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Abstract.  Hybridization is a frequent process that leads to relevant evolutionary consequences, but there is a lack 
of studies regarding the relationships of the variability of the response of parental plant species to environmental 
gradients and the responses of their hybrids at a phenotypic level. We designed an experiment in which we exposed 
two reciprocal cordgrass hybrids, Spartina maritima × densiflora and S. densiflora × maritima, and their parental spe-
cies to four salinity concentrations for 30 days. The main objectives were to compare the performance of the hybrids 
with that of their parents, to distinguish the phenotypic inheritance operating in the hybrids and to analyse the rela-
tionships between the variability in the responses of the parents and the responses of their hybrids to salinity. We 
characterized the responses and the degree of variability for 37 foliar traits. Both hybrids presented greater salinity 
tolerance than their parents, showing their highest percentage of transgressive traits at both extremes of the salinity 
gradient. When the parental plants themselves showed a more plastic response for a given trait, there was a greater 
chance that their hybrid developed a transgressive behaviour for this trait. This finding supports a new focus to be 
applied for the artificial development of vigorous hybrid crops.
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Introduction
Hybridization is a frequent process in both plants and 
animals that leads to relevant evolutionary and eco-
logical consequences (Arnold 1992). The ecological per-
formance of hybrids depends on the expression of genes 
that control traits related to their stress tolerance and 
fitness (Chen 2013). Thus, the novel genotypes obtained 
by hybridization commonly exhibit phenotypic traits 
with intermediate values between both parents due to 
an additive genetic control when the traits are controlled 
by a large number of genes that act independently, 

as well as similar to parental species as a product of a 
dominant inheritance (Favre and Karrenberg 2011). But 
hybrids can also display another phenotypic inheritance 
that produces phenotypic traits outside the ranges of 
variability of both parental species, showing transgres-
sive phenotypes as a product of heterosis or hybrid vig-
our (Rieseberg et al. 1999). In wild invasive hybrids, fixed 
heterosis leads to an increase of invasiveness (Ellstrand 
and Schierenbeck 2000) as they may be fitter than the 
parental species and able to colonize, establish and 
tolerate more extreme environments (Vilà et  al. 2000; 
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Castillo et  al. 2010; Hovick and Whitney 2014; Parepa 
et  al. 2014). In cultivated hybrids, heterosis is being 
applied in crop production to develop more vigorous and 
better performing cultivars (Fu et al. 2014). The molecu-
lar mechanisms underlying heterosis have been subject 
of long deliberations (Chen 2010, 2013; Baranwal et al. 
2012). In addition to the genomic mechanisms, recent 
studies have revealed the importance of epigenetic 
changes in key genes regulating fitness-related traits in 
hybrids (Salmon et al. 2005; Ni et al. 2009). Additionally, 
there is evidence that a greater genetic differentiation 
between parents results in greater heterosis in their 
hybrids (East 1936; Chen 2010).

On the other hand, hybridization has been associ-
ated with high phenotypic plasticity (Ainouche and 
Jenczewski 2010; Te Beest et  al. 2012; Cara et  al. 
2013) that also contributes to the enhanced ability of 
hybrids to occupy wide ecological ranges. Phenotypic 
plasticity can be adaptive when it is regulated by her-
itable mechanisms (Matesanz et  al. 2010) and, there-
fore, evolve itself as an independent functional trait. In 
hybrids and allopolyploids, variations in the expected 
additive or parental-like phenotypic plasticity are con-
trolled by changes in genes expression both at tran-
scriptional and post-transcriptional levels (Jackson and 
Chen 2011). Furthermore, phenotypic plasticity can be 
also regulated at an epigenetic level (Parepa et al. 2014). 
However, phenotypic inheritance and phenotypic plasti-
city are both regulated at genetic and epigenetic levels, 
but there is a lack of studies regarding the relationships 
of the variability on the response of parental species to 
environmental gradients and the inheritance at work in 
their hybrids.

Cordgrasses (former genus Spartina) are halophytes 
with a wide distribution all around the world (Strong 
and Ayres 2013). All Spartina species are polyploids 
(Ainouche et  al. 2012) and hybridization has repeat-
edly occurred between them, playing an important 
role in their evolution (Ainouche et al. 2009). Recently, 
two first-generation (F1) reciprocal hybrids between 
the native European Spartina maritima (2n  =  6x  =  60) 
from low salt marshes and the invasive South American 
Spartina densiflora (2n = 7x = 70) from middle marshes 
have been described on the Gulf of Cadiz (Southwest 
Iberian Peninsula). Spartina maritima × densiflora has 
ca. 65 chromosomes, with S.  maritima as the mater-
nal species, and this hybrid occurs in low marshes. In 
contrast, S.  densiflora × maritima has ca. 95 chromo-
somes, with S. densiflora as the maternal species, and 
it colonizes middle marshes (Castillo et al. 2010). Both F1 
hybrids are sterile and show some transgressive behav-
iours such as higher growth rates and taller tillers than 
their parental species (Castillo et  al. 2010). Given the 

differences in performance of S. maritima, S. densiflora 
and their hybrids, these taxa constitute a good model 
for studying how parental responses along an environ-
mental gradient determine the phenotypic inheritance 
operating in their hybrids. With this aim, we designed 
a glasshouse experiment in which S.  maritima × den-
siflora, S. densiflora × maritima and both parental spe-
cies were exposed to four salinity concentrations (from 
freshwater to hypersalinity). To evaluate their responses 
and degree of response variability, we measured 37 dis-
tinct plant traits. Our main objectives were to: (i) com-
pare the performance of the hybrids with that of their 
parents by evaluating the magnitude and variability 
of plant trait responses to salinity; (ii) distinguish the 
phenotypic inheritance operating in the hybrids; and (iii) 
analyse the relationships between the variability in the 
plant trait responses of the parents and the responses 
of their hybrids. Our hypothesis was that the Spartina 
hybrids would outperform their parental species show-
ing greater fitness, especially at the extreme salinities, 
due to heterosis. Additionally, we postulated that traits 
showing greater variability in the parents would lead 
to a higher number of transgressive responses in the 
hybrids given the greater possibilities of advantageous 
combinations.

Methods

Plant collection and experimental design
The S.  densiflora × maritima hybrid (2n  =  ca. 65)  is 
the result of the fecundation of the reduced ovule 
of S.  densiflora (2n  =  7x  =  70) by a reduced gamete 
of S.  maritima (2n  =  6x  =  60). The hybrid S.  maritima 
× densiflora (2n  =  ca. 95)  has S.  maritima as a mater-
nal species contributing with its total genome (unre-
duced gamete) and a reduced gamete of S.  densiflora 
(Castillo et  al. 2010). Below ground biomass (BGB) of 
five different individuals of S.  maritima (Sm), S.  densi-
flora (Sd) and both of their hybrids (Sm×d and Sd×m) 
were collected from natural populations in the Special 
Area of Conservation San Bruno Marsh (Guadiana River 
Estuary, Huelva, Spain; 37°10ʹ37°16ʹN, 7°28ʹ–7°16ʹW) in 
November 2015. Parental species were differentiated 
in the field by morphology following Mobberley (1953). 
Hybrids were also initially distinguished based on mor-
phological expression, and we have confirmed identi-
fication using chloroplast and nuclear DNA, and ploidy 
assessments (per Castillo et  al. 2010). Collections of 
individual plants were separated by a minimum of 2 
m to ensure sampling of discrete individuals. Spartina 
maritima and the hybrid S.  maritima × densiflora were 
collected from the low marsh and S.  densiflora and 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/10/5/ply055/5106137 by U

N
IVER

SID
AD

 D
E SEVILLA user on 02 N

ovem
ber 2018



Gallego-Tévar et al. – Plasticity and transgressive traits

AoB PLANTS  https://academic.oup.com/aobpla	 © The Author(s) 2018 3

S. densiflora × maritima from the middle marsh, where 
they were more abundant. Collected plant material was 
transported to the greenhouse facility of the University 
of Seville where it was cleaned and trimmed, with roots 
removed. Rhizomes were then weighed and potted in 
16 cm diameter × 15 cm high pots using expanded perl-
ite (Comercial Projar S.A., Valencia, Spain) as a substrate. 
Rhizomes weights were as similar as possible between 
taxa, being 4 ± 1 g for S. maritima due to its long and 
sparse rhizomes, 9  ±  1  g for S.  densiflora due to their 
short and dense rhizomes and intermediate (7 ± 1 g) for 
their hybrids.

