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Summary

• Transposable elements (TE) induce structural and epigenetic alterations in their

host genome, with major evolutionary implications. These alterations are examined

here in the context of allopolyploid speciation, on the recently formed invasive spe-

cies Spartina anglica, which represents an excellent model to contrast plant gen-

ome dynamics following hybridization and genome doubling in natural conditions.

• Methyl-sensitive transposon display was used to investigate the structural and

epigenetic dynamics of TE insertion sites for several elements, and to contrast it

with comparable genome-wide methyl-sensitive amplified polymorphism analyses.

• While no transposition burst was detected, we found evidence of major struc-

tural and CpG methylation changes in the vicinity of TE insertions accompanying

hybridization, and to a lesser extent, genome doubling. Genomic alteration

appeared preferentially in the maternal subgenome, and the environment of TEs

was specifically affected by large maternal-specific methylation changes, demon-

strating that TEs fuel epigenetic alterations at the merging of diverged genomes.

• Such genome changes indicate that nuclear incompatibilities in Spartina trigger

immediate alterations, which are TE-specific with an important epigenetic compo-

nent. Since most of this reorganization is conserved after genome doubling that

produced a fertile invasive species, TEs certainly play a central role in the shock-

induced dynamics of the genome during allopolyploid speciation.

Introduction

An important paradigm that emerged from the genomic era
includes: first, the high level of genomic redundancy follow-
ing duplications in eukaryotic genomes; second, the perme-
ability of the species barrier, as revealed by the widespread
occurrence of reticulate evolution; and third, the impor-
tance and evolutionary significance of the repetitive com-
partment (most particularly transposable elements) that
modulates genome plasticity (Lynch, 2007). Merging dif-
ferentiated genomes into a single nucleus (hybridization)
and multiplying the chromosome sets (polyploidy) are
increasingly recognized as major evolutionary phenomena
resulting in diversification and speciation (Mallet, 2007;

Rieseberg & Willis, 2007). As such, both short-term and
long-term effects of hybridization and polyploidy received a
strengthened attention (Comai, 2005; Soltis, 2005; Otto,
2007). Over the past decade, evidence has accumulated
revealing that allopolyploid (i.e. merged and doubled) ge-
nomes are particularly dynamic at both the structural and
expression levels (Levy & Feldman, 2004; Chen, 2007).
Accordingly, large-scale to small-scale chromosomal rear-
rangements, including sequence elimination and ⁄ or activa-
tion of transposable elements (Chen et al., 2007; Otto,
2007), as well as significant epigenetic alterations, including
methylation repatterning and chromatin remodeling (Liu
& Wendel, 2003; Rapp & Wendel, 2005), are commonly
reported in allopolyploid species. The differential gene expr-
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ession resulting from epigenetic changes provides new,
putatively adaptive, phenotypes (Schranz & Osborn, 2004),
but may also participate in re-establishing compatibility
among products of merged genomes (Rieseberg, 2001).
Drastic genetic and epigenetic changes are considered to
participate in the rapid stabilization of allopolyploid ge-
nomes (Lim et al., 2007; Leitch & Leitch, 2008).

Because transposable elements (TEs) are a major compo-
nent of eukaryotic genomes (Gaut & Ross-Ibarra, 2008)
and are highly mutagenic and silenced by various overlap-
ping epigenetic mechanisms, they represent likely candidate
sequences playing a pivotal role fuelling genome reorganiza-
tion in response to changes in the cellular environment
(McClintock, 1984). According to the ‘genome shock’
hypothesis of Barbara McClintock (1984), genetic incom-
patibilities unmasked by hybridization are assumed to
induce a programmed response involving TEs, leading to
various genomic alterations. Since many TEs have been
shown to be activated in relation to abiotic and biotic stress
(Kalendar et al., 2000; Grandbastien et al., 2005), hybrid-
ization (Madlung & Comai, 2004) and polyploidy (Petit
et al., 2007), they may play a central role, both structural
and epigenetic, during the hybridization ⁄ polyploidization
as well as the diploidization processes.

As most data gathered to date were generated from exper-
imentally resynthesized allopolyploid model systems,
understanding how nascent species react to hybridization
and polyploidy in natural populations is a crucial, under-
explored topic in the context of current concerns about
mechanisms generating biodiversity. The genus Spartina
offers an excellent opportunity to unravel the early genome
changes following allopolyploid speciation in natural condi-
tions (Ainouche et al., 2004a). Indeed, Spartina anglica is
one of the best historically documented case of a recent –
about a century year old – and ecologically successful allo-
polyploidization event (Ainouche et al., 2009 and refer-
ences therein). In addition, the maternal (Spartina
alterniflora) and paternal (Spartina maritima) species as well
as F1 homoploid hybrids, Spartina · neyrautii and Sparti-
na · townsendii, still exist on the initial hybridization sites
(see Materials and Methods section). Various fingerprinting
methods detected no significant structural rearrangements
in the young allopolyploid, whose genome was nearly addi-
tive to the parental ones (93.5%) and, in contrast to the
rapid changes observed in several experimentally resynthe-
sized allopolyploids, S. anglica illustrates structural genomic
stasis following allopolyploidy (Ainouche et al., 2004a). In
particular, Baumel et al. (2002) showed a lack of TE activa-
tion during allopolyploidization and revealed low polymor-
phism of TE insertions among populations of S. anglica.
However, consistent methylation changes of randomly
assayed sequences were detected after hybridization and were
transmitted after polyploidization (Salmon et al., 2005),
suggesting that epigenetic mechanisms represent a core

component of the immediate genome response to allopoly-
ploidy.

In this paper, we focus on the potentially highly dynamic
TE component of the genome to unravel the early genomic
mechanisms associated with hybridization and genome
duplication in Spartina. In particular, we explore the pivotal
role of TEs in putatively linking the lack of structural reor-
ganization with the substantial methylation repatterning
observed in the CpG fraction of the genome of hybrids and
allopolyploids. Using methyl-sensitive transposon display
(MSTD), we aimed at first, testing for the structural stabil-
ity of the TE component in response to hybridization in
two independently formed hybrids (S. · neyrautii and
S. · townsendii) sharing the same maternal and paternal
genome donors, and second, assessing the methylation
changes of CpG sites around TE insertions during the early
stage of allopolyploid speciation. Comparing these data
with a methyl-sensitive amplified polymorphism (MSAP)
assay previously obtained from the same plant material
(Salmon et al., 2005), we contrasted the specific response of
genomic sequences close to TE insertions against the res-
ponse of random sequences.

