end of the
econd summer (Miguel et al., 2004). Because we harvested the
ones in January, long after the complete maturation of the seeds,
ifferences in embryo maturation between the two maternal envi-
Please cite this article in press as: Cendán, C., et al., The maternal environm
Exp.  Bot. (2011), doi:10.1016/j.envexpbot.2011.11.022

onments in our study can be discarded.
Another confounding factor that could have differentially

ffected the germination of the seeds from the two  maternal envi-
onments is the possible differential effect of the rootstocks in
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the two seed orchards. The genotype of the rootstock is known
to potentially influence the performance of the grafted scion,
affecting, among others, its growth and reproduction, disease resis-
tance, drought tolerance, or fruit quality (reviewed for conifers
by Jayawickrama et al., 1991). Particularly, because rootstock can
modulate the genetic expression patterns of the scions (Jensen
et al., 2010) it could potentially affect the epigenetic transmission
of maternal effects through the seeds. However, the effect of the
rootstock is commonly only relevant when comparing very differ-
ent rootstock genotypes, even of different species (Jayawickrama
et al., 1991). In our case, we  used as rootstocks relatively homoge-
neous commercial material from the same provenance. Rootstock
effects are, thus, expected to be low. Furthermore, the same root-
stock material was  used in the two  seed orchards so we  can assume
that rootstock effects are unlikely contributing to differentiate the
seeds from the two maternal environments.

According to Galloway and Etterson (2007),  maternal effects are
adaptive if (i) the maternal environment influences the offspring
phenotype, (ii) the effect of the maternal environment is genetically
based, and (iii) the transgenerational effects enhance the fitness
of the progeny under environments similar to the maternal envi-
ronment. Our results support with enough empirical evidence the
first of these arguments, i.e. the maternal environment does signif-
icantly influence the germination of P. pinaster seeds. Additionally,
the significant and large G × E interaction supports that within pop-
ulation genetic variation in the offspring sensitivity to the maternal
environment does exist, and thus, these plastic responses can
evolve enhancing the adaptation of populations to environmental
variation. Results reported here do not allow, however, to deter-
mine whether the observed maternal effects increase offspring
fitness. Further reciprocal transplant experiments are needed to
demonstrate the adaptive value of the observed maternal effects
(e.g. Galloway and Etterson, 2007).

Seed weight is a character of great evolutionary importance
(Moles et al., 2005; Ramirez-Valiente et al., 2009) and it is known
to be strongly influenced by the maternal environment (Linkies
et al., 2010). Many studies have found that the significant effect
of the maternal environment on germination time was, in fact,
driven by differences on seed weight (reviewed in Castro et al.,
2006). In our case, the germination time significantly covariated
with seed weight, with bigger seeds tending to germinate earlier.
This trend, which was more apparent for the stressful environ-
ment, has been previously observed, and interpreted in terms
of the increased chance of embryo development within seeds
with higher reserves (Castro et al., 2006). Nevertheless, although
seed weight appeared to affect germination, differences in the
timing of germination between seeds obtained in the two mater-
nal environments were not only due to differences in the seed
weight between the two sites. The effect of the maternal envi-
ronment remained highly significant even when the statistical
model properly accounted for the seed weight covariation. Our
results suggest, thus, that other mechanisms not related to seed
size must be involved in the transmission of the observed maternal
effects regarding germination traits. Nowadays, there is increasing
evidence that epigenetic mechanisms, including changes in the fre-
quency of homologous recombination, changes in DNA methylation
patterns, micro and small RNAs, transposons and histone modi-
fications, are involved in the transgenerational plastic responses
to stress conditions (Boyko and Kovalchuk, 2011; Mirouze and
Paszkowski, 2011). Additionally, direct environmental effects on
the accumulation of metabolites, proteins and/or mRNAs in the
seeds can also play a significant role in the transmission of mater-
ent determines the timing of germination in Pinus pinaster. Environ.

nal effects. Our experimental approach does not allow, however, to
discriminate whether this heritable or non-heritable transgenera-
tional effects (sensu Boyko and Kovalchuk, 2011) are prevailing in
our case.
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In conclusion, this work reports significant environmental
aternal effects on the germination time and the viability of seeds

f a temperate conifer species. Although different male genetic
ontributions may  be also affecting germination, our results sug-
est that environmental maternal effects are significant drivers of
hese highly important adaptive traits in P. pinaster. Additionally,
lthough germination timing was highly influenced by the seed
eight, seed weight differences between the two maternal envi-

onments were not enough to explain the observed differences in
ermination timing. Our results indicate, thus, that other epigenetic
echanisms rather than the maternal quantitative investment in

eed size may  be involved in the transmission of this form of trans-
enerational plasticity. Genetic variation in the sensitivity to the
aternal environmental variation for both the timing of germina-

ion and the viability of seeds constitute the basis for the evolution
f these maternal effects as adaptive traits in this Mediterranean
ine species.
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