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ABSTRACT: Growth and distribution of seagrasses is closely related to undersea light quality and
intensity. Currently, several factors linked to anthropogenic pressure, such as increased sediment
runoff, resuspension of bottom sediments, and algae accumulations, reduce sub-surface light
availability in most Mediterranean coastal areas, and are causing a general regression of Posidonia oceanica (L.) Delile meadows. We investigated whether plant capacity to adapt to light
deficiency could be related to a repatterning of genome methylation in a natural population of
P. oceanica subjected to low-light conditions. DNA methylation status was analyzed in shoot apical meristems and leaves of plants growing in a disturbed meadow, characterized by reduced light
availability, versus plants growing in a preserved meadow. Two complementary approaches were
applied, viz. the methylation-sensitive amplification polymorphism (MSAP) technique and immunocytological detection of methylated sites on interphase nuclei. Genome hypermethylation was
detected in the organs of plants growing at the disturbed site, indicating that de novo methylation
occurred under light-related stress conditions. MSAP analysis revealed that changes in methylation status involved specific classes of genes with various functions, including light perception
and harvesting genes such as PoPHYB and LHCB5. It is likely that epigenetic regulation of these
2 genes through methylation plays a role in the resistance and resilience of P. oceanica plants to
critical light conditions. We propose that the status of genome methylation is a promising diagnostic tool for early detection of stress factors affecting P. oceanica meadows.
KEY WORDS: Posidonia oceanica (L.) Delile · Low light condition · DNA-methylation changes ·
Phytochrome B · 5-methylcytosine-antibody · Methylation-sensitive amplification polymorphism ·
MSAP
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Because of their sessile life style, higher plants are
constantly exposed to multiple environmental stimuli
which influence their morphology, physiology, and
development. To integrate such stimuli into developmental programs or adaptive modifications, plants
require efficient short-term strategies which specifically rely on the rapid modulation of existing genetic
information, through either chromatin remodeling
and/or the regulation of gene expression (ArnholdtSchmitt 2004, Madlung & Comai 2004, Chinnusamy
& Zhu 2009).

DNA methylation is among the main mechanisms
involved in the re-establishment of genome transcriptional potential through selective modulation of
chromatin organization (Finnegan et al. 1993, Nakao
2001, Matzke et al. 2009). Increases and decreases of
cytosine methylation at specific loci throughout the
genome, as well as changes in chromatin organization, have been detected in several species. This
occurs in relation to plant developmental events,
such as leaf maturation, floral transition, and seedling germination, but also in response to different
stresses such as low temperature, light duration,
bacterial infection, drought, extreme osmotica, and
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heavy metal pollution/treatment (Finnegan et al.
1998, Aina et al. 2004, Pavet et al. 2006, Tessadori et
al. 2007, Zhang et al. 2010). Therefore, modifications
of chromatin structure through changes in DNA
methylation, resulting in simultaneous regulation of
many genes, can contribute to the capacity of a plant
to cope with altered environmental conditions
(Finnegan et al. 1993, Wada et al. 2004, Choi & Sano
2007).
One neglected aspect of the relationship between
DNA methylation and stress response in plants deals
with the effects induced by light. So far, information
on alterations of DNA methylation patterns brought
about by changes in light availability, as well as
information on types of genes that are regulated
through light-dependent changes in DNA methylation, is very limited (Zhang et al. 2012). In this context, we investigated the extent of changes of DNA
methylation status in a natural population of the seagrass Posidonia oceanica (L.) Delile subjected to light
deficiency.
Seagrasses are a polyphyletic group of monocotyledonous angiosperms belonging to the order
Alismatales, which have adapted to a completely
submerged lifestyle in marine water (den Hartog
1970, Les et al. 1997, Wissler et al. 2011). Within
Alismatales, Posidonia oceanica exhibits a larger
genome (2n = 20 [no. of chromosomes], 2C-value =
6.2 pg) than other Mediterranean phanerogams (e.g.
2C-value of Zostera noltii = 1.5 pg; Z. marina = 1.2 pg;
Cymodocea nodosa = 1.1 pg; den Hartog et al. 1987,
Dolenc Koce et al. 2003). However the P. oceanica
genome is markedly smaller than the average value
(~11.5 pg) found for land monocots (e.g. 2C-value
of Allium cepa = 34.89 pg; Zea mays = 5.57 pg;
Hordeum vulgare = 11.12 pg; Doležel et al. 1998,
Lysàk & Doležel 1998).
Along the Mediterranean coastline, Posidonia
oceanica forms widespread meadows that span
from the sea surface to 35−40 m depth (den Hartog
1970, Duarte 1991) and represent a highly productive ecosystem with a pivotal role in maintaining
marine Mediterranean biodiversity (Procaccini et
al. 2003). Moreover, P. oceanica is widely recognized as a bio-indicator of marine environmental
quality due to its high sensibility to different disturbance factors which strongly limit its growth
and expansion (Pergent et al. 1995, Lafabrie et al.
2007).
Light, together with temperature and nutrient
availability, is among the major factors controlling
seagrass growth (Dennison 1987, Dunton 1994, Lee
et al. 2007). In particular, quantity and quality of light