The pots were arranged in groups of six in 38.5  cm 
wide × 53.5 cm long × 5.0 cm deep black plastic trays, 
and then submerged in water with liquid fertiliser 
(Naturplant, Fertilizantes Orgánicos Melguizo, S.L., 
Seville, Spain) to a depth of 4 cm for acclimatization and 
growth for 4 months. Subsequently, the same five gen-
otypes (individuals) of each taxon collected in natural 
populations were divided into four pieces of rhizomes 
from which experimental plants were obtained and 
were randomly placed in four salinity treatments rang-
ing from freshwater to hypersalinity (0.5, 10, 20 and 40 
ppt salinity) using sea salt Instant Ocean® (Aquarium 
Systems Inc., Mentor, OH, USA) plus 20  % Hoagland’s 
nutrient solution which was changed weekly. Opaque 
plastic black bags were used to cover those areas of the 
trays not occupied by pots in order to prevent algae pro-
liferation in the solution. The highest salinity treatments 
were established by increasing salinity by 10 ppt each 
week until reaching the final concentration to avoid 
osmotic shock. The experiment lasted 30 days in April–
May 2016 in the glasshouse with a controlled tempera-
ture of 21–25 °C and natural sunlight.

Data collection
Mechanistic and functional plant traits were measured 
after 30 days of salinity treatments to assess responses 
of the Spartina hybrids and their parental species to dif-
ferent salinity levels. Foliar measurements standard-
ized by always using the youngest, completely unfolded 
adult leaf to avoid differences due to the ontogeny of 
leaves. Measured plant traits were all foliar traits of the 
studied Spartina taxa since we expected to see signifi-
cant changes across the experimental salinity gradient 
because the leaf (the organ of photosynthesis and tran-
spiration) is highly sensitive to salt stress (Suárez 2011).

Leaf morphology.  We quantified leaf area and specific 
leaf area (SLA), because these traits may change with 
salinity as morphological acclimations to salt stress 
(Castillo et  al. 2014). Leaf area was calculated as the 
triangle area obtained with the leaf base width and 

its length, both measured using a ruler. Specific leaf 
area (m−2 g−1) was calculated as the ratio between the 
leaf area and its dry weight (Garnier et al. 2001). Sub-
replicates of three leaves per plant were conducted for 
these measurements.

Leaf biochemistry.  Leaf samples for biochemical analy-
ses were always collected within 2 h of solar noon. Leaf 
water content (LWC) was determined for one leaf per 
plant as LWC (%) = (FW − DW) × 100/FW, where FW was 
the fresh weight and DW was the dry weight after oven-
drying samples at 80 °C for 48 h (Castillo et al. 2007).

Free proline content in leaves was recorded as an 
indicator of salt stress (Grewell et  al. 2016). It was 
determined for one leaf per plant following the pro-
cedure presented in Bates et al. (1973) [see Supporting 
Information—Methods S1].

Malondialdehyde (MDA) is a product of lipid peroxi-
dation, so its leaf content was recorded as an indicator 
of oxidative stress (Meloni et  al. 2003). Leaf MDA con-
tent was measured for one leaf per plant according 
to the method described in Dhindsa et  al. (1981) [see 
Supporting Information—Methods S2].

Photosynthetic pigments were measured from one 
leaf per plant according to the method described in 
Arnon (1949) and Lichtenthaler (1987) [see Supporting 
Information—Methods S3]. Photosynthetic pigments 
have been used to indicate the effects of salt stress in the 
photosynthetic apparatus of Spartina species (Castillo 
et al. 2014; Grewell et al. 2016). The ratios Chl (a + b):Car 
and Chl a:Chl b were calculated. Additionally, the relative 
content (%) of the non-photosynthetic anthocyanin pig-
ments was also recorded measuring the absorbance at 
530 nm using the same spectrophotometer (Mancinelli 
et  al. 1975; Khlestkina et  al. 2014). Anthocyanin accu-
mulation may provide antioxidant and photoprotection 
functions, and act as a dehydration-tolerance mech-
anism under salt stress (Chalker-Scott 1999; Lee and 
Collins 2001; Gould et al. 2002).

Dry leaf tissue from one leaf per plant was ground to 
pass through a No. 4 mesh sieve prior to measurement of 
total carbon (C) and nitrogen (N) content using a Perkin 
Elmer 2400 CHNS/O analyzer (Perkin Elmer, Waltham, 
MA, USA). C:N ratio was calculated as an indicator of salt 
stress (Yousef and Sprent 1983).

Salt excretion.  In order to measure the salt exudation 
rate from leaves, two flag leaves per plant were marked 
and rinsed with deionized water to remove salt exuded 
previously. After 48  h, leaf tissue of known area from 
the marked leaves was placed into a vial with 3 mL of 
deionized water, and the vial was shaken to dissolve all 
salt that had accumulated on the leaf surface. Dissolved 
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salts were then measured with a portable conductivity 
meter (Crison-522, Hach Lange Spain S.L.U., Barcelona, 
Spain) and excretion rate was calculated.

Chlorophyll fluorescence.  Chl fluorescence is a useful 
tool to assess the effects of salt stress on the photosyn-
thetic apparatus (Castillo et al. 2005).

Therefore, light- and dark-adapted Chl fluorescence 
were measured for five leaves per plant at sunrise (at 
12 °C, 60 % air relative humidity and a photosynthetic 
photon flux density (PPFD) of 20 µmol photon m–2 s–1) 
and at noon (at 26  °C, 45 % air relative humidity and 
PPFD of 1450  µmol photon m–2 s–1) with a portable 
modulated fluorimeter (FMS-2, Hansatech Instruments 
Ltd, Norfolk, UK) using leaf clips for dark adaptation 
for 30  min. Chl fluorescence parameters were meas-
ured according to Maxwell and Johnson (2000) and 
Schreiber et al. (1986) [see Supporting Information—
Methods S4]. In addition, delayed Chl fluorescence 
was measured using a modular optical imaging system 
(NightSHADE LB985, Berthold Technologies GmbH & Co., 
Baden-Württemberg, Germany) to quantify the post-
illumination luminescence emitted by Chl a, mainly by 
PSII that is an indicator of its photochemistry (reviewed 
in Jursinic 1986).

Gas exchange.  Gas exchange measurements were 
obtained by using an infrared gas analyzer in an open 
system (LI-6400, Li-COR Inc., Lincoln, NE, USA) and 
using a Clark type oxygen electrode (Leaflab 2 System, 
Hansatech Instruments Ltd, Norfolk, UK). The first was 
used to determine net photosynthesis rate (A), sto-
matal conductance to CO2 (Gs) and intracellular CO2 
concentration (Ci) at fixed 400 ppt CO2 concentration, 
15–20  °C, 36.5  ±  1.3  % relative humidity, a PPFD of 
1000 μmol m−2 s−1 and a flow rate set to 350 μmol s−1 
within 2  h of solar noon. Water use efficiency (WUE; 
mmol CO2 per mol H2O) was calculated from simul-
taneous measures of photosynthesis rate and stoma-
tal conductance. The oxygen electrode was employed 
to measure maximum photosynthesis rate (Amax) by 
providing a saturated atmosphere of CO2 with a 1 M 
carbonate/bicarbonate buffer (pH 9.0) at PPFD of 1200–
1400 µmol photon m–2 s–1 and 25 °C. Net photosynthesis 
rate and Gs are optimal indicators of the effects of salt 
stress on CO2 fixation and the water use, respectively 
(Chaves et al. 2009).

Leaf growth.  Apical leaf growth (mm day−1) is a measure 
of plant fitness. It was quantified by applying red per-
manent sealer to base of the youngest leaf and the top of 
three tillers per plant to measure the separation between 
the two plants parts 48 h later (Castillo et al. 2014).

Data analyses
Phenotypic inheritance.  Inheritance operating in the 
hybrids S. maritima × densiflora and S. densiflora × mar-
itima was analysed for the above-mentioned 37 plant 
traits related to their response to salt stress. Three 
types of phenotypic inheritance were distinguished 
(Favre and Karrenberg 2011). First, dominant inherit-
ance (D) was considered when a hybrid showed a trait 
similar to one of its parents (D-Sm for S. maritima; D-Sd 
for S. densiflora); parental codominance (D-Sm,Sd) was 
considered when a trait of a hybrid was similar to both 
parents. Second, parental additivity (I) was recorded 
when a trait for a hybrid was intermediate between sig-
nificantly different values of its parents. The third type 
of phenotypic inheritance, transgressive phenotype (T), 
corresponded with a trait of a hybrid being different 
from both parental species (outperforming both paren-
tal species at least in ±5 %). The three inheritance types 
were quantified for each variable and at each salinity 
level for both hybrids at the population level (S.  mar-
itima × densiflora at low marshes and S.  densiflora × 
maritima at middle marshes), and for each population 
at the individual level.

Trait variability and fitness.  Inter-treatment trait variabil-
ity index was used as a general indicator of trait variability 
among salinity levels and individuals for a given taxon. It 
was calculated for each taxon including all salinity treat-
ments as the ratio (in percentage) of the difference between 
the maximum (Xmax) and the minimum (Xmin) values of a 
given trait divided by the maximum (Valladares et al. 2006).