Materials and Methods

Model species and plant material

The introduction of the American Spartina alterniflora Loi-
seleur (2n = 62) into the native range of the European
S. maritima (Curtis) Fernald (2n = 60) c. 1830 resulted in
the independent formation of F1 homoploid hybrids bet-
ween S. alterniflora as a maternal parent and S. maritima as
a paternal parent (Ainouche et al., 2004b; Fig. 1). These
hybrids, S. · neyrautii Foucaud and S. · townsendii H.
Groves & Groves (2n = 62), appeared in Hendaye (France)
c. 1892 and Southampton Bay (UK) c. 1870, respectively.
Being sterile, they survived by clonal propagation and are
still observable where they have formed. c. 1892, the hybrid
S. · townsendii gave rise to the fertile allopolyploid S. angli-
ca C. E. Hubbard (2n = 122, 124). This young species
reached a worldwide distribution and is considered as a

Fig. 1 Origin of Spartina · neyrautii, Spartina · townsendii and
Spartina anglica.
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severe invasive species (Ainouche et al., 2009). Various
molecular analyses provided an accurate picture of the
genetic context of the species formation, revealing that both
parental species and the derived allopolyploid are geneti-
cally depauperate in Europe (Baumel et al., 2001, 2003;
Yannic et al., 2004). Despite consistent morphological plas-
ticity (Thompson et al., 1991), populations of the neopo-
lyploid S. anglica lack interindividual genetic variation
(Ainouche et al., 2004a).

Five Spartina species were analysed in this study: the
maternal (S. alterniflora) and paternal species (S. maritima),
two independently formed F1 hybrids (S. · neyrautii from
Hendaye, France, and S. · townsendii from Hythe, UK),
and the derivative allopolyploid (S. anglica). All plants used
in this study were maintained together in common condi-
tions in the glasshouse under natural photoperiod in pots of
3–7 l containing an equal mix of sand, mold and soil, and
they were automatically watered daily (6–10 min each
morning). Analyses were performed on young leaves from
well-developed plants. DNA was extracted from fresh leaves
according to Baumel et al. (2001). Plants had already been
characterized by various molecular analyses: accessions of
S. alterniflora from Marchwood–Eling and of S. maritima
from Saint Armel investigated here were characterized as
representative of the most common genotype (Baumel
et al., 2003; Yannic et al., 2004) and the accession of the
allopolyploid S. anglica from Saint-Armel analyzed here was
characterized as the major genotype encountered in western
Europe (Baumel et al., 2001; Ainouche et al., 2004a).

Methyl-sensitive transposon display

Sequence-specific amplified polymorphism is a high-resolu-
tion TE-anchored PCR strategy allowing the simultaneous
detection of multiple insertions and thus representing a
transposon display (Waugh et al., 1997). Briefly, the ampli-
fications of digested genomic DNA, specifically targeting
TE insertions, generate a pool of labeled fragments contain-
ing the termini of inserted copies of a given TE and its flank-
ing genomic region. Polymorphic fragments (i.e. presence
or absence) reveal insertion polymorphisms and changes at
insertion sites, including rearrangements, indels and muta-
tions of flanking restriction sites, but the former seem to
predominate over other processes (Waugh et al., 1997).
The transposon display was performed here in four steps:
digestion, ligation of adaptors, preamplification and selective-
amplification (for a detailed protocol see the Supporting
Information, Notes S1).

Using restriction enzymes with differential sensitivity to
DNA methylation at the digestion step, a methyl-sensitive
derivative of this multilocus transposon display was exp-
loited (Fig. 2). The isoschizomers MspI and HpaII are
widely used for methyl-sensitive displays (Shaked et al.,
2001; Cervera et al., 2002; Takata et al., 2007). Both enz-

ymes recognize the same tetranucleotide sequence (5¢-
CCGG-3¢), but present different sensitivities to DNA
methylation. MspI and HpaII were used here on the same
samples in parallel to provide a methyl-sensitive transposon
display (MSTD). HpaII is sensitive to the methylation of
any cytosine at both strands (5¢-CCGG-3¢), while MspI cuts
methylated internal cytosine (5¢-C5mCGG-3¢), thus allow-
ing assessment of the methylation status of internal cytosine
at restriction sites (CpG methylation). However, MspI is sen-
sitive to methylation of the external cytosine (5¢-5mCCGG-
3¢). Hence, methylation of external cytosine on both strands
(CpCpG methylation: 5¢-5mCCGG-3¢ and 5¢-5mC5mCGG-
3¢) may not produce bands with this MSTD. Since HpaII
cleaves when the external cytosine is methylated on one
strand, while MspI does not, hemi-methylated CpCpG sites
can be detected with this MSTD (described later). The

(a)

(b)

Fig. 2 Principle of methyl-sensitive transposon display (MSTD). (a)
Schematic representation of the transposon display technique. This
transposable element (TE)-anchored PCR strategy allows the
simultaneous detection of labeled fragments (*) containing the ter-
mini of inserted copies of a given TE and its flanking genomic region
up to the nearest MspI ⁄ HpaII site. (b) Methylation sensitivity of iso-
schizomer enzymes (MspI and HpaII) and an example of MSTD
banding pattern, allowing investigation of the methylation state of
restriction sites flanking insertions of TEs. Arrow 1 shows an example
of CpG nonmethylated band (present with MspI and HpaII). Arrow
2 shows an example of CpG methylated band (present with MspI,
but absent with HpaII). Arrow 3 shows an example of
(nonmethylated) new band. Arrow 4 shows an example of band
loss. Note: methyl-sensitive transposon display (MSTD) is similar to
methyl-sensitive amplified polymorphism (MSAP), except that
MSTD is anchored in TE extremities and specifically amplifies TE
insertion sites, while MSAP is adaptor-anchored only and amplifies
random genomic loci.
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present study focuses on the CpG methylation of the gen-
ome, which was shown to be essential for the coordination
of stable transgenerational inheritance of various epigenetic
marks in plants (Mathieu et al., 2007).