directly impact the photosynthesis rate and thereby
plant growth, thus controlling expansion and depth
distribution of seagrasses (Beer & Waisel 1982, Dennison 1987). On the other hand, several factors, most
of which are closely related to anthropogenic
pressure, such as epiphytic and planktonic algae
accumulation, increased sediment runoff, and resuspension of bottom sediments, adversely affect
underwater light availability (Cambridge et al. 1986,
Onuf 1994). As a consequence, loss of seagrasses,
including Posidonia oceanica, has been reported
worldwide because of reduced underwater light
(Giesen et al. 1990, Peirano & Bianchi 1995, Balestri
et al. 2004).
We sought to enhance our knowledge on the
molecular mechanisms which enable Posidonia
oceanica to cope with light deficiency. Here we
investigated the involvement of methylation-related
mechanisms by comparing genome methylation
patterns in P. oceanica growing in 2 distinct meadows characterized by different light availability
(Acunto et al. 2006, Rende et al. 2006, Bruno et al.
2009, 2010).
These 2 meadows (Praia a Mare and San Nicola
Arcella) exhibit a genetic distance of 0.179 (Serra
et al. 2007) and are located along the Tyrrhenian
coast of southern Italy not far from each other
(3 km) and at the same depth (10 m). Therefore, the
detected differences in light availability between
the 2 sites are mainly related to different anthropogenic pressures affecting them, leading to persistent suspension of fine particles and thereby water
turbidity in the meadow located near a tourist harbor (Praia a Mare), while the other meadow is
located at a well-preserved site (San Nicola Arcella;
Cozza et al. 2004, Acunto et al. 2006, Bruno et al.
2010). Based on their proximity, temperature values
recorded at the 2 sites during the analyzed period
were quite comparable (Bruno et al. 2010). Moreover, in both meadows, the levels of several chemicals, such as pesticides, hydrocarbons, and heavy
metals, present in seawater and sediment, were
below pollution/toxicity thresholds (Memobiomar
2004, Ministero dell’Ambiente 2006). Notably, the
different light conditions at the selected sites were
accompanied by alterations in meadow macrostructure, both in the epiphytic community as well
as in relevant cytophysiological (e.g. hormone distribution) and molecular features (e.g. stressresponsive gene expression, protein turnover),
some of which are closely related to light availability (Cozza et al. 2004, Rende et al. 2006, Bruno et
al. 2009, Mazzuca et al. 2009).
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MATERIALS AND METHODS
Plant material
Posidonia oceanica plants were sampled from 2
meadows located 3 km apart, at the same depth
(10 m), along the Tyrrhenian Sea coast of Calabria
in southern Italy and previously classified as an
anthropologically-disturbed meadow (DM, Praia a
Mare, 39° 54’ 28.83” N, 15° 46’ 28.38” E) and a wellpreserved meadow (PM, San Nicola Arcella, 39° 48’
45.71” N, 15° 47’ 53.74” E; Acunto et al. 2006, Rende
et al. 2006, Bruno et al. 2010).
Plant material was collected during 3 different
seasonal periods: June and November 2005, and
April 2006. Sampling was always carried out in the
first week of the month. Individual shoots of Posidonia oceanica (n = 30 for each meadow and for
each period) were randomly sampled about every
10 m along linear transects to minimize the risk of
sampling within the same clonal patch. Analyses
were performed on shoot apical meristems (SAMs),
and leaves by using short leaves (< 5 cm) or the
basal region of intermediate leaves (5 cm < length
< 15 cm), while the leaf tip was eliminated because of the presence of epiphytes. Excised samples were immediately frozen or fixed for molecular
(n = 15 shoots for each meadow) and cytological
analyses (n = 15 shoots for each meadow), respectively.