	 Inter  Trait Var. . [( ) ]/ *= -X X Xmax min max 100

Mean intra-population trait variability index indicated 
the intrinsic variability between individuals of the same 
population, since the same genotypes (individuals) of 
each taxon were used at each salinity treatment. It was 
calculated as the arithmetic mean (n = 4 salinity treat-
ments) of the ratios (in percentage) of the differences 
between the maximum (xmax) and the minimum (xmin) 
values divided by the maximum of a given trait for a 
taxon in a certain salinity (Castillo et al. 2018).

	 Intra  Trait Var  =. .
[( ) / ]*

i
x x x

=å -
1

4
100

4
max min max

Phenotypic plasticity index (PPI) for a given trait and 
taxon was obtained after subtracting the mean intra-
population trait variability from the inter-population 
trait variability. In this way, just the variability asso-
ciated with trait difference related to salt stress was 
obtained, removing the variation due to intrinsic 
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individual differences that seems to be especially rele-
vant for hybrid and polyploid taxa (Te Beest et al. 2012) 
such as the four studied Spartina (Ainouche et al. 2012).

Fitness (%) was calculated for each taxon at each sal-
inity as the population average of the percentages (xi) of 
six key physiological functional traits and growth (Fv/Fm, 
ΦPSII at both sunrise and noon, A, and leaf growth) in 
relation to the maximum population value (xmax) at any 
salinity (Dodd 2005).

	 Fitness
x *100

xi=1

5
i

max

=∑

Statistics.  Deviations of all data were calculated as the 
standard error of the mean (SE). All statistical analyses 
were carried out using Sigma-Plot for Windows version 
14.0 applying a significance level (α) of 0.05 for every ana-
lysis. Two-way analysis of variance (ANOVA) with taxon 
and salinity as grouping factors was conducted to compare 
mean values for each plant trait and the fitness, and one-
way ANOVA with taxon as a grouping factor to compare 
the three trait variability indexes. Prior to the use of the 
parametric models, data series were tested for normality 
with the Kolmogorov–Smirnov’s test and for homogeneity 
of variance with the Levene’s test. When an ANOVA was 
significant, Tukey’s honestly significant difference (HSD) 
test was used for post hoc analysis. When homogeneity of 
variance or normality was not achieved, means were com-
pared using a Kruskal–Wallis non-parametric ANOVA, with 
Bonferroni–Dunn’s test as post hoc analysis. Pearson cor-
relation coefficient and linear regression between inter-
treatment and intra-population trait variability and the 
PPI of the different traits for each taxon were calculated to 
analyse the relationships between trait variability among 
and within taxa. Correlation (Pearson correlation coeffi-
cient) and regression (univariate linear regression) analy-
ses were also applied to explore the association between 
phenotypic inheritance as dependent variable and paren-
tal trait variabilities as independent variables, calculating 
the relationships between the number of hybrid indi-
viduals with transgressive or parental dominated traits 
(dependent variable) and the variability indexes for the 
parental species for each trait (independent variable).

Results

Phenotypic inheritance
A total of 33 out of the 37 evaluated plant traits changed 
with salinity for at least one taxon, while 35 traits 
showed differences between taxa in at least one salinity 
treatment level [see Supporting Information—Fig. S1].

The parental species showed differences in the traits 
measured at the different salinity treatments (ANOVA, 
P  <  0.05). Spartina densiflora presented greater leaf 
size and LWC than S.  maritima that showed higher 
SLA. Regarding the biochemical traits, S. maritima had 
a higher proline, C and N foliar content, and showed 
higher salt excretion rate than S. densiflora in the pres-
ence of salt (10, 20 and 40 ppt salinity). However, leaf 
C:N ratio of S.  densiflora was ca. 2 times higher than 
that of S. maritima. The pigments content (chlorophylls, 
carotenoids and anthocyanin) of S. maritima exceeded 
that of S. densiflora only at hypersalinity. Differences in 
Chl fluorescence between both species occurred mainly 
at the extremes of the salinity gradient (0.5 and 40 
ppt), except for the higher F0 at sunrise in all treatments 
and higher ΦPSII at noon of S.  densiflora at 10 ppt sal-
inity. At hypersalinity, S.  maritima showed higher ΦPSII 
and Fv/Fm at sunrise and S. densiflora greater qP at sun-
rise and non-photochemical quenching (NPQ) and Fm at 
sunrise and noon. At freshwater, S. maritima exhibited 
higher luminescence and F0 and S. densiflora higher Fm at 
noon. Regarding the gas exchange, S. maritima showed 
higher WUE at 20 ppt salinity and higher Amax at 20–40 
ppt salinity than S. densiflora. Finally, the apical growth 
of S. densiflora was maximum at 10 ppt salinity, being 
always superior to the constant growth rate of S. mar-
itima [see Supporting Information—Fig. S1].

The phenotypic inheritances at the population level of 
both hybrids for every trait and salinity are listed [see 
Supporting Information—Table  S1]. The traits domi-
nated by the parental S. densiflora were at least 30 % 
greater at freshwater than at any elevated salinity con-
centration for S. maritima × densiflora. On the contrary, 
they were at least 40 % higher at hypersalinity than at 
the rest of the salinity levels for S. densiflora × maritima. 
At lower salinity concentrations (0.5 and 10 ppt), both 
hybrids had a similar percentage of traits dominated 
by S.  densiflora, but S.  densiflora × maritima exhib-
ited a higher dominance by S.  densiflora than S.  mar-
itima × densiflora at higher salinity ranges (20 and 40 
ppt). No particular traits were dominantly characteris-
tic of S. maritima for the S. densiflora × maritima hybrid 
at freshwater (5  % for S.  maritima × densiflora) or for 
S. maritima × densiflora at hypersalinity (5 % for S. den-
siflora × maritima). The dominance of S. maritima trait 
responses was higher for S. maritima × densiflora than 
for S.  densiflora × maritima at the intermediate treat-
ments (5 % vs. 3 % at 10 ppt salinity; 16 % vs. 5 % at 20 
ppt salinity). The traits dominated by both parents (par-
ental codominance) were lower at the extremes of the 
salinity gradient than at intermediate salinities (Fig. 1).

The traits showing intermediate values ​​between both 
parents were ​​between 11 and 19  % for both hybrids 
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at every salinity, except for S. maritima × densiflora at 
hypersalinity (43 %) (Fig. 1).

Transgressive traits were more abundant at fresh-
water and hypersalinity than at the intermediate salinity 
levels (Fig. 1). At the population level, transgressive traits 
for S. maritima × densiflora were leaf C:N, A and Amax at 
freshwater, NPQ (at sunrise) and maximum quantum 
efficiency of the photosystem II (PSII) photochemistry 
(Fv/Fm) (at noon) at 10 ppt salinity, quantum efficiency of 
PSII (ΦPSII) (at noon) at 20 ppt, and ΦPSII (at noon), and 
Gs, Ci and WUE at hypersalinity. Transgressive traits at 
the population level for S. densiflora × maritima were Gs 
and Amax at freshwater, Gs at 10 ppt and proline at hyper-
salinity [see Supporting Information—Table S2]. At the 
individual level, every hybrid showed a unique transgres-
sive profile. Both hybrids had individuals with the same 
nine transgressive traits at freshwater, eight transgres-
sive traits at 10 ppt salinity, six at 20 ppt and four at 
hypersalinity. Six traits (SLA, LWC and four traits related 
to the Chl fluorescence at sunrise) did not show any 
transgressive individual at any salinity. F0 and ΦPSII (at 
noon), Amax and Gs were the traits showing more trans-
gressive individuals (>14 individuals) [see Supporting 
Information—Fig. S2].

Trait variability
Average inter-treatment variability for every trait (Sm: 
61 ± 4 %, Sm×d: 56 ± 5 %, Sd×m: 51 ± 4 %, Sd: 51 ± 4 %), 
average intra-population variability (Sm: 35 ± 4 %, Sm×d: 
34 ± 3 %, Sd×m: 32 ± 3 %, Sd: 30 ± 3 %) and average 
phenotypic plasticity (Sm: 26  ±  2  %, Sm×d: 22  ±  2  %, 
Sd×m: 19 ± 2 %, Sd: 20 ± 2 %) were similar for all taxa 
(one-way ANOVA, P > 0.05), except for PPI being higher 
for S. maritima than S. densiflora × maritima (one-way 
ANOVA, H = 8.03, n = 37, P < 0.05). Some leaf biochem-
ical traits (such as free proline content and salt excretion 

rate), some Chl fluorescence and gas exchange traits, 
and leaf growth were the most variable traits [see 
Supporting Information—Table S2].