The preselective amplification by PCR was carried out by
using a single selective nucleotide. Selective amplifications
were then performed with TE-specific primers (see next sec-
tion on transposable elements investigated) radioactively
labeled with phosphorus (33P). The whole procedure was
replicated twice on different DNA extractions of the same
individuals to check for reproducibility of all profiles.

Transposable elements investigated

Ins2, a class II nonautonomous hAT DNA transposon of
367 bp isolated from the bronze locus in Maize (Ralston
et al., 1988), was successfully amplified in Spartina with the
TE-specific primer 5¢-GCCCGTTTAGCACGAAAAA-3¢.
The sequence of Cassandra, a class I terminal-repeat retro-
transposon in miniature of c. 800 bp isolated in S. alternifl-
ora, was available in Genbank (AY603377) from the study
of Kalendar et al. (2008). The TE-specific primer 5¢-
CTTAACCCCAGAGTTCTCTGCAG-3¢, located at the
5¢ end of the TE was successfully used for MSTD amplifica-
tion across the Spartina species investigated. The partial
sequence of Wis-like, a class I Ty1 ⁄ copia-LTR retrotranspo-
son of c. 5 kb, was isolated from S. anglica (Baumel et al.,
2002). After alignment with available Wis-like sequences
across Poaceae, the primer 5¢-TGAGTGAATCCTCGA-
CATCG-3¢ was designed in the mostly conserved portion
of the 5¢ end of the terminal repeat and successfully used for
MSTD amplification across Spartina species.

Data analysis

No MSTD fragments of strongly higher intensity, indica-
tive of amplification between priming and internal restric-
tion sites, were observed. Only clearly identifiable and
reproducible bands were manually scored as present (1) or
absent (0) and translated into a MspI-MSTD data matrix
and a HpaII-MSTD data matrix. The MspI-MSTD bands
that were also present in HpaII-MSTD profiles corre-
sponded to nonmethylated internal cytosine at the restric-
tion sites and MspI-MSTD bands that were absent in
HpaII-MSTD profiles represented methylated internal
cytosine. Hemimethylated external cytosine may not be
transmitted through generation and is less important than
CpG methylation in maintaining TE silencing (Lippman
et al., 2003; Huettel et al., 2006). Accordingly, the 13
MSTD bands (2.6%) absent in MspI-MSTD, but present
in HpaII-MSTD profiles were not included in the analysis.
Similarly, 18 MSAP bands (4.4%) in the dataset of Salmon
et al. (2005) that were absent in MspI-MSAP but present in
HpaII-MSAP profiles were not included here.

All proportions were presented with 95% confidence
interval calculated by the score method with continuity cor-
rection, following Newcombe (1998). The MSTD datasets
were analysed separately for each TE (Ins2, Cassandra and
Wis-like) and were also pooled into a combined MSTD
dataset. For both MSTD and MSAP, differences in the pro-
portion of bands and the proportion of methylated bands,
but also differences in the proportion of bands showing
departure from the expected profiles in the hybrids and the
allopolyploid, were tested by multiple Yates’ one-sided v2

test, using SPLUS (Insightful Corp.). Significance was asses-
sed at a = 0.05 with sequential Bonferroni correction to
account for multiple comparison (Rice, 1989).

Results

Investigation of the structural and CpG methylation
dynamics of TE insertion sites was performed on 480 reli-
able MSTD fragments (Fig. 3; Tables 1 and 2). Three TEs
were investigated, Ins2 (a nonautonomous hAT DNA trans-
poson), Cassandra (a terminal-repeat retrotransposon in
miniature) and Wis-like (a Ty1 ⁄ copia-LTR retrotranspo-
son), and these generated 104, 214 and 162 MSTD bands,
respectively. Polymorphism of MspI-MSTD bands among
species was recorded to explore the genome structural
dynamics in relation to TEs while polymorphism of HpaII-
MSTD bands described the methylation changes in CpG
sequences flanking TE insertions (Fig. 2). In order to con-
trast specific reaction of TEs against genome-wide seq-
uences during hybridization and genome doubling, the
MSTD dataset was compared with 392 MSAP bands
obtained on the same plants (Salmon et al., 2005) and re-
analysed. Methyl-sensitive transposon display is similar to
MSAP, except that MSTD is anchored in TE extremities
and specifically amplifies TE insertion sites, while MSAP is
adaptor-anchored only and amplifies random genomic loci.
For clarity, we describe the effect of hybridization and gen-
ome doubling on structural changes in or near insertion
sites and the methylation status of CpG regions flanking
TE insertions.

Distribution of TEs in the parents and the F1 hybrids

Multiple v2 tests with sequential Bonferroni correction
revealed a different distribution of MspI-MSTD and MspI-
MSAP bands between the parental banding patterns. The
MSTD bands shared by both parental species were signifi-
cantly more numerous for Ins2, Cassandra and Wis-like than
corresponding MSAP fragments (Fig. 4a). Parent-specific
MSTD bands were significantly less abundant in the mater-
nal species (S. alterniflora) than in the paternal species
(S. maritima) for Ins2, Cassandra and Wis-like (Fig. 4b). By
contrast, MSAP bands were evenly distributed between the
maternal and the paternal parents.
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Banding patterns in the homoploid F1 hybrids (S. · ney-
rautii and S. · townsendii) were expected to be additive
with respect to parental patterns (S. alterniflora and
S. maritima). Compared with the expected additivity of the
parental MspI-MSTD profiles, S. · neyrautii showed 15
missing and five new bands for Ins2, 32 missing and four
new bands for Cassandra, 17 missing and one new band for
Wis-like as well as 40 missing and 10 new MSAP bands.
Spartina · townsendii showed five missing and three new
MspI-MSTD bands for Ins2, 29 missing and four new
bands for Cassandra, 27 missing but no new bands for Wis-
like as well as 38 missing and six new MSAP bands. Depar-
ture from additivity was not significantly different among
TEs or MSAP in the two hybrids (Fig. S1). When combin-
ing the three TEs into a single dataset (Fig. 5a), MspI-
MSTD did not show significantly different departure from
additivity between hybrids: 15.5% were not transmitted
from the parent to S. · neyrautii and 14.3% were not trans-
mitted to S. · townsendii (v2, P = 0.89). Only 12 new
MspI-MSTD bands were revealed in hybrids (2.5%), so
most of the departure from additivity was caused by missing
bands. Although not significant, combined MSTD showed
slightly more departure from additivity than MSAP (v2,
P = 0.30 for S. · neyrautii and P = 0.25 in S. · town-
sendii).