Environmental conditions at the two meadows
Light (photosynthetic photon flux density, PPFD,
µmol s−1 m−2 ± SEM) and temperature (°C) values at
the 2 meadows were recorded over a 1 yr period
(June 2005 to May 2006). Light data were analyzed
in relation to the mean values of compensation (Īc =
7.8 ± 1.8 µmol m−2 s−1) and saturating irradiance
(Ī k = 73.3 ± 16.1 µmol m−2 s−1) estimated for Posidonia oceanica; these 2 values represent the minimum
light available for plant survival and the light conditions for maximum photosynthetic performance,
respectively (Lee et al. 2007). As reported in our
previous work, a reduction in light availability was
detected in the DM compared to the PM meadow.
Over the study period, the number of days on which
the mean irradiance value was lower than the Īc
value was 77 and 161 for PM and DM meadows,
respectively (Bruno et al. 2010). In particular, the
differences in light intensity between the 2 meadows during a specific time interval (11:00−15:00 h),
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corresponding to the sampling period, were about
15 PPFD in June 2005, 30 PPFD in November 2005,
and 90 PPFD in April 2006 (Bruno et al. 2010). Note
that these previous light data were derived from lux
measurements and therefore represent relative as
opposed to absolute differences in light intensity.
Temperature values recorded in the 2 meadows
were quite similar over the whole period analyzed,
as expected based on their proximity (Bruno et al.
2010).
Previous studies (Memobiomar 2004) at the DM
and PM sites as well as the results of an extensive
analysis performed by the Ministero dell’Ambiente,
Italy (Ministero dell’Ambiente 2006) from 2001 to
2006 along the whole Italian coastline showed that
the concentrations in marine sediments of pesticides, hydrocarbons, and a wide spectrum of
heavy metals (cadmium, chromium, mercury, lead,
copper) were below toxicity/pollution thresholds
according to the values established by Ministerial
Decree DM 367/2003 of the Ministero dell’Ambiente, Italy.

Methylation-sensitive amplification polymorphism
(MSAP) analysis
MSAP analysis was adapted from Xu et al. (2000).
Total genomic DNA was extracted from SAMs and
leaves collected at the PM and DM meadows according to Serra et al. (2007). In particular, for both leaves
and SAMs, frozen samples derived from the 3 different sampling periods (June and November 2005,
April 2006) were pooled, resulting in one sample for
each organ and for each meadow. Three independent DNA extractions were performed.
Digestion of RNA was performed by incubating the
digest with 0.1 mg ml−1 RNase A (Roche Diagnostic)
for 60 min at 37°C. Quality and quantity of DNA were
verified using a NanoDrop® ND-1000 spectrophotometer, and the integrity was checked electrophoretically on 0.8% agarose gels.
Separate MSAP analysis was performed for each
DNA extraction. MSAP analysis is a modified amplified fragment length polymorphism technique (Vos
et al. 1995). Based on the use of the restriction
endonucleases HpaII and MspI that recognize the
same tetranucleotide sequence (5’-CCGG-3’) but
show differential sensitivity to cytosine methylation,
MSAP is able to generate specific signal-band profiles that reflect the status of DNA methylation at this
specific sequence. This technique comprises 3 major
steps: digestion and ligation reactions; pre-amplifi-
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cation and selective amplification reactions, and a
detection assay, performed as previously described
by Greco et al. (2012). The adaptors used in the ligation reaction comprised a combination of 2 primers
(see Table S1 in the supplement at www.int-res.
com/articles/suppl/m473p103_supp.pdf) for EcoRI
and for HpaII/MspI and were prepared according to
Xiong et al. (1999) and Xu et al. (2000). PCR conditions used in the pre-amplification and selective
amplification reactions were chosen based on the
primer selective extensions used for amplification. In
the pre-amplification, we used primers that have
core sequences complementary to the EcoRI and
HpaII/MspI adaptors with a single additional, selective 3’ nucleotide (Table S2 in the supplement).
EcoRI and HpaII/MspI primers having 2 or 3 additional selective nucleotides were used in the selective amplification reaction (Table S2). Adding selective nucleotides to the MSAP primers reduced the
number of amplified bands by 4-fold with each additional selective base. This led to an optimum number
of scorable polymorphic fragments per Posidonia
oceanica genome size.
In our analyses, 24 different primer combinations
were used, and the efficiency of each primer combination in generating amplified bands was evaluated.
Extensions with tri-nucleotides generated a higher
number of detectable fragments than those with dinucleotides, and ACT, AAT, and TTA extensions
were the most efficient (Table 1). The selective
amplification products were separated electrophoretically and visualized as described by Greco et al.
(2012). Each amplified band represents a recognition site, cleaved by one or both of the methylationsensitive restriction endonucleases (MspI or HpaII).
On this basis, 4 band-profile classes were defined,
as described in Table 2. The methylation levels
were deduced by counting reproducible polymorphic bands produced within each DNA by the 2
different enzymes, and were calculated from 3
biological replicates, obtained from 3 independent
experiments.