Inter-treatment and intra-population trait vari-
ability were positively correlated among every taxon. 
Additionally, PPI was also positively correlated among 
all taxa, except between S.  densiflora and S.  maritima 
(Table  1). Phenotypic plasticity index for initial fluores-
cence (F0) and Fv/Fm (at noon) and F0 and maximal fluor-
escence (Fm) (at sunrise) was higher for S. maritima than 
S. densiflora, and PPI for photochemical quenching (qP) (at 
noon) and Chl b content was higher for S. densiflora than 
S. maritima [see Supporting Information—Table S2].

Within each taxon, inter-treatment, intra-population 
trait variability and PPI correlated with each other, 
except PPI that was independent of intra-population 
trait variability for S. maritima (Table 1); the main traits 
determining this lack of correlation were NPQ (at sun-
rise), Ci and WUE, since they showed high PPI and low 
intra-population variability, and leaf length, leaf area, 
NPQ (at noon) and leaf growth that showed low PPI and 
high intra-population variability (Fig. 2).

Relationships between phenotypic inheritance 
and trait variability
The number of individuals with transgressive inherit-
ance for a given trait for each hybrid increased together 
with the PPI of both parental species (Pearson correl-
ation coefficient, P < 0.05, n = 37). On the other hand, 
the number of transgressive individuals for S. densiflora 
× maritima increased also with the intra-population trait 
variability of S. densiflora, being independent of that of 
S. maritima. The number of transgressive individuals of 
S. maritima × densiflora was independent of the intra-
population traits variability of both parents (Table  2; 
Fig.  3). The lack of correlation between the number of 

Figure 1.  Percentage of different phenotypic inheritances for 37 foliar traits for the hybrids Spartina maritima × densiflora (Sm×d) and S. densi-
flora × maritima (Sd×m) at 0.5, 10, 20 and 40 ppt salinity. Inheritance types: parental codominance (dark grey); parental additivity (light grey); 
parental dominance of S. densiflora (white); parental dominance of S. maritima (black); transgressive (striped).
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hybrids with transgressive traits and the intra-popula-
tion trait variability of their parental species were due 
to some highly transgressive traits with low intra-pop-
ulation trait variability in both parents (F0 and ΦPSII (at 
noon), Amax and Gs), and to some traits with high intra-
population variability in S.  densiflora (proline content) 
and S.  maritima (leaf length, leaf area, NPQ (at noon) 
and leaf growth) with low number of individuals with 
transgressive traits for both hybrids (Fig. 3). These traits 
of S. maritima were included in those breaking the cor-
relation between the intra-population trait variability 
and the PPI of S. maritima (Figs 2 and 3).

The number of hybrid individuals with traits domi-
nated by any of the parents was independent of the 
intra-population trait variability and the PPI of each par-
ent, except the individuals of S.  densiflora × maritima 
with traits dominated by S.  densiflora that decreased 
together with the PPI of S. densiflora (Table 2).

Fitness
The fitness was 80 ± 1 % for S. maritima × densiflora 
and 76  ±  1  % for S.  densiflora × maritima at fresh-
water (0.5 ppt salinity), being significantly higher 
than for the rest of the salinity treatments, except for 
S. densiflora × maritima at 10 ppt salinity. Fitness at 
10 ppt salinity was higher than at hypersalinity (40 
ppt salinity) for S.  maritima × densiflora and higher 
than 20 ppt salinity for S.  densiflora × maritima. For 
the parental species, the fitness of S.  densiflora was 
higher at freshwater (76 ± 2 %) than at hypersalinity 
(61 ± 1 %) and higher at 10 ppt (79 ± 1 %) than at 20 
ppt (71 ± 1 %) and 40 ppt, while S. maritima showed its 
maximum fitness at 20 ppt salinity (63 ± 2 %), being 
higher than at freshwater (53 ± 3 %) and hypersalin-
ity (56 ± 2 %). Spartina maritima × densiflora, S. den-
siflora × maritima and S. densiflora showed ca. 15 % 
higher fitness than S.  maritima at every treatment, 

Table 1.  Pearson correlation coefficients and P-values for inter-treatment trait variability (Inter), intra-population trait variability (Intra) and 
phenotypic plasticity measured for 37 functional traits in four taxa (Sd×m, Spartina densiflora × maritima; Sm×d, S. maritima × densiflora; Sd, 
S. densiflora; Sm, S. maritima). Significant correlations (P < 0.05) are marked in bold.

Intra 
(Sd×m)

Plasticity 
(Sd×m)

Inter 
(Sm×d)

Intra 
(Sm×d)

Plasticity 
(Sm×d)

Inter 
(Sd)

Intra 
(Sd)

Plasticity 
(Sd)

Inter 
(Sm)

Intra 
(Sm)

Plasticity 
(Sm)

Inter (Sd×m) 0.913 0.806 0.85 0.809 0.544 0.918 0.903 0.728 0.699 0.59 0.418

3.15E-15 1.79E-09 2.81E-11 1.39E-09 0.001 1.32E-15 2.09E-14 3.35E-07 0.000001 0.0001 0.001

Intra (Sd×m) 0.495 0.806 0.866 0.379 0.876 0.904 0.629 0.672 0.593 0.355

0.002 1.8E-09 4.74E-12 0.021 1.30E-12 1.78E-14 0.00003 0.00001 0.0001 0.031

Plasticity 

(Sd×m)

0.642 0.467 0.611 0.685 0.613 0.639 0.515 0.395 0.377

0.00002 0.004 0.0001 0.00001 0.0001 0.0001 0.001 0.015 0.022

Inter (Sm×d) 0.876 0.744 0.83 0.818 0.657 0.775 0.681 0.414

1.19E-12 1.28E-07 2.13E-10 6.59E-10 0.00001 1.83E-08 0.00001 0.011

Intra (Sm×d) 0.331 0.85 0.899 0.575 0.784 0.75 0.312

0.046 2.97E-11 3.95E-14 0.0002 9.36E-09 9.08E-08 0.0603

Plasticity 

(Sm×d)

0.448 0.355 0.489 0.431 0.295 0.379

0.005 0.031 0.002 0.008 0.0765 0.021

Inter (Sd) 0.943 0.857 0.715 0.633 0.375

2.84E-18 1.36E-11 6.66E-07 0.0001 0.022

Intra (Sd) 0.636 0.704 0.611 0.389

0.0001 0.000001 0.0001 0.017

Plasticity (Sd) 0.566 0.519 0.266

0.0003 0.001 0.112

Inter (Sm) 0.879 0.535

8.03E-13 0.001

Intra (Sm) 0.0675

0.691
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Figure 2.  Linear regression between plasticity and intra-population trait variability for 37 foliar traits measured in Spartina densiflora (Sd; A), 
S. densiflora × maritima (Sd×m; B), S. maritima × densiflora (Sm×d; C) and S. maritima (Sm; D) at 0.5, 10, 20 and 40 ppt salinity. Linear regression 
models: Sd: y = 10.098 + 0.9964x (R = −0.64, P < 0.001); Sd×m: y = 8.574 − 1.336x (R = −0.91, P < 0.001); Sm×d: y = 13.745 + 1.242x (R = −0.87, 
P < 0.001). Traits: 1.  Leaf length; 2.  Leaf width; 3.  Leaf area; 4. Specific leaf area; 5.  Leaf water content; 6. Salt excretion rate; 7. Proline; 
8. Malondialdehyde; 9. Leaf C; 10. Leaf N; 11. Leaf C:N; 12. Chl a; 13. Chl b; 14. Chl a + b; 15. Car; 16. Chl:Car; 17. Chl a:Chl b; 18. Anthocyanin; 
19. qP (sunrise); 20. NPQ (sunrise); 21. F0 (sunrise); 22. Fv/Fm (sunrise); 23. Fm (sunrise); 24. ΦPSII (sunrise); 25. qP (noon); 26. NPQ (noon); 27. 
F0 (noon); 28. Fv/Fm (noon); 29. Fm (noon); 30. ΦPSII (noon); 31. Luminiscence; 32. Net photosynthesis (A); 33. Stomatal conductance (Gs); 34. 
Intercellular CO2 concentration (Ci); 35. Water use efficiency; 36. Maximum net photosynthesis (Amax); 37. Leaf apical growth.
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except at hypersalinity. At hypersalinity, both parents 
showed similar fitness and lower than those of both 
hybrids (two-way ANOVA, taxa × salinity: F9, 79 = 8.500, 
P < 0.001; Fig. 4).

Discussion
Our results show that the phenotypic inheritance of the 
studied hybrids is determined by a complex combination 
of different processes. Ploidy level, maternal effects and 
the phenotypic plasticity of the parental species are 
all influential processes. Also, the biochemical, physio-
logical and morphological responses of hybrids related 
to their phenotypic inheritances are modulated by the 
abiotic environment.