The parental contribution to the hybrids was assessed by
examining the origin of the MSTD bands (Fig. 6a). In
S. · neyrautii, combined MspI-MSTD bands of S. alterni-
flora (maternal)-origin showed 37.3% departure from addi-
tivity, while MSTD bands of S. maritima (paternal)-origin
showed 18.3% departure from additivity. In S. · townsen-
dii, maternal-specific MSTD bands showed 68.7% depar-
ture from additivity, while paternal-specific MSTD bands
showed 4.6% departure from additivity. Combined MspI-
MSTD bands of maternal origin thus showed significantly
more departure from additivity than bands of paternal ori-
gin. Note that contrasted patterns were observed in
S. · townsendii and S. · neyrautii: departure form additiv-
ity of MspI-MSTD bands of maternal origin was signifi-
cantly more pronounced in S. · townsendii than in
S. · neyrautii, while the opposite was observed for MspI-
MSTD bands of paternal origin. Like MSTD bands, gen-
ome-wide departure from additivity in both S. · neyrautii

Fig. 3 Representation of MspI-methyl-sensitive transposon display
(MSTD) fragments in the parental species Spartina alterniflora and
Spartina maritima, the homoploid F1 hybrids Spartina · neyrautii
and Spartina · townsendii, and the natural allopolyploid Spartina

anglica. (a) Ins2; (b) Cassandra; (c) Wis-like. The parental origin of
each MspI-MSTD band is represented by symbols according to the
panel below. Shared MSTD bands are represented in overlapping
ovals and lost fragments are indicated with dotted arrows. Reap-
pearance of parental MSTD bands in the polyploid is presented as a
hexagon.
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and S. · townsendii was significantly more important for
MspI-MSAP bands of maternal origin (23.3% and 26.7%,
respectively) than paternal origin (7.9% and 4.1%, respec-
tively), but the levels of parent-specific departure from addi-
tivity were similar in both hybrids. Departure from
additivity of maternal bands was thus more distinctively
pronounced for MSTD than MSAP in S. · townsendii.

Effect of genome doubling in S. anglica

Banding patterns of the allopolyploid (S. anglica) were
expected to be similar to the progenitor hybrid (S. · town-
sendii). Compared with S. · townsendii, S. anglica exhib-
ited few differences in the MspI-MSTD banding patterns.
Three Ins2 bands (4.1%), eight Cassandra bands (4.3%)
and four Wis-like bands (2.8%), present in the hybrid, were
missing in the polyploid. Only one new MspI-MSTD band
was observed with Ins2 in S. anglica. In addition, two Cass-

andra and 10 Wis-like fragments of parental origin
(2.5%), missing in S. · townsendii, were observed in the
allopolyploid (Fig. 3). Reappearance of parental fragments
in allopolyploids has previously been reported in different
studies (Shaked et al., 2001; Salmon et al., 2005) and may
be explained by methylation changes of the EcoRI site or
methylation of the external cytosine at the MspI site in the
hybrid. This also roughly corresponds to the background
noise of transposon display (Melayah et al., 2004), so those
bands were not included in further analysis.

Departure from the expected pattern (i.e. similarity with
S. · townsendii) was not significantly different among the
TEs surveyed and not significantly different from MSAP
(Fig. S1). Combining the MspI-MSTD bands from the
three TEs into a single dataset (Fig. 5a), 16 MspI-MSTD
bands out of 431 showed a nonsimilar pattern in the allo-
polyploid S. anglica compared with S. · townsendii (3.7%).
Therefore, in comparison with genome doubling, hybrid-

Table 1 Distribution of methyl-sensitive transposon display (MSTD) and methyl-sensitive amplified polymorphism (MSAP) bands in Spartina

F1 hybrids relative to their parental lines

Band origin

Band status
presence ⁄
methylation*

Band score

Spartina · neyrautii Spartina · townsendii

In parents In hybrids Ins1 Cas1 Wis1 MSAP2 Ins1 Cas1 Wis1 MSAP2

Parental bands transmitted to the F1 hybrids
S. maritima (P)3 + ⁄ NM + ⁄ NM 13 35 24 110 14 38 24 114
S. alterniflora (M)4 + ⁄ NM + ⁄ NM 1 9 7 83 0 4 2 79
Shared5 + ⁄ NM + ⁄ NM 43 58 48 123 49 63 46 127
S. maritima (P)3 + ⁄ M + ⁄ M 7 22 12 6 9 30 14 7
S. alterniflora (M)4 + ⁄ M + ⁄ M 2 3 2 5 2 2 0 5
Shared5 + ⁄ M + ⁄ M 6 21 19 9 7 22 17 6
S. maritima (P)3 + ⁄ M + ⁄ NM 2 2 2 0 4 2 2 0
S. alterniflora (M)4 + ⁄ M + ⁄ NM 1 2 1 0 1 1 1 0
Shared5 + ⁄ M + ⁄ NM 3 2 2 0 2 1 5 0
S. maritima (P)3 + ⁄ NM + ⁄ M 1 3 2 1 2 5 2 1
S. alterniflora (M)4 + ⁄ NM + ⁄ M 1 7 6 1 1 3 4 1
Shared5 + ⁄ NM + ⁄ M 2 13 19 2 1 10 17 2

Deviation from additivity
S. maritima (P)3 + ⁄ NM ) ⁄ nr 2 7 3 9 0 2 3 5
S. alterniflora (M)4 + ⁄ NM ) ⁄ nr 1 10 4 21 2 19 11 25
Shared5 + ⁄ NM ) ⁄ nr 5 3 1 1 0 1 5 2
S. maritima (P)3 + ⁄ M ) ⁄ nr 4 9 3 1 0 1 1 0
S. alterniflora (M)4 + ⁄ M ) ⁄ nr 3 3 4 6 3 5 6 6
Shared5 + ⁄ M ) ⁄ nr 0 0 2 2 0 1 1 0
New6 ) ⁄ nr + ⁄ NM 3 2 0 9 1 2 0 5
New6 ) ⁄ nr + ⁄ M 2 2 1 1 2 2 0 1