Table 1. Primer combination efficiency obtained through
methylation-sensitive amplification polymorphism (MSAP)
selective amplification. Selective di- and trinucleotide extensions were included at the 3’ ends of the EcoRI and
HpaII/MspI PCR primers, which therefore could only prime
DNA synthesis from a subset of the restriction sites. The
most efficient specific 3’ extensions and primer combinations were those with the highest number of amplified
fragments obtained
Primer combination

EcoRI+AC + HpaII/MspI+ACT
EcoRI+AC + HpaII/MspI+AAT
EcoRI+TA + HpaII/MspI+TTA
EcoRI+TA + HpaII/MspI+ACT
EcoRI+TA + HpaII/MspI+ATT
EcoRI+AC + HpaII/MspI+ACA
EcoRI+AC + HpaII/MspI+ATC
EcoRI+TA + HpaII/MspI+AAT
EcoRI+AC + HpaII/MspI+ATT
EcoRI+AC + HpaII/MspI+AG
EcoRI+TA + HpaII/MspI+TCC
EcoRI+TA + HpaII/MspI+TC
EcoRI+TA + HpaII/MspI+ACA
EcoRI+TA + HpaII/MspI+AG
EcoRI+AC + HpaII/MspI+TC
EcoRI+TA + HpaII/MspI+TAA
EcoRI+TA + HpaII/MspI+ATC
EcoRI+TA + HpaII/MspI+TG
EcoRI+AC + HpaII/MspI+TTA
EcoRI+AC + HpaII/MspI+TG
EcoRI+AC + HpaII/MspI+TAA
EcoRI+AC + HpaII/MspI+TT
EcoRI+AC + HpaII/MspI+TCC
EcoRI+TA + HpaII/MspI+TT

Total number
of amplified
fragments
76
64
64
62
58
57
57
55
54
51
50
49
49
49
48
47
47
46
44
44
41
41
40
38

(Genelab ENEA). The obtained sequences were
compared to nucleotide sequences in the seagrass
expressed sequence tag (EST) database ‘Dr. Zompo’
(Wissler et al. 2009; http://drzompo.uni-muenster.
de/) and in the online database GenBank (www.
ncbi.nlm.nih.gov/genbank/) by using blastn and
blastx.

5-methylcytidine-immunocytolabelling
Characterization of polymorphic bands
Polymorphic amplified fragments were isolated as
described by Greco et al. (2012). For our analysis,
only polymorphic bands present in DM but absent
in PM samples were analyzed. Sequence information on the polymorphic fragments was obtained by
cloning a cluster of fragments in pGEM-T Easy
Vector (Promega) and sequencing individual clones

SAMs and leaf portions (about 2 to 3 mm in size)
excised from shoots collected in PM and DM during
different seasonal periods (n = 15 for each meadow
and for each period) were separately fixed in a 0.5%
(v/v) gluteraldehyde and 3% (w/v) paraformaldehyde mixture in phosphate-buffered saline (PBS;
135 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8 mM
K2HPO4, pH 7.2). Samples were dehydrated and
embedded in Technovit 8100 resin. Sections were cut
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at 3 µm with a tungsten knife using a Leica 2155
microtome and mounted on slides. Preparation and
specificity testing of the monoclonal antibody directed against 5-methylcytidine (5-mC) have already
been described (Podestà et al. 1993). Immunolabelling was applied as described by Chiappetta et al.
(2006). Briefly, nuclear DNA was denatured (HCl,
5N) and sections were incubated with the primary
antibody anti-5-mC (1:250 in 0.1 M PBS, 1% BSA,
0.2% Tween 20). Afterwards, sections were exposed
to goat anti-mouse gold conjugated antibody (1:250
in 0.1 M PBS, 1% BSA, 0.2% Tween 20), subjected
to silver-enhancement of the gold signal and then
stained with basic fuchsine (1%). Controls were: (1)
omission of the primary antibody; (2) omission of
DNA denaturation.
Incubation with antibodies and detection steps
were performed in single chambers, each simultaneously containing 10 slides from each meadow; after
the first sampling, some chambers were used to
simultaneously process mixed slides from each
meadow and from different sampling periods. A
labelling index (LI) of DNA methylation was expressed as the number of silver grains per nuclear
area unit, and statistical differences were evaluated
by analysis of variance (ANOVA) followed by a Neuman-Keuls post hoc test. The numbers of silver grains
per nucleus were estimated by scoring all the serial
sections using a Leica DMRB microscope and a Leica
Q500/W image analyzer equipped with a CCD camera. For each sample, at least 10 individuals were
analyzed by scoring all sections (n = 20 and 30 on
average for shoots and leaves, respectively), with a
total of about 800 to 1200 nuclei being analyzed for
each individual shoot and leaf, respectively.
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RESULTS
Genome hypermethylation in Posidonia oceanica
plants subjected to low-light conditions