Trait variability
Inter-treatment trait variability increased together with 
both intra-population trait variability and phenotypic 
plasticity for all taxa, confirming that both are compo-
nents of the former. Moreover, intra-population trait 
variability and phenotypic plasticity increased together 
for S. densiflora and both hybrids, so both components 
of trait variability seem to be regulated by the same 
mechanisms in these three taxa. Castillo et  al. (2018) 
found the same positive relation between pheno-
typic plasticity and intra-population trait variability for 
invasive populations of S. densiflora in North America. 
Intra-population trait variability itself is the expression 
of the variability between the different genotypes of 
the population, and phenotypic plasticity may change 
through genetic and epigenetic mechanisms (Salmon 
et al. 2005; Crispo 2008) and therefore be inherited. In 
fact, both hybrids exhibited phenotypic plasticities that 
varied among traits like the phenotypically plasticities 

of both parental species, pointing to the heritability of 
phenotypic plasticity. On the contrary, the phenotypic 
plasticity of traits exhibited by the parental species 
did not show correlation between both taxa, reflect-
ing independent evolution processes in response to 
contrasted environments since S.  maritima was sam-
pled from low marshes and S.  densiflora from middle 
marshes. On the other hand, no relationship was found 
between intra-population trait variability and pheno-
typic plasticity for S. maritima, which is consistent with 
phenotypic plasticity being a target of natural selec-
tion that also may evolve itself with environmental 
changes (Pigliucci 2001). The variables that broke the 
correlation between intra-population variability and 
phenotypic plasticity for S. maritima were different from 
those breaking the correlation between the phenotypic 
plasticity of S. maritima and S. densiflora, showing the 
contrasted responses of the parental species to salinity. 
In this sense, it has been described that invasive taxa 
usually show high phenotypic plasticity that allows 
them to colonize highly diverse and changing environ-
ments, favouring their invasive ability (Richards et  al. 
2006; Caño et  al. 2008; Drenovsky et  al. 2012). Thus, 
high phenotypic plasticity (40 %) in response to salinity 
was reported for four invasive populations of S. densi-
flora from a broad latitudinal gradient along the west 
coast of North America (Grewell et  al. 2016), ​similar 
to our inter-population trait variability (calculated the 
same way) for S. densiflora (51 %). Also, hybridization 
has been related to high levels of phenotypic plasticity 
that increases the amplitude of the niche occupied by 
these taxa (Ainouche and Jenczewski 2010; Te Beest 
et al. 2012; Cara et al. 2013). Thus, we found relatively 
high phenotypic plasticity for both Spartina hybrids 
and for the invasive S. densiflora with an ancient hybrid 

Table 2.  Pearson correlation coefficients and P-values for intra-population trait variability (Intra) and phenotypic plasticity measured for 37 
foliar traits in the parental taxa (Sd, Spartina densiflora; Sm, S. maritima) in relation with the number of hybrid (Sd×m, S. densiflora × maritima; 
Sm×d, S. maritima × densiflora) individuals with transgressive behaviour (T) or dominated by one of the parental species (D) for each trait. 
Significant correlations (P < 0.05) are marked in bold.

# T (Sd×m) # T (Sm×d) # D-Sd (Sd×m) # D-Sd (Sm×d) # D-Sm (Sd×m) # D-Sm (Sm×d)

Intra (Sd) 0.373 0.249 0.153 0.187 −0.00868 0.0117

0.023 0.137 0.366 0.269 0.959 0.945

Plasticity (Sd) 0.429 0.380 −0.331 −0.231 −0.186 −0.231

0.008 0.020 0.046 0.169 0.271 0.17

Intra (Sm) 0.321 0.197 −0.174 −0.136 0.0532 0.0735

0.0526 0.243 0.303 0.423 0.755 0.666

Plasticity (Sm) 0.377 0.516 −0.04 −0.0468 −0.154 −0.169

0.022 0.001 0.814 0.783 0.362 0.317
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Figure  3.  Linear regression between phenotypic plasticity and intra-population trait variability of parental species versus the number of 
hybrid individuals with transgressive traits for 37 foliar traits (listed in Fig. 2) measured in Spartina maritima (Sm), S. densiflora (Sd), and 
their hybrids S. maritima × densiflora (Sm×d) and S. densiflora × maritima (Sd×m) at 0.5, 10, 20 and 40 ppt salinity. Linear regression mod-
els: A: y = 0.720 + 0.0976x (R = 0.38, P < 0.05); B: y = −0.344 + 0.116x (R = −0.52, P < 0.001); C: y = 0.440 + 0.0981x (R = 0.43, P < 0.01); D: 
y = 0.760 + 0.0551x (R = −0.37, P < 0.05); G: y = 0.453 + 0.0756x (R = 0.38, P < 0.05).
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origin (Fortune et al. 2008). However, native S. maritima 
showed similar levels of phenotypic plasticity as both of 
its hybrids and S. densiflora. This may be related to the 
highly fluctuating salinity levels and other stress fac-
tors in the abiotic environment in their low salt marsh 
habitat (Contreras-Cruzado et al. 2017) since high envir-
onmental variability frequently leads to high adaptive 
phenotypic variability (Schlichting 1986; Schmid 1992; 
Steinger et  al. 2003). High and heritable phenotypic 
plasticity was found for the stable species Fallopia 
japonica in relation to the hybrid F. × bohemica, which 
was attributed to epigenetic changes between clones 
(Parepa et al. 2014).

Phenotypic inheritance
Dominant inheritance and parental additivity were 
recorded for both Spartina hybrids. Spartina densiflora 
× maritima showed more dominant characters from its 
maternal species at high salinity levels, whereas S. mar-
itima × densiflora inherited more dominant traits from 
its maternal species at low salinity and also especially 
at 20 ppt salinity, where S. maritima presented its great-
est fitness. Maternal effect, frequent in first-generation 
hybrids as those studied in this work, may affect gene 
expression promoting differences between hybrids that 
can be crucial for the divergent evolution of their tol-
erance to abiotic stress (Burgess and Husband 2004; 
Kimball et al. 2008; Favre and Karrenberg 2011).

Both Spartina hybrids showed their highest percent-
age of foliar transgressive traits at both extremes of the 
salinity gradient (freshwater and hypersalinity), whereas 
the trait responses resulting from the codominance of 
both parental species predominated at intermediate 

salinity levels. Transgressive traits relative to salt tol-
erance have also been reported for several hybrid taxa 
such as the hybrids between Silene dioica and S. latifolia 
(Favre and Karrenberg 2011) and the hybrid sunflower 
Helianthus paradoxus (Lexer et al. 2003).

Hybridization between native and invasive Spartina 
species has been frequent. The highly invasive and plas-
tic allododecaploid Spartina anglica (2n  =  12x  =  120) 
arose after introduction of Spartina alterniflora 
(2n = 6x = 60) from the Atlantic coast of North America 
to European marshes. In this introduced range, it hybrid-
ized with S. maritima (2n = 6x = 60) and initially formed 
two different and independent sterile F1 hybrids: vigor-
ous Spartina × townsendii (2n = 6x = 60; 2n = 9x = 90) 
in England (the hybrid predecessor of S.  anglica), and 
Spartina × neyrautii (2n = 6x = 60) in France. Additionally, 
introduced S. alterniflora in San Francisco Bay hybridized 
with Spartina foliosa (2n = 6x = 60), native to California, 
forming a hybrid swarm of very plastic, invasive and fer-
tile plants (2n  =  6x  =  60) (Strong and Ayres 2013). On 
the other hand, the ancient hybrid S.  densiflora from 
South America hybridized with S.  foliosa also in San 
Francisco Bay forming the reciprocal sterile hybrids 
S. densiflora × foliosa (2n = 6.5x = 65) and S. alterniflora 
× foliosa (2n = 9.5x = 95) that outperformed their par-
ental species for different traits at extreme levels of sal-
inity (Pakenham-Walsh et  al. 2010). In the same way, 
introduced S. densiflora in Southwest Iberian Peninsula 
hybridized with S. maritima to form both hybrids studied 
in this work.

Comparing both hybrids, S.  maritima × densiflora 
was transgressive in a greater number of foliar traits 
than S. densiflora × maritima, which may be related to 

Figure 4.  Percentage of fitness (measured as the mean of six fitness-related traits) of Spartina maritima (    ), S. densiflora (   ) (A) and their 
hybrids S. maritima × densiflora (    ) and S. densiflora × maritima  (     ) (B) at 0.5, 10, 20 and 40 ppt salinity. Values are mean ± SD (n = 5). Different 
letters indicate significant differences between salinity treatments for the same taxon (two-way ANOVA, taxa × treatment: F9, 79 = 16.155, 
P < 0.001; Tukey’s HSD test, P < 0.05).
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the different ploidy level of both hybrids (S.  maritima 
× densiflora: 2n = 95 chromosomes and S. densiflora × 
maritima: 2n = 65 chromosomes, following Castillo et al. 
2010). A  higher number of chromosomes and ploidy 
level usually leads to increased invasiveness through 
heterosis (Comai 2005; Pandit et  al. 2014). Also, het-
erosis has been previously reported to be different 
among reciprocal hybrids with the same ploidy level, 
which have been related to parent-of-origin effects in 
Arabidopsis (Miller et al. 2012) and/or dosage effects in 
Zea mays (Yao et al. 2013). Transgressive traits for both 
Spartina hybrids related primarily to gas exchange and 
Chl fluorescence, especially the efficiencies of PSII. Ni 
et al. (2009) observed that epigenetic alterations of the 
circadian rhythm in allotetraploids between Arabidopsis 
thaliana and A.  arenosa gave rise to increased photo-
synthetic efficiency leading to higher growth rates and 
heterosis.