*+, Presence in MspI-derived profiles; ), absence in MspI-derived profiles; NM, CpG nonmethylated as revealed by the presence of the band
in HpaII-derived profiles; M, CpG methylated as revealed by the absence of the band in HpaII-derived profiles; nr, not relevant.
1Bands generated by methyl-sensitive transposon display (MSTD) for the nonautonomous hAT DNA transposon Ins2 (Ins), the terminal-repeat
retrotransposon in miniature Cassandra (Cas) and the Ty1 ⁄ copia-LTR retrotransposon Wis-like (Wis).
2Bands generated by methyl-sensitive amplified polymorphism (MSAP) according to Salmon et al. (2005).
3Bands originating from the paternal parent (P) Spartina maritima.
4Bands originating from the maternal parent (M) Spartina alterniflora.
5Bands shared by both parents S. maritima and S. alterniflora.
6bands newly detected in the hybrids S. · neyrautii or S. · townsendii.
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ization resulted in at least five times higher departure
from the expected MspI-MSTD patterns (v2, 9.45,
P = 0.002). Comparatively, MSAP provided 44 nonaddi-
tive bands out of 386 in S. · townsendii (11.4%) and five
missing as well as two new bands out of 351 in S. anglica
(2.0%). Both MSTD and MSAP showed similar levels of
departure from parental additivity at genome doubling (v2,
1.44, P = 0.230) and showed significantly more departure
from the expected additive pattern after hybridization than
after genome doubling (v2, 23.80, P < 0.001).

Together, these data show that while no transposition
burst was detected, some restructuring occurred in the vic-

inity of TE insertions during hybridization and, to a lesser
extent, genome doubling, preferentially affecting the mater-
nal genome. Accordingly, the TE component exhibited spe-
cific alteration compared with random loci.

Methylation states of sequences flanking TE insertions

The methylation state of CpG sequences flanking the TE
insertions was assessed by comparing HpaII-MSTD with
MspI-MSTD profiles. The numbers of methylated MSTD
bands were not significantly different among Ins2, Cassan-
dra and Wis-like in parental species but were, however,

Table 2 Distribution of methyl-sensitive
transposon display (MSTD) and methyl-
sensitive amplified polymorphism (MSAP)
bands in the Spartina anglica allopolyploid
relative to its F1 hybrid progenitor
Spartina · townsendii

Band origin

Band status
presence ⁄
methylation*

Band score

S. anglica

In F1 hybrid In polyploid Ins1 Cas1 Wis1 MSAP2

Hybrid bands transmitted to the polyploid
S. maritima (P) 3 + ⁄ NM + ⁄ NM 16 36 26 115
S. alterniflora (M)4 + ⁄ NM + ⁄ NM 1 5 3 80
Shared5 + ⁄ NM + ⁄ NM 50 62 47 125
S. · townsendii F1 hybrid6 + ⁄ NM + ⁄ NM 1 2 0 2
S. maritima (P) 3 + ⁄ M + ⁄ M 8 28 12 6
S. alterniflora (M)4 + ⁄ M + ⁄ M 0 4 5 6
Shared5 + ⁄ M + ⁄ M 4 28 36 9
S. · townsendii F1 hybrid6 + ⁄ M + ⁄ M 1 1 0 1
S. maritima (P) 3 + ⁄ M + ⁄ NM 2 4 4 0
S. alterniflora (M)4 + ⁄ M + ⁄ NM 0 1 1 0
Shared5 + ⁄ M + ⁄ NM 4 4 3 0
S. · townsendii F1 hybrid6 + ⁄ M + ⁄ NM 0 0 0 0
S. maritima (P) 3 + ⁄ NM + ⁄ M 2 1 0 0
S. alterniflora (M)4 + ⁄ NM + ⁄ M 2 1 0 0
Shared5 + ⁄ NM + ⁄ M 1 3 3 0
S. · townsendii F1 hybrid6 + ⁄ NM + ⁄ M 0 0 0 0

Deviation from similarity
S. maritima (P) 3 + ⁄ NM ) ⁄ nr 0 2 1 1
S. alterniflora (M)4 + ⁄ NM ) ⁄ nr 1 1 1 1
Shared5 + ⁄ NM ) ⁄ nr 0 0 0 0
S. · townsendii F1 hybrid6 + ⁄ NM ) ⁄ nr 0 1 0 3
S. maritima (P) 3 + ⁄ M ) ⁄ nr 1 4 1 0
S. alterniflora (M)4 + ⁄ M ) ⁄ nr 0 0 1 0
Shared5 + ⁄ M ) ⁄ nr 0 0 0 0
S. · townsendii F1 hybrid6 + ⁄ M ) ⁄ nr 1 0 0 0
New7 ) ⁄ nr + ⁄ NM 1 0 0 1
New7 ) ⁄ nr + ⁄ M 0 0 0 1

*+, presence in MspI-derived profiles; ), absence in MspI-derived profiles; NM, CpG
nonmethylated as revealed by the presence of the band in HpaII-derived profiles; M, CpG
methylated as revealed by the absence of the band in HpaII-derived profiles; nr, not relevant.
1Bands generated by methyl-sensitive transposon display (MSTD) for the nonautonomous
hAT DNA transposon Ins2 (Ins), the terminal-repeat retrotransposon in miniature Cassandra

(Cas) and the Ty1 ⁄ copia-LTR retrotransposon Wis-like (Wis).
2Bands generated by methyl-sensitive amplified polymorphism (MSAP) according to Salmon
et al. (2005).
3Bands originating from the paternal parent (P) Spartina maritima.
4Bands originating from the maternal parent (M) Spartina alterniflora.
5Bands shared by both parents S. maritima and S. alterniflora.
6bands newly detected in the hybrid, S. · townsendii.
7bands newly detected in the allopolyploid, S. anglica.
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slightly higher in hybrids and allopolyploid for Cassandra
and Wis-like than for Ins2 bands (Fig. S2). Overall, 34.7%
of MSTD bands were CpG methylated in S. alterniflora,
36.0% in S. maritima, 32.7% in S. · neyrautii, 36.7% in
S. · townsendii and 34.2% in S. anglica. By contrast,
MSAP showed genome-wide methylation of CpG as low as
8.8% in S. alterniflora, 6.9% in S. maritima, 8.9% in
S. · neyrautii, 7.5% in S. · townsendii and 6.4% in S. ang-
lica. The numbers of methylated bands were thus signifi-
cantly higher for combined MSTD (i.e. in regions flanking
the investigated TEs) than for MSAP (i.e. in random geno-
mic sequences) in each species (Fig. 7).