Signal band profiles obtained by the MSAP technique (Fig. 1) were used to compare genome methylation status in SAMs and leaves of Posidonia oceanica plants growing in PM versus DM under different
light conditions. As reported in our previous work
(Bruno et al. 2010), during the analyzed period (June
2005 to May 2006) and mainly in the sampling
period, the mean irradiance value was significantly
lower in DM than PM.
To quantify the differences in signal band profiles
between PM and DM, we estimated the methylation ratio (M:T, %) as the ratio between total and
methylated bands, and the full methylation ratio
(FM:T, %) as the ratio between total and fully
methylated bands (Table 3). We observed that in
both analyzed organs, M:T was higher in DM than
in PM plants, with values of 6.8 and 7.9% for PM
and 9 and 11.6% for DM, in SAMs and leaves,
respectively (Table 3). A similar trend was observed
for FM:T which increased under reduced light
availability, with values of 2.9 and 3.6% for PM and
3.7 and 5.4% for DM, in SAMs and leaves, respectively (Table 3).
By comparing the frequencies of class I to III profiles, it was evident that in both PM and DM plants,
the methylation of the inner cytosine of one strand of
DNA or the absence of methylation (class I) were the
most prevalent profiles, compared to methylation of
the outer cytosine of one strand DNA (class II) and
methylation of inner cytosine of both strands of DNA
(class III; Fig. 2A). Moreover, in both PM and
DM and for both organs (SAMs and leaves),
hemimethylation of outer cytosine (class II)
Table 2. Band-profile classes defined on the basis of methylation sensitivity and restriction patterns of the isoschizomers HpaII and MspI.
occurred more frequently than full methylaHpaII and MspI recognize the same tetranucleotide sequence (5’tion of inner cytosine (class III; Fig. 2B). Class
CCGG-3’), but display differential sensitivity to DNA methylation (Xu
IV bands were present only in a single lane.
et al. 2000, Lu et al. 2007). Underlined cytosine is methylated

Type

Methylation
status

Enzyme activity
HpaII
MspI

MSAP band-profile
HpaII
MspI

Class I

CCGG CCGG
GGCC GGCC

Active

Active

Present Present

Class II

CCGG
GGCC

Active

Inactive

Present

Absent

Class III

CCGG
GGCC

Inactive

Active

Absent

Present

Class IV

CCGG
GGCC

Inactive

Inactive

Absent

Absent

Methylation-related polymorphisms
To obtain more information on the polymorphisms detected using MSAP, a cluster
of fragments that were differentially amplified in DM versus PM plants were randomly selected, cloned, and sequenced.
More precisely, 48 out of 118 polymorphic
fragments (37.2%) were analyzed for DM
versus PM plants.
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A Class I: HpaII/MspI activity
DM-Leaves
PM-Leaves
DM-SAM
PM-SAM
80%

85%

B

90%

95%

Class II: HpaII activity
Class III: MspI activity

DM-Leaves
PM-Leaves
DM-SAM
PM-SAM
0%

2%

4%

6%

8%

Fig. 2. Posidonia oceanica. Frequency of different profile
classes (class I to class III) based on HpaII and MspI activity
evaluated in shoot apical meristems (SAMs) and leaves in
preserved (PM) and disturbed (DM) meadows
Fig. 1. Posidonia oceanica. Examples of DNA methylation
profiles in the genome generated by a methylation-sensitive amplification polymorphism (MSAP) technique. DNA
of each sample was obtained from (A) shoot apical meristems (SAMs) and (B,C) leaves. Each panel shows a comparison between plants collected in a preserved (PM) vs.
disturbed (DM) meadow. Selective di- and trinucleotide
extensions and primer combinations (see Table 1) used
for fragment amplification are indicated at the top of each
panel where E = EcoRI, H = HpaII, and M = MspI. In
each panel, lane H (M) refers to restriction experiments
with the enzyme HpaII (MspI). Typically, 4 profile classes were observed based on the restriction pattern of
isoschizomers HpaII and MspI (see Table 2): class I,
bands present in all 4 lanes; class II, bands present in
lanes 1 and 3; class III, bands present in lanes 2 and 4;
class IV, bands present only in a single lane. The arrows
indicate example profiles of these bands that were dif ferentially present between PM and DM meadows. Polymorphic bands present in the DM were collected and
analyzed