Parental divergence and heterosis
At the molecular level, heterosis is driven by non-addi-
tive expression of some key genes regulated genetically 
(dominance, overdominance and pseudo-overdomi-
nance) or epigenetically (reviewed in Chen 2013). In 
general, higher levels of heterosis in hybrids are found 
when there is a greater genetic difference between the 
parental taxa (East 1936; Chen 2010). For example, het-
erosis of A. thaliana crosses have been attributed to their 
parents showing their optimal performance at different 
environmental conditions that combined beneficially 
in the offspring (Kang 1997). Spartina maritima inhab-
its in low salt marshes, with optimum growth observed 
at intermediate levels of salinity (Naidoo et  al. 2012), 
whereas S. densiflora growth is optimum at low salinity 
(Grewell et al. 2016). Hexaploid Spartina species (includ-
ing S.  maritima) colonize low marshes, whereas tetra-
ploids are high marsh species (Ainouche et al. 2009). The 
heptaploid S. densiflora is of hybrid origin (Fortune et al. 
2008) deriving from a hexaploid species and a (mater-
nal) tetraploid ancestor that diverged sometimes 6–10 
MYA (Rousseau-Gueutin et  al. 2015). Additionally, the 
lack of correlation between the phenotypic plasticity of 
S.  maritima and S.  densiflora also suggests differenti-
ation between the two parents, probably favouring the 
heterosis of their hybrids.

Results of our study goes further, demonstrating 
that when the parents themselves show a more plastic 
response for a given trait, there is a greater chance that 
the hybrid will develop a transgressive behaviour for this 
trait. This relationship seems to be mediated by epigen-
etic changes since both phenotypic plasticity and het-
erosis are regulated at an epigenetic level (Parepa et al. 

2014) and important epigenetic changes recorded after 
the hybridization between Spartina taxa have been asso-
ciated with high levels of phenotypic plasticity (Salmon 
et al. 2005; Parisod et al. 2009). On the other hand, the 
number of transgressive hybrids for a given trait in our 
study was independent of the intra-population trait vari-
ability of both parents, except for S. densiflora × maritima 
and its maternal species. Maternal effect may deter-
mine heterosis in hybrids due to maternal influence in 
the regulation of gene expression at transcriptional and 
post-transcriptional levels (Guo et al. 2003; Auger et al. 
2004; Mosher et al. 2009). The maternal effect on trans-
gressive traits recorded for S. densiflora × maritima was 
supported by a decrease in its number of traits domi-
nated by S. densiflora with increasing phenotypic plasti-
city of S. densiflora.

The more frequent foliar transgressive traits of the 
hybrids at both extremes of the salinity gradient (fresh-
water and hypersalinity) coincided with their higher 
fitness in relation to one or both parents. Thus, both 
Spartina hybrids showed high tolerance to salt stress, 
presenting their maximum fitness at freshwater with 
a slight decrease with increasing salinity. Both hybrids 
exhibited higher fitness than S. maritima from freshwater 
to hypersalinity and higher than S. densiflora at hypersa-
linity. In a previous study, Naidoo et al. (2012) reported 
relationships between mechanistic physiological traits 
(e.g. gas exchange and Chl fluorescence) and decreases 
in plant fitness and overall growth of S. maritima in both 
freshwater and high salinity water. However, mechan-
istic foliar trait responses and overall growth of S. den-
siflora were severely limited at hypersalinity and trait 
responses were optimum in brackish conditions (Grewell 
et al. 2016). These studies add to the thinking that poly-
ploidy and hybridization may lead to the expression of 
novel phenotypes with increased fitness (Jackson 2017).

Conclusions
The greater tolerance of both Spartina hybrids to salin-
ity than their parental species highlights the relevance of 
heterosis in hybridization processes. These hybrids cur-
rently maintain limited distribution in the salt marshes 
of the Southwest Iberian Peninsula due to their infertil-
ity (Castillo et  al. 2010), but if a chromosomal duplica-
tion occurs in the hybrids, the new allopolyploids could 
become fertile (Dobzhansky 1933; Rieseberg 2001) 
and lead to a permanent heterosis fixation (Iehisa and 
Takumi 2012) increasing their capacity of invasion. 
Allopolyploidization has been previously documented in 
the genus Spartina for S. anglica, a polyploid of hybrid ori-
gin that is highly invasive (Huskins 1930; Thompson 1991; 
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Aïnouche et al. 2004). Given the consequences of hybrid-
ization for increased invasiveness, the eradication of the 
studied Spartina hybrids is an urgent concern for conser-
vation and recovery of tidal wetland plant communities.

The characteristics of the parental species that 
determine heterosis in their hybrids have been poorly 
understood. Our study reveals new data on the direct 
relationship between phenotypic plasticity of parents 
and transgressive responses of hybrids. Our results are 
relevant to understand the important adaptive role of 
interspecific hybridization in natural and potentially 
invasive populations. These findings in the Poaceae fam-
ily, which include agriculturally important species such 
as wheat and barley, support a new focus to be applied 
for the artificial development of vigorous hybrid crops.
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Figure S1. Thirty-seven foliar traits for Spartina maritima, 
S. densiflora and their two hybrids in 0.5, 10, 20 and 40 
ppt salinity. Spartina maritima (black); S. maritima × den-
siflora (dark grey); S. densiflora × maritima (light grey); 
S.  densiflora (white). Values are mean ± SD (n  =  3–5). 
Different letters indicate significant differences among 
taxa for the same salinity treatment; different numbers 
indicate significant differences among salinities for the 
same taxon (two-way analysis of variance (ANOVA), sal-
inity × taxa, P < 0.05, n = 3–5).
Figure  S2. Intra-population trait variability (black), 
phenotypic plasticity (grey) and inter-population trait 
variability (bar length) for 37 foliar traits measured 
in Spartina maritima (Sm), S.  densiflora (Sd) and their 
hybrids S. maritima × densiflora (Sm×d) and S. densiflora 
× maritima (Sd×m) in 0.5, 10, 20 and 40 ppt salinity. The 
traits with a transgressive behaviour at the population 
level are marked with an asterisk.
Table S1. Phenotypic inheritance for the hybrids Spartina 
maritima × densiflora (Sm×d) and S. densiflora × maritima 
(Sd×m) for 37 foliar traits in six different categories: (i) leaf 
morphological traits, (ii) leaf biochemistry and salt excre-
tion, (iii) pigment contents, (iv) chlorophyll fluorescence, (v) 
gas exchange and (vi) growth at 0.5, 10, 20 and 40 ppt sal-
inity. Parental species: S. maritima (Sm); S. densiflora (Sd). 
Inheritance types: parental dominance (D); parental addi-
tivity (I); transgressive (T). The number of individuals with 
transgressive trait is indicated in brackets (two-way ana-
lysis of variance (ANOVA), salinity × taxa, P < 0.05, n = 3–5).
Table  S2. Transgressive profile of Spartina maritima × 
densiflora (Sm×d) and S.  densiflora × maritima (Sd×m) 
individuals (n = 5) at 0.5, 10, 20 and 40 ppt salinity for 
37 foliar traits. Black, values over maximum values of 
parental species; grey, values below minimum values of 
parental species. The total number of transgressive indi-
viduals for a given trait and the total number of trans-
gressive traits for a given individual are indicated.

Literature Cited
Ainouche M, Baumel A, Salmon A. 2004. Spartina anglica CE 

Hubbard: a natural model system for analyzing early evolution 
changes that affect allopolyploid genomes. Biological Journal of 
the Linnaean Society 82:475–484.