Effect of hybridization on methylation states

In order to evaluate CpG methylation changes following
hybridization in regions surrounding TE insertions, the
methylation state of MspI-MSTD bands transmitted from
the parental species to the F1 hybrids was assessed and
departure from additivity of the HpaII-MSTD profiles was
recorded (Table 1, Fig. 5b). In S. · neyrautii, 12.4% Ins2
HpaII-MSTD bands, 16.4% Cassandra HpaII-MSTD
bands and 22.2% Wis-like HpaII-MSTD bands showed
departure from the expected profile. In S. · townsendii,
12.0% Ins2 HpaII-MSTD bands, 12.2% Cassandra HpaII-
MSTD bands and 23.1% Wis-like HpaII-MSTD bands
showed departure from the expected profile. Methylation
changes were not significantly different among TEs, in both
hybrids (Fig. S1). When combined into a single dataset, 71
HpaII-MSTD fragments out of 403 (17.6%) showed meth-
ylation changes in S. · neyrautii compared with the par-
ents, with 23.9% of the bands that were demethylated (i.e.
methylated in the parents but displayed as nonmethylated
in the hybrid) and 76.1% that were nonmethylated in the
parents and methylated in the hybrid. Similarly, 64 MSTD
bands out of 407 (15.7%) showed methylation changes in
S. · townsendii compared with the parents, with 29.7% of
the bands that were demethylated at hybridization and
70.3% that were nonmethylated in the parents and methy-
lated in the hybrid. Although the amount of methylated
bands globally increased in both hybrids, the level of CpG
methylation changes towards a nonmethylated vs a methy-
lated state were not different from the parental levels of
methylated (29.5%) vs nonmethylated (70.5%) bands (v2

tests: S. · neyrautii, P = 0.386 and S. · townsendii, P =
0.923). By contrast, random genomic sequences, as assessed
here from HpaII-MSAP profiles, showed little methylation
changes after hybridization, with four MSAP bands (1.2%)
altered from a nonmethylated to methylated state. This is
significantly lower than MSTD for both S. · neyrautii
(v2 53.13, P < 0.001) and S. · townsendii (v2 45.95, P <
0.001).

Methylation changes in HpaII-MSTD bands were depen-
dent on the parental origin (Fig. 6b, Table 1). In S. ·

(a) (b)

Fig. 4 Distribution of MspI-methyl-sensitive transposon display
(MSTD) and MspI-methyl-sensitive amplified polymorphism (MSAP)
bands in the parental species. (a) Proportion of bands shared by the
maternal (Spartina alterniflora) and paternal (S. maritima) species
(tinted bars) relative to the total number of parental bands. (b) Pro-
portion of parent-specific bands relative to their total number within
species; alterniflora specific, open bars; maritima specific, closed
bars. Band numbers are shown for each TE: Ins2 (Ins), Cassandra

(Cas) and Wis-like (Wis), and for genome-wide MSAP. Error bars
indicate 95% confidence intervals. Proportions with distinct lower
case letters are significantly different according to multiple v2 tests.

(a) (b)

Fig. 5 Structural (a) and CpG methylation changes (b) during allo-
polyploid speciation in Spartina, as assessed by departure from the
expected profile for the three transposable elements (TEs) combined
(MspI- and HpaII-MSTD, respectively) and for genome-wide
sequences (MspI- and HpaII-MSAP, respectively). For hybrids,
Spartina · neyrautii (· ney) and Spartina · townsendii (· town),
the expected profile is the additivity of the parents (Spartina

alternifolia and Spartina maritima). For the allopolyploid, Spartina

anglica (angl), the expected profile is similarity to the hybrid
S. · townsendii. Error bars indicate 95% confidence intervals.
Proportions of structural ⁄ methylation changes with distinct lower
case letters are significantly different according to multiple v2 tests.
MSTD (methyl-sensitive transposon display), closed bars; MSAP
(methyl-sensitive amplified polymorphism), open bars.
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neyrautii, 18 out of 42 (42.9%) MSTD bands of maternal
(S. alterniflora) origin showed methylation changes, which
is significantly more than 12 out of 125 (9.65%) for bands
of paternal (S. maritima) origin (v2 21.39, P < 0.001). In
S. · townsendii, 11 out of 21 (52.4%) MSTD bands of
maternal (S. alterniflora) origin showed methylation
changes, which is significantly more than 17 out of 146
(11.6%) for bands of paternal (S. maritima) origin (v2

8.59, P = 0.003). By contrast, MSAP reported no parental
bias of methylation changes. As a whole, both hybrids
showed similar epigenetic alterations (v2 1.73, P = 0.188),

but methylation changes affected mostly the surroundings
of maternal TE insertions following hybridization.

Effect of genome doubling on methylation levels

The CpG methylation changes near TE insertions after
genome doubling were assessed among the MspI-MSTD
bands that were transmitted from S. · townsendii to
S. anglica by recording departure from the expected
HpaII-MSTD profile (i.e. similarity to S. · townsendii). In
the allopolyploid S. anglica, 11.6% Ins2 bands, 4.2%
Cassandra bands (4.2%) and 7.9% Wis-like bands showed
departure from the expected HpaII-MSTD profile (Fig. 3,
Table 2). Among the 415 combined MSTD bands that
were transmitted from S. · townsendii to S. anglica, 37
(8.9%) showed methylation changes (Fig. 5b). More
specifically, 64.9% of the bands were demethylated vs
35.1% that exhibited neomethylation, which is signifi-
cantly different from the amount of methylated (36.4%)
vs nonmethylated (63.6%) bands in S. · townsendii (v2

11.26, P < 0.001). As a whole, departure from the exp-
ected HpaII-MSTD patterns (i.e. methylation changes in
the surrounding of TE insertions) was significantly higher
at hybridization compared with genome doubling (v2

8.22, P < 0.004). By contrast, none of the 344 genome-
wide MSAP bands that were transmitted to the polyploid
showed departure from the expected profile, which is sig-
nificantly lower than obtained by MSTD (v2 30.35,
P < 0.001).

Together, these data show that substantial CpG methyl-
ation changes in the vicinity of TE insertions occ-
urred during hybridization and to a lesser extent,
genome doubling, compared with random loci. While
apparently random in their direction, these epigenetic modi-
fications predominantly affected the genome of maternal
origin.