By detecting sequence homology, we found that for
71% of the analyzed fragments there was no correspondence either in Dr. Zompo or GenBank. It is
possible that at least some of these sequences correspond to intergenic DNA sequences, introns, promoters, and other junk DNA.
However, in addition to these hypothetical or unknown genes, some specific genes (n = 16) whose
putative functions can be assigned (Table 4) were
identified in the remaining fraction (29%) of analyzed polymorphic fragments. Five of these sequences
(Tables 4 & S3) were annotated and belong to genes
putatively encoding for metabolic enzymes (e.g.
Posidonia oceanica PPC4) and transporter proteins
(e.g. P. oceanica PXA1; Table 4). Moreover and
very interestingly, between these methylation-related

Table 3. Posidonia oceanica. Methylation level detected through MSAP analysis in genomic DNA isolated from shoot apical
meristems (SAMs) and leaves of plants collected in preserved (PM) and disturbed (DM) meadows, characterized by differences
in light availability. Polymorphic bands were scored as class I, II, III, and IV (as described in Table 2). T: total amplified bands;
M: total methylated bands; FM: fully methylated bands; M:T(%): methylation ratio (%); FM:T(%): full methylation ratio (%)

I

Profile types
II
III

IV

T
I+II+III

M
II+III+IV

M:T(%)

FM
III+IV

FM:T(%)

SAMs

PM
DM

551
589

23
34

14
20

3
4

588
643

40
58

6.8
9

17
24

2.9
3.7

Leaves

PM
DM

569
574

27
40

18
33

4
2

614
647

49
75

7.9
11.6

22
35

3.6
5.4

DM11

DM9

DM5

DM7

DM7

DM6

DM6

334

318

285

579

579

300

300

Q9XF89

Q9XF89

LI (%)

JQ414004

JQ414006

JQ414005

XP_002264295.1

ACO51066.1

Fragment Length
Sp. ID
Accession no.
(bp)
(Dr. Zompo) (GenBank)

-x

-x

-x

-x

-n

-x

-n

BLAST
algorithm

Posidonia oceanica Peroxisomal ABC
transporter 1 (PoPXA1)

Posidonia oceanica Phosphoenolpyruvate
carboxylase (PoPPC4)

Posidonia oceanica Phytochrome B (PoPHYB)

PUTATIVE: chl a-b binding protein CP26,
chloroplastic [Vitis vinifera]

Chl a-b binding protein CP26, chloroplastic
[Arabidopsis thaliana]

94
101
148

1.0 e−22
9.0 e−37

344

1.0 e−116
2.0 e−20

142
414.0

0.0

Chloroplast chl a-b binding protein [Gossypium hirsutum]

7.0 e−40

414.0

Score

0.0

E-value

Chlorophyll (chl) a-b binding protein CP26, chloroplastic
[Arabidopsis thaliana]

Description

LI (%)

GenBank

GenBank

GenBank

GenBank

Dr. Zompo

GenBank

Dr. Zompo

Database

Table 4. Posidonia oceanica. Putative name of methylation-related polymorphic fragments detected in disturbed (DM) vs. preserved (PM) meadows, established
through nucleotide sequence alignment in the specific seagrass EST database ‘Dr. Zompo’ (Wissler et al. 2009) and from GenBank, by using blastn and blastx. The
sequence homology was assigned based on the E-value (Expect value) and Score value. For the sequences DM6 and DM7, identical annotation was reported in both
databases. Highlighted in grey are the sequences identified and submitted to GenBank
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35
PM

25

15

5

0

25

5

0
June
2005

**

June
2005

109

polymorphisms there were genes related to lightharvesting functions, such as the light harvesting
complex of photosystem II 5 gene (LHCB5), also
known as chlorophyll a-b binding protein gene
(CP26), and genes related to light perception, such as
the photoreceptor/signal transducer protein P. oceanica phytochrome B gene (PoPHYB; Table 4).