Ainouche M, Chelaifa H, Ferreira J, Bellot S, Ainouche A, Salmon A. 
2012. Polyploid evolution in Spartina: dealing with highly redun-
dant hybrid genomes. In: Soltis PS, Soltis DE, eds. Polyploidy and 
genome evolution. Berlin, Heidelberg: Springer, 225–243.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/10/5/ply055/5106137 by U

N
IVER

SID
AD

 D
E SEVILLA user on 02 N

ovem
ber 2018

https://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
https://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
https://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
https://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data
http://academic.oup.com/aobpla/article-lookup/doi/10.1093/aobpla/ply055#supplementary-data


Gallego-Tévar et al. – Plasticity and transgressive traits

AoB PLANTS  https://academic.oup.com/aobpla� © The Author(s) 201814

Ainouche ML, Fortune PM, Salmon A, Parisod C, Grandbastien MA, 
Fukunaga K, Ricou M, Misset MT. 2009. Hybridization, poly-
ploidy and invasion: lessons from Spartina (Poaceae). Biological 
Invasions 11:1159–1173.

Ainouche ML, Jenczewski E. 2010. Focus on polyploidy. The New 
Phytologist 186:1–4.

Arnold ML. 1992. Natural hybridization as an evolutionary process. 
Annual Review of Ecology and Systematics 23:237–261.

Arnon DI. 1949. Copper enzymes in isolated chloroplasts. 
Polyphenoloxidase in Beta vulgaris. Plant Physiology 24:1–15.

Auger DL, Ream TS, Birchler JA. 2004. A test for a metastable epi-
genetic component of heterosis using haploid induction in 
maize. TAG Theoretical and Applied Genetics 108:1017–1023.

Baranwal VK, Mikkilineni V, Zehr UB, Tyagi AK, Kapoor S. 2012. 
Heterosis: emerging ideas about hybrid vigour. Journal of 
Experimental Botany 63:6309–6314.

Bates LS, Waldren RP, Teare ID. 1973. Rapid determination of free 
proline for water-stress studies. Plant and Soil 39:205–207.

Burgess KS, Husband BC. 2004. Maternal and paternal contribu-
tions to the fitness of hybrids between red and white mulberry 
(Morus, Moraceae). American Journal of Botany 91:1802–1808.

Caño L, Escarré J, Fleck I, Blanco-Moreno JM, Sans FX. 2008. 
Increased fitness and plasticity of an invasive species in its 
introduced range: a study using Senecio pterophorus. Journal of 
Ecology 96:468–476.

Cara N, Marfil CF, Masuelli RW. 2013. Epigenetic patterns newly 
established after interspecific hybridization in natural popula-
tions of Solanum. Ecology and Evolution 3:3764–3779.

Castillo JM, Ayres DR, Leira-Doce P, Bailey J, Blum M, Strong DR, 
Luque T, Figueroa E. 2010. The production of hybrids with 
high ecological amplitude between exotic Spartina densiflora 
and native S.  maritima in the Iberian Peninsula. Diversity and 
Distributions 16:547–558.

Castillo JM, Gallego-Tévar B, Figueroa ME, Grewell BJ, Vallet D, 
Rousseau H, Keller J, Lima O, Dréano S, Salmon A, et al. 2018. 
Low genetic diversity contrasts with high phenotypic variability 
in heptaploid Spartina densiflora populations invading the Pacific 
coast of North America. Ecology and Evolution 8:4992–5007.

Castillo JM, Grewell BJ, Pickart A, Bortolus A, Peña C, Figueroa E, 
Sytsma M. 2014. Phenotypic plasticity of invasive Spartina 
densiflora (Poaceae) along a broad latitudinal gradient on the 
pacific coast of North America. American Journal of Botany 
101:448–458.

Castillo JM, Leira-Doce P, Carrión-Tacuri J, Muñoz-Guacho E, Arroyo-
Solís A, Curado C, Doblas D, Rubio-Casal AE, Álvarez-López A, 
Redondo-Gómez S, Berjano R, Guerrero G, De Cires A, Figueroa E, 
Tye A. 2007. Contrasting strategies to cope with drought by inva-
sive and endemic species of Lantana in Galapagos. Biodiversity 
and Conservation 16:2123–2136.

Castillo JM, Rubio-Casal AE, Redondo S, Álvarez-López A, Luque T, 
Luque C, Nieva FJ, Castellanos EM, Figueroa ME. 2005. Short-
term responses to salinity of an invasive cordgrass. Issues in 
Bioinvasion Science: EEI 2003: A Contribution to the Knowledge 
on Invasive Alien Species 7:29–35.

Chalker-Scott L. 1999. Environmental significance of anthocyanins in 
plant stress responses. Photochemistry and Photobiology 70:1–9.

Chaves MM, Flexas J, Pinheiro C. 2009. Photosynthesis under 
drought and salt stress: regulation mechanisms from whole 
plant to cell. Annals of Botany 103:551–560.

Chen ZJ. 2010. Molecular mechanisms of polyploidy and hybrid 
vigor. Trends in Plant Science 15:57–71.

Chen ZJ. 2013. Genomic and epigenetic insights into the molecular 
bases of heterosis. Nature Reviews Genetics 14:471–482.

Comai L. 2005. The advantages and disadvantages of being poly-
ploid. Nature Reviews Genetics 6:836–846.

Contreras-Cruzado I, Infante-Izquierdo MD, Márquez-García B, 
Hermoso-López V, Polo A, Nieva FJJ, Cartes-Barroso JB, Castillo 
JM, Muñoz-Rodríguez A. 2017. Relationships between spatio-
temporal changes in the sedimentary environment and halo-
phytes zonation in salt marshes. Geoderma 305:173–187.

Crispo E. 2008. Modifying effects of phenotypic plasticity on inter-
actions among natural selection, adaptation and gene flow. 
Journal of Evolutionary Biology 21:1460–1469.

Dhindsa RS, Plumb-Dhindsa P, Thorpe TA. 1981. Leaf senescence: 
correlated with increased levels of membrane permeability and 
lipid peroxidation, and decreased levels of superoxide dismutase 
and catalase. Journal of Experimental Botany 32:93–101.

Dobzhansky T. 1933. On the sterility of the interracial hybrids in 
Drosophila pseudoobscura. Proceedings of the National Academy 
of Sciences of the United States of America 19:397–403.

Dodd AN, Salathia N, Hall A, Kévei E, Tóth R, Nagy F, Hibberd JM, 
Millar AJ, Webb AA. 2005. Plant circadian clocks increase photo-
synthesis, growth, survival, and competitive advantage. Science 
309:630–633.

Drenovsky RE, Grewell BJ, D’Antonio CM, Funk JL, James JJ, Molinari 
N, Parker IM, Richards CL. 2012. A functional trait perspective on 
plant invasion. Annals of Botany 110:141–153.

East EM. 1936. Heterosis. Genetics 21:375–397.
Ellstrand NC, Schierenbeck KA. 2000. Hybridization as a stimulus 

for the evolution of invasiveness in plants? Proceedings of the 
National Academy of Sciences of the United States of America 
97:7043–7050.

Favre A, Karrenberg S. 2011. Stress tolerance in closely related spe-
cies and their first-generation hybrids: a case study of Silene. 
Journal of Ecology 99:1415–1423.

Fortune PM, Schierenbeck K, Ayres D, Bortolus A, Catrice O, Brown S, 
Ainouche ML. 2008. The enigmatic invasive Spartina densiflora: 
a history of hybridizations in a polyploidy context. Molecular 
Ecology 17:4304–4316.

Fu D, Xiao M, Hayward A, Fu Y, Liu G, Jiang G, Zhang H. 2014. 
Utilization of crop heterosis: a review. Euphytica 197:161–173.

Garnier E, Shipley B, Roumet C, Laurent G. 2001. A standardized 
protocol for the determination of specific leaf area and leaf dry 
matter content. Functional Ecology 15:688–695.

Gould KS, McKelvie J, Markham KR. 2002. Do anthocyanins function 
as antioxidants in leaves? Imaging of H2O2 in red and green 
leaves after mechanical injury. Plant, Cell and Environment 
25:1261–1269.

Grewell BJ, Castillo JM, Skaer Thomason MJ, Drenovsky RE. 2016. 
Phenotypic plasticity and population differentiation in response 
to salinity in the invasive cordgrass Spartina densiflora. Biological 
Invasions 18:2175–2187.

Guo M, Rupe MA, Danilevskaya ON, Yang X, Hu Z. 2003. Genome-
wide mRNA profiling reveals heterochronic allelic variation and 
a new imprinted gene in hybrid maize endosperm. The Plant 
Journal 36:30–44.

Hovick SM, Whitney KD. 2014. Hybridisation is associated with 
increased fecundity and size in invasive taxa: meta-analytic 

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/10/5/ply055/5106137 by U

N
IVER

SID
AD

 D
E SEVILLA user on 02 N

ovem
ber 2018



Gallego-Tévar et al. – Plasticity and transgressive traits

AoB PLANTS  https://academic.oup.com/aobpla	 © The Author(s) 2018 15

support for the hybridisation-invasion hypothesis. Ecology 
Letters 17:1464–1477.

Huskins C. 1930. The origin of Spartina × townsendii. Genetica 
12:531–538.