Fig. 7 Methylation levels of methyl-sensitive transposon display
(MSTD, closed bars) bands (combined for the three transposable
elements) and methyl-sensitive amplified polymorphism (MSAP,
open bars) bands in the parental species Spartina alterniflora (alt)
and Spartina maritima (mar), the homoploid F1 hybrids Sparti-
na · neyrautii (· ney) and Spartina · townsendii (· town), and the
natural allopolyploid Spartina anglica (angl). Error bars indicate 95%
confidence intervals. Proportions with distinct lower case letters are
significantly different according to multiple v2 tests.

Fig. 6 Parent-specific structural (a) and CpG
methylation changes (b) at hybridization in
Spartina, as assessed following the parental
origin (Spartina alternifolia or Spartina

maritima) of bands showing departure from
additivity in Spartina · neyrautii (· ney) and
Spartina · townsendii (· town), for the
three transposable elements (TEs) combined
(MspI- and HpaII-methyl-sensitive transpo-
son display (MSTD), respectively) and for
genome-wide sequences (MspI- and HpaII-
methyl-sensitive transposon display (MSAP),
respectively); alterniflora-specific, open bars;
maritima-specific, closed bars. Error bars
indicate 95% confidence intervals. Propor-
tions with distinct lower case letters are
significantly different according to multiple
chi-square tests.
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Discussion

In most studies involving allopolyploid systems, the
response to hybridization is rarely distinguished from the
effect of genome multiplication (Levy & Feldman, 2004;
Comai, 2005; Otto, 2007; but see Hegarty et al., 2006). In
Spartina, all progenitor taxa (the parents S. alterniflora and
S. maritima) as well as the homoploid F1 hybrids (S. · ney-
rautii and S. · townsendii) are still established close to
hybridization sites and the recent allopolyploid S. anglica
thus represents an excellent model to contrast the early pro-
cesses specifically affecting merged genomes compared with
duplicated genomes in natural systems (Ainouche et al.,
2004a). Since low interindividual genetic variation was
detected in all the taxa, relevant genome changes can be
accurately tracked. By contrasting patterns of MSTD bands
representing the TE component of the genome (i.e.
sequences immediately flanking insertions) with MSAP
bands that represent genome-wide random sequences, this
study allowed, for the first time, to characterize the response
of different genome fractions during the two-step formation
of an allopolyploid species.

Polymorphic MSTD bands for the three TEs studied
(Ins2, Cassandra and Wis-like) were mostly shared between
the parental S. maritima and S. alterniflora species (Figs 2,
4), suggesting a relatively low transposition rate of the TEs
studied in the recent past. However, in contrast to random
sequences surveyed by MSAP, most parent-specific MSTD
fragments were observed in S. maritima rather than S. alter-
niflora. This pattern likely suggests that the paternal species
accumulated more TE insertions than the maternal species
after their speciation, although a specific distribution of
nonCpG methylation around TE insertions cannot be
excluded. Random population processes may be responsible
for a differential amplification of TEs as the small size of
S. maritima fragmented populations (Yannic et al., 2004)
certainly increased the probability of fixing insertions.

More structural changes after hybridization than after
genome doubling

Allopolyploidy is considered as a genomic shock generating
important evolutionary diversification (Rieseberg, 2001;
Comai, 2005; Otto, 2007). However, fewer structural
changes were reported in S. anglica than in several allopoly-
ploid systems (Ainouche et al., 2004b). Congruently, the
MSTD profiles of the hybrids and polyploid species indi-
cate slight restructuring following allopolyploidy (Fig. 5a):
83.9% of the parental MSTD bands were observed in the
hybrid S. · townsendii, with 96.3% of these transmitted to
the allopolyploid S. anglica, which is little less than MSAP.
Overall, only 13 new MSTD bands out of 480 were
detected in S. · neyrautii, S. · townsendii and S. anglica,
indicating that neither hybridization nor genome doubling

induced a transposition burst for these elements. Indeed,
structural changes accompanying allopolyploidy were pre-
dominantly MSTD band losses. The nature of structural
changes around TE insertions may remain ambiguous since
missing MSTD fragments may reflect segregating heterozy-
gosity in the parents, CpCpG methylation change or seq-
uence rearrangements encompassing TE insertions. Since
MSTD band losses specifically affected S. maritima, a spe-
cies showing very low genetic variation (Yannic et al.,
2004), structural rearrangements may be prevalent here.
Whether this is restricted to the particular TEs investigated
or represents a general trend is an open question. However,
in the three different TE types analysed here, structural
changes near TEs were predominantly observed after the
parental genome merger and resulted in at least a five-fold
increase in restructuring compared with genome doubling.
Changes detected in randomly assayed sequences (e.g.
MSAP; see Ainouche et al., 2004a) exhibited a similar
pattern and hybridization therefore appears as a major
shock stimulating foremost structural changes compared
with genome doubling.

As shock-induced restructuring was observed in the two
independently formed F1 hybrids, our data are congruent
with Mc Clintock’s hypothesis of unmasked incompatibili-
ties (McClintock, 1984) and suggest that merging differenti-
ated genomes into a single nucleus required immediate
genomic changes to produce viable lineages. Although both
structural changes near TEs and random loci affected chiefly
the maternal genome, the TE component assessed here
revealed contrasted rearrangements in the two hybrids
(Fig. 6a). Unlike maternal and paternal random loci that
exhibit similar levels of rearrangements in both hybrids, TE
insertions from the maternal genome were more severely
rearranged in S. · townsendii than in S. · neyrautii, while
paternal ones showed the reverse tendency. Although pater-
nal reorganization of other TE families cannot be excluded,
it is interesting that the dynamics of MSTD bands are simi-
lar for the three TE families investigated and parallel mor-
phological changes in Spartina. While deriving from very
similar genotypes of the same maternal and paternal species
and presenting similar MSAP patterns (Salmon et al.,
2005), the two independently formed hybrids display con-
spicuous morphological differences, S. · neyrautii being
more similar to the maternal parent S. alterniflora. The par-
ticular changes induced by hybridization on genomic regions
encompassing TEs may thus be associated with phenotypic
specificities, suggesting that mechanisms targeting TE inser-
tions have wide-ranging effects (Comai et al., 2003).