5-methylcytidine-immunocytolabelling

The DNA methylation level was further estimated
by 5-methylcytidine-immunocytolabelling in interphase nuclei of SAMs and leaves (see Fig. 4). In this
analysis, samples collected in the 3 different seasonal
periods (June and November 2005, April 2006) were
analyzed separately. To quantify the differences in
the DNA methylation level, an LI expressed as the
number of silver grains per nuclear area unit was
evaluated (Fig. 3).

A

30
DM

November
2005

November
2005

**

20

***

*

10

April
2006

35

B

30

20

***

15

10

April
2006

Fig. 3. Posidonia oceanica. Labelling index (LI, %) expressed
as the number of silver grains per nuclear area (µm2) evaluated in (A) shoot apical meristems (SAMs) and (B) leaves collected in a preserved (PM) and a disturbed (DM) meadow.
Statistical analysis: ANOVA followed by Neuman-Keuls post
hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
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We observed that within each population (i.e. DM
and PM), the DNA methylation level differed in relation to seasonal period (Fig. 3). In particular in PM
plants, for both organs (SAMs and leaves) the LI
decreased significantly between June and November
2005 before rising significantly in April 2006 (Fig. 3).
In DM plants, the LI of SAMs significantly increased
over the whole period analyzed, while there was no
significant change in the LI of leaves from June to
November 2005, although a significant increase occurred in April 2006 (Fig. 3). Notably, in both populations, the highest LI value was detected after winter
(April 2006), i.e. after a prolonged period of cold and
low light availability (Bruno et al. 2010). LI values differed even between the different organs analyzed. In
general, in both PM and DM meadows, DNA methylation was lower in the SAMs than in leaves (Fig. 3),
as also evidenced by MSAP analysis (Table 3).
LI was significantly higher in DM versus PM plants
regardless of the organ analyzed, with the only
exception being leaves in April 2006, which exhibited comparable high values in both DM and PM
plants (Fig. 3). In both organs (SAMs and leaves), the
biggest difference in DNA methylation between DM
and PM plants was observed in November 2005
(Fig. 3). The smallest difference was observed in the
leaves in April 2006, due to the highest level of DNA
methylation in the PM plants at this sampling time
(Fig. 3). Moreover, in both organs, the increase in
DNA methylation was associated with a particular
distribution of methylation sites (Fig. 4). We found a
preferential localization of silver grains along the
nuclear envelope forming a dense methylated area
as exemplified in the SAM sections shown in Fig. 4.

DISCUSSION
In the present work, variations in genome methylation status were assessed in a natural population of
Posidonia oceanica subjected to light deficiency. In
particular, by analyzing 2 meadows which extend
over different ecological niches, an increase in the
DNA methylation level was observed in plants growing in DM versus PM, the former being characterized
by a more prolonged period in which low-light conditions were below the Īc compensation value estimated for this seagrass (Bruno et al. 2010).
In plant genomes, the overall 5-mC content differs
between species and depends on genome size (Ergle
& Katterman 1961). Within the same species, differences in methylation levels can occur in relation to
developmental stage and between different organs/

tissues (Ruiz-García et al. 2005, Lu et al. 2008,
Teyssier et al. 2008). According to this, in both PM
and DM plants of Posidonia oceanica, the 5-mC
mean content of SAMs versus leaves, estimated
through MSAP analysis, differed by about 1 to 2.5%,
respectively. Moreover, under low-light conditions,
organ-specific DNA hypermethylation occurred in
DM versus PM plants, with an increase of 2.2 and
3.7% for SAMs and leaves, respectively.
Changes in the DNA methylation level have been
detected in different species in response to specific
environmental conditions, including low temperature and heavy metal pollution (Finnegan et al. 1998,
Aina et al. 2004, Pavet et al. 2006, Greco et al. 2012).
For this reason, in our study, the time course of
changes occurring in the DNA methylation level of
Posidonia oceanica plants was analyzed using an immunocytological approach, with respect to putative
seasonal effects. In accordance with the literature, in
both PM and DM plants, the highest methylation
level was detected after the winter period (i.e. April
2006) and therefore after a prolonged period of cold
in addition to low light availability (Bruno et al.
2010). Note that for P. oceanica, this period is coincident with the lowest rate of plant growth (Rende et
al. 2006). However, regardless of which seasonal
period was analyzed, the DNA methylation level was
significantly higher in DM versus PM plants, with the
only exception being leaves in April 2006, which
exhibited similar values. Here it must be highlighted
that at the sampling time, the differences in light
availability between PM and DM were about 15, 30,
and 90 PPFD in June 2005, November 2005, and
April 2006, respectively (Bruno et al. 2010). Thus, the
result obtained in April is consistent with an overlapping effect of low temperature, which masks the
influence of light. It is likely that such additive effects
lead to the establishment of a maximum level of
genome methylation for this species, which account
for the reduced vegetative growth of P. oceanica plant
in this seasonal period.
It is worth noting that other stressors which could
influence the genome methylation status, such as
heavy metals (Aina et al. 2004, Greco et al. 2012),
were far below both the toxicity thresholds (Memobiomar 2004, Ministero dell’Ambiente 2006) and concentrations known to induce variations just in Posidonia oceanica plants (Greco et al. 2012). Our results,
besides confirming the effect of temperature on DNA
methylation status, suggest rather strongly that DNA
methylation changes are also brought about by lowlight conditions, which are likely associated with
changes in light quality.
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Fig. 4. Posidonia oceanica. Nuclear methylation pattern by 5-methylcytidine-immunocytolabelling in shoot apical meristems
(SAMs) collected from a preserved meadow (PM) vs. a disturbed meadow (DM). Changes in the nuclear methylation pattern
were detected both within populations in relation to seasonality and between populations in relation to low-light conditions in
the disturbed meadow. Black dots indicate the silver grains. Arrows indicate methylation sites (J = June 2005; N = November
2005; A = April 2006). Scale bars = 7 µm