Iehisa JC, Takumi S. 2012. Variation in abscisic acid responsiveness 
of Aegilops tauschii and hexaploid wheat synthetics due to the 
D-genome diversity. Genes & Genetic Systems 87:9–18.

Jackson SA. 2017. Epigenomics: dissecting hybridization and poly-
ploidization. Genome Biology 18:117.

Jackson S, Chen ZJ. 2011. Genomic and expression plasticity of 
polyploidy. Current Opinion in Plant Biology 13:153–159.

Jursinic PA. 1986. Delayed fluorescence: current concepts and sta-
tus. Page light emission by plants and bacteria. Orlando, FL: 
Academic Press.

Kang MS. 1997. Phenotypic plasticity, heterosis and environmental 
stress; a concise review. In: Book of abstracts of the International 
Symposium, The genetics and exploitation of heterosis in crops. 
17–22 August, Mexico City, Mexico, 140–143.

Khlestkina EK, Gordeeva EI, Arbuzova VS. 2014. Molecular and func-
tional characterization of wheat near-isogenic line ‘i:S29Ra’ 
having intensive anthocyanin pigmentation of the coleoptile, 
culm, leaves and auricles. Plant Breeding 133:454–458.

Kimball S, Campbell DR, Lessin C. 2008. Differential performance of 
reciprocal hybrids in multiple environments. Journal of Ecology 
96:1306–1318.

Lee DW, Collins TM. 2001. Phylogenetic and ontogenetic influ-
ences on the distribution of anthocyanins and betacyanins in 
leaves of tropical plants. International Journal of Plant Sciences 
162:1141–1153.

Lexer C, Welch ME, Raymond O, Rieseberg LH. 2003. The origin of 
ecological divergence in Helianthus paradoxus (Asteraceae): 
selection on transgressive characters in a novel hybrid habitat. 
Evolution 57:1989–2000.

Lichtenthaler HK. 1987. Chlorophylls and carotenoids: Pigments 
of photosynthetic biomembranes. Methods in Enzymology 
148:350–382.

Mancinelli AL, Yang CP, Lindquist P, Anderson OR, Rabino I. 1975. 
Photocontrol of anthocyanin synthesis: III. The action of 
streptomycin on the synthesis of chlorophyll and anthocyanin. 
Plant Physiology 55:251–257.

Matesanz S, Gianoli E, Valladares F. 2010. Global change and the 
evolution of phenotypic plasticity in plants. Annals of the New 
York Academy of Sciences 1206:35–55.

Maxwell K, Johnson GN. 2000. Chlorophyll fluorescence—a prac-
tical guide. Journal of Experimental Botany 51:659–668.

Meloni DA, Oliva MA, Martinez CA, Cambraia J. 2003. Photosynthesis 
and activity of superoxide dismutase, peroxidase and glutathi-
one reductase in cotton under salt stress. Environmental and 
Experimental Botany 49:69–76.

Miller M, Zhang C, Chen ZJ. 2012. Ploidy and hybridity effects on 
growth vigor and gene expression in Arabidopsis thaliana 
hybrids and their parents. G3 2:505–513.

Mobberley DG. 1953. Taxonomy and distribution of the genus 
Spartina. Retrospective Theses and Dissertations. 12794. Iowa 
State University Digital Repository, Iowa.

Mosher RA, Melnyk CW, Kelly KA, Dunn RM, Studholme DJ, 
Baulcombe DC. 2009. Uniparental expression of PolIV-
dependent siRNAs in developing endosperm of Arabidopsis. 
Nature 460:283–286.

Naidoo G, Naidoo Y, Achar P. 2012. Ecophysiological responses 
of the salt marsh grass Spartina maritima to salinity. African 
Journal of Aquatic Science 37:81–88.

Ni Z, Kim ED, Ha M, Lackey E, Liu J, Zhang Y, Sun Q, Chen ZJ. 2009. 
Altered circadian rhythms regulate growth vigour in hybrids and 
allopolyploids. Nature 457:327–331.

Pakenham-Walsh M, Ayres D, Strong D. 2010. Evolving invasibil-
ity of exotic Spartina hybrids in upper salt marsh zones of San 
Francisco Bay. In: Papers from Third International Conference 
on Invasive Spartina. 29–32.

Pandit MK, White SM, Pocock MJ. 2014. The contrasting effects of 
genome size, chromosome number and ploidy level on plant 
invasiveness: a global analysis. The New Phytologist 203:697–703.

Parepa M, Fischer M, Krebs C, Bossdorf O. 2014. Hybridization 
increases invasive knotweed success. Evolutionary Applications 
7:413–420.

Parisod C, Salmon A, Zerjal T, Tenaillon M, Grandbastien MA, 
Ainouche M. 2009. Rapid structural and epigenetic reorgan-
ization near transposable elements in hybrid and allopolyploid 
genomes in Spartina. The New Phytologist 184:1003–1015.

Pigliucci M. 2001. Phenotypic plasticity: beyond nature and nurture. 
Baltimore: JHU Press.

Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M. 2006. 
Jack of all trades, master of some? On the role of phenotypic 
plasticity in plant invasions. Ecology Letters 9:981–993.

Rieseberg LH. 2001. Polyploid evolution: keeping the peace at gen-
omic reunions. Current Biology 11:R925–R928.

Rieseberg LH, Archer MA, Wayne RK. 1999. Transgressive segrega-
tion, adaptation and speciation. Heredity 83:363–372.

Rousseau-Gueutin M, Bellot S, Martin GE, Boutte J, Chelaifa H, Lima O, 
Michon-Coudouel S, Naquin D, Salmon A, Ainouche K, Ainouche 
M. 2015. The chloroplast genome of the hexaploid Spartina 
maritima (Poaceae, Chloridoideae): comparative analyses and 
molecular dating. Molecular Phylogenetics and Evolution 93:5–16.

Salmon A, Ainouche ML, Wendel JF. 2005. Genetic and epigenetic 
consequences of recent hybridization and polyploidy in Spartina 
(Poaceae). Molecular Ecology 14:1163–1175.

Schlichting CD. 1986. The evolution of phenotypic plasticity in 
plants. Annual Review of Ecology and Systematics 17:667–693.

Schmid B. 1992. Phenotypic variation in plants. Evolutionary Trends 
in Plants 6:45–60.

Schreiber U, Schliwa U, Bilger W. 1986. Continuous recording of 
photochemical and non-photochemical chlorophyll fluores-
cence quenching with a new type of modulation fluorometer. 
Photosynthesis Research 10:51–62.

Steinger T, Roy BA, Stanton ML. 2003. Evolution in stressful envi-
ronments II: adaptive value and costs of plasticity in response 
to low light in Sinapis arvensis. Journal of Evolutionary Biology 
16:313–323.

Strong DR, Ayres DR. 2013. Ecological and evolutionary misad-
ventures of Spartina. Annual Review of Ecology, Evolution, and 
Systematics 44:389–410.

Suárez N. 2011. Effects of short- and long-term salinity on leaf 
water relations, gas exchange, and growth in Ipomoea pes-
caprae. Flora - Morphology, Distribution, Functional Ecology of 
Plants 206:267–275.

Te Beest M, Le Roux JJ, Richardson DM, Brysting AK, Suda J, Kubesová 
M, Pysek P. 2012. The more the better? The role of polyploidy in 
facilitating plant invasions. Annals of Botany 109:19–45.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/10/5/ply055/5106137 by U

N
IVER

SID
AD

 D
E SEVILLA user on 02 N

ovem
ber 2018



Gallego-Tévar et al. – Plasticity and transgressive traits

AoB PLANTS  https://academic.oup.com/aobpla� © The Author(s) 201816

Thompson JD. 1991. The biology of an invasive plant: what makes 
Spartina anglica so successful? BioScience 41:393–401.

Valladares F, Sanchez-Gomez D, Zavala MA. 2006. Quantitative esti-
mation of phenotypic plasticity: bridging the gap between the 
evolutionary concept and its ecological applications. Journal of 
Ecology 94:1103–1116.

Vilà M, Weber E, Antonio CMD. 2000. Conservation implications of 
invasion by plant hybridization. Biological Invasions 2:207–217.

Yao H, Dogra Gray A, Auger DL, Birchler JA. 2013. Genomic dos-
age effects on heterosis in triploid maize. Proceedings of the 
National Academy of Sciences of the United States of America 
110:2665–2669.

Yousef AN, Sprent JI. 1983. Effects of NaCl on growth, nitrogen 
incorporation and chemical composition of inoculated and 
NH4 NO3 fertilized Vicia faba (L.) plants. Journal of Experimental 
Botany 34:941–950.

D
ow

nloaded from
 https://academ

ic.oup.com
/aobpla/article-abstract/10/5/ply055/5106137 by U

N
IVER

SID
AD

 D
E SEVILLA user on 02 N

ovem
ber 2018