Hybridization-induced methylation changes near TEs

Our results, focused on the CpG fraction of the genome
and thus probably excluding CpNpG-rich heterochromatic
regions, showed that sequences flanking TE insertions are
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significantly more CpG methylated than random (MSAP)
sequences in Spartina (Fig. 7). In contrast to our prediction
that short TEs (here, Ins2 and Cassandra) would be associ-
ated with the high-density gene fraction and low CpG
methylation, while long TEs, such as full-length retrotrans-
posons (here, Wis-like), would have accumulated in gene-
poor regions and show high CpG methylation (Brookfield,
2005), insertions of the three TEs surveyed did not signifi-
cantly differ in their CpG methylation status in the parental
Spartina species (Fig. S2). This suggests that the CpG
methylation status around TE insertions may thus be only
loosely linked to the TE features. Accordingly, CpG meth-
ylation patterns around insertions of various TE families
across the rice genome were correlated with neither the size
of TE nor the number of inserted copies (Kashkush &
Khasdan, 2007; Takata et al., 2007).

Our results reveal that hybridization triggers CpG meth-
ylation changes that occur five times more frequently than
after genome doubling (Fig. 5b). The instability associated
with the shock of hybridization is thus inducing important
epigenetic alterations at CpG sites in the surroundings of
both TE insertions and random loci. MSTD bands however
showed far more CpG methylation changes than MSAP
bands, suggesting that TE insertions trigger epigenetic alter-
ations in particular. Both CpG and nonCpG methylation
contribute to the immobilization of TEs (Kato et al., 2003)
and may regulate the expression of developmental genes
(Huettel et al., 2006). However, CpG methylation seems of
critical importance for evolutionary processes as it coordi-
nates the stable inheritance of epigenetic marks, guiding de
novo nonCpG methylation and chromatin remodeling
(Mathieu et al., 2007); it is also of foremost importance in
maintaining TE silencing (Slotkin & Martienssen, 2007;
Teixeira et al., 2009). Accordingly, our results from MSTD
are focused on the less heavily methylated fraction of the
genome and provide here valuable insights into the inter-
play between TEs and epigenetic changes leading to sub-
stantial reorganization in genome regions prone to foster
adaptation in plant populations.

To our knowledge, few studies have reported extensive
CpG methylation changes specifically affecting the sur-
rounding of TEs in response to stress (but see Long et al.,
2006). We are far from a complete understanding of the
epigenetic regulation of TEs and flanking sequences, espe-
cially in Poaceae such as Spartina, which may have evolved
specific epigenetic pathways (Zhang, 2008). Several non-
mutually exclusive hypotheses may account for TE-specific
CpG methylation changes (reviewed in Weil & Martiens-
sen, 2008; Teixeira et al., 2009). For example, since CpG
methylation status around TE insertions is most likely con-
trolled by specific enzymatic machinery, mechanisms pref-
erentially targeting TEs, which are supposedly affecting
non-CpG methylation to a large extent, may be intimately
connected to those controlling CpG methylation across the

genome (Kato et al., 2003; Mathieu et al., 2007). Testing
such a hypothesis is beyond the scope of the present survey.
However, hybridization seems to induce stochastic (i.e.
nondirectional) CpG methylation repatterning around TE
insertions in the non-heavily methylated fraction of the gen-
ome surveyed here. Indeed, the proportion of MSTD frag-
ments changing towards a methylated vs a nonmethylated
state was not significantly different from the parental fre-
quencies of nonmethylated vs methylated bands, respec-
tively. The methylation changes we observed were,
however, non-random as they specifically affected MSTD
bands from S. alterniflora, while random sequences showed
an undiscriminating pattern. It remains difficult to firmly
assess any TE type-specific epigenetic dynamics in response
to genomic shock since the analysis of each TE separately
reduced our statistical power. However, Cassandra and Wis-
like (i.e. retrotransposons) did not show significantly more
methylation changes than Ins2 (i.e. class II TE) after hybrid-
ization (Figs S1, S2). We do not exclude the possibility that
other TE types could present singular patterns, but our
results suggest common CpG methylation changes affecting
various members of the TE component during allopoly-
ploid speciation in Spartina.

Genetic and epigenetic changes in the TE component
during allopolyploid speciation

Our results indicate that the critical aspect of genome evolu-
tion in Spartina seems to be the specific CpG methylation
changes around TE insertions. By decoupling the steps of
allopolyploid speciation, this study showed that merging dif-
ferentiated genomes mostly resulted in structural and epige-
netic changes, which specifically affected the TE component
of maternal origin in the present study. Accordingly, hybrid-
ization more than genome doubling is expected to induce
immediate alterations to circumvent genetic incompatibility
and produce a viable system (McClintock, 1984; Rieseberg,
2001). Among the putative underlying mechanisms, nucleo-
cytoplasmic incompatibilities may result in asymmetrical
contributions between the maternal and the paternal ge-
nomes in hybrids (Tiffin et al., 2001), but are unlikely to be
resolved by the breakdown of the maternal genome, as
observed in this study. Since loci from the S. alterniflora gen-
ome prevail when reciprocally hybridized with other Sparti-
na species (Anttila et al., 2000), this preferential breakdown
is apparently not associated with S. alternifolia-specific char-
acteristic. Our results suggest that nuclear–nuclear incom-
patibilities were at work in the TE-specific alterations of the
maternal genome during hybridization in Spartina. Genetic
maternal effects may indeed result in asymmetrical incom-
patibilities between nuclear genomes (Turelli & Moyle,
2007). For example, dosage-dependent induction models
are attractive to explain asymmetries affecting hybrid ge-
nomes with different parental TE load (Comai et al., 2003;
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Michalak, 2009). Here, the preferential alteration of the
laden maternal TE component following two independent
hybridization events may have been required to resolve
genetic incompatibilities and produce viable hybrids of Spar-
tina. By contrast, genome duplication induced few genomic
modifications, but complementing the chromosome set and
thus restoring fertility, allowed the allopolyploid S. anglica
to emerge as a rapidly expanding species (Ainouche et al.,
2009). To what extent the genome dynamics associated with
TEs revealed by the present study affects gene expression and
adaptation remains an open question. In particular, the
impact of TE insertions on gene products as well as genome-
wide nonCpG methylation changes and chromatin remodel-
ing deserve further investigation to broaden our understand-
ing of genome evolution during the early steps of
allopolyploidization.
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