Light availability and quality strongly impact seagrass distribution and productivity even in shallow
habitats (Beer & Waisel 1982, Dennison 1987). Normally, seagrass distribution, relying on underwater
light penetration, is restricted to infralittoral depths
at which the irradiance of photosynthetically active
radiation is above approximately 4.5% of the sub-

surface value (Ott 1980). Although seagrasses have
been found down to a depth of 90 m, the distribution
of Posidonia oceanica is usually limited to depths
above 35 m (Duarte 1991). Currently, a wide array
of factors, mostly related to human activities, negatively affect the quality and quantity of undersea
light; this represents one of the major causes of
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the significant decline in P. oceanica meadows in
gan et al. 1993, Madlung & Comai 2004, Choi & Sano
most Mediterranean areas (Peirano & Bianchi 1995,
2007), we propose that changes in DNA methylation
Balestri et al. 2004).
represent a key mechanism for the switch between
Many tools or biomarkers such as photosynthetic
repressed/expressed genomes underlying the ability
activity and photosynthetic pigment concentration,
of seagrasses to cope with a changing environment.
as well as the presence of phenols, antioxidants, and
Moreover, in this and our previous work, we obdetoxificant molecules, have been proposed for asserved that changes in DNA methylation involved
sessing ecological impacts on Posidonia oceanica
specific classes of stress-related genes. Thus, changes
meadows (Cuny et al. 1995, Ralph 1999, Ferrat et al.
in methylation status, and particularly differentially
2003, Bruno et al. 2010). In our study, changes in
methylated genes, are reliable molecular tools for
DNA methylation status were detected in P. oceanica
assessing stress conditions including light deficiency.
plants growing under light-deficient conditions. The
This is relevant for an early warning of impending
question arose as to which light-related genes might
threats to P. oceanica meadows.
be modulated through DNA methylation mechaIn conclusion, the DNA methylation level was
nisms. By sequencing MSAP-polymorphic fragments,
investigated at genome wide-scale in a natural popuwe showed that differential methylation involved
lation of Posidonia oceanica, thus providing addiseveral genes. Notably, some of these genes, such as
tional information on the genome of this species. For
P. oceanica PoPHYB and P. oceanica PoLHCB5, were
the first time, methylation-related mechanisms have
specifically related to light perception and harvestbeen investigated in relation to the response of this
ing, respectively.
seagrass to environmental low-light conditions. Our
PHYB is of particular interest, since phytochromes
results suggest that methylation repatterning of lightare a class of photoreceptors that control several
related genes may play a role in the resistance/
responses mediated by light conditions (Fankhauser
resilience of P. oceanica to critical light conditions.
& Chory 1997, Whitelam & Devlin 1997, Deng &
Further work will be necessary to fully dissect the
Quail 1999). It is known that PHYB acts as a lightrelationship between light and methylation status in
regulated kinase and may indirectly control the tranthis seagrass. Nevertheless, methylation repatternscription of light-induced genes (Nagy & Schäfer
ing seems to represent an additional and promising
2002). Moreover, it has been demonstrated that PHYB
diagnostic tool for the monitoring and management of
controls chromatin compaction upon a decrease in
P. oceanica meadows with respect to light conditions.
light intensity (van Zanten et al. 2010), leading to
modifications in gene expression profiles (Casal &
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