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Abstract

Methylation of DNA cytosines affects whether transposons are silenced and genes are expressed, and is a major epi-
genetic mechanism whereby plants respond to environmental change. Analyses of methylation-sensitive amplifica-
tion polymorphism (MS-AFLP or MSAP) have been often used to assess methyl-cytosine changes in response to
stress treatments and, more recently, in ecological studies of wild plant populations. MSAP technique does not
require a sequenced reference genome and provides many anonymous loci randomly distributed over the genome
for which the methylation status can be ascertained. Scoring of MSAP data, however, is not straightforward, and
efforts are still required to standardize this step to make use of the potential to distinguish between methylation at
different nucleotide contexts. Furthermore, it is not known how accurately MSAP infers genome-wide cytosine meth-
ylation levels in plants. Here, we analyse the relationship between MSAP results and the percentage of global cyto-
sine methylation in genomic DNA obtained by HPLC analysis. A screening of literature revealed that methylation of
cytosines at cleavage sites assayed by MSAP was greater than genome-wide estimates obtained by HPLC, and per-
centages of methylation at different nucleotide contexts varied within and across species. Concurrent HPLC and
MSAP analyses of DNA from 200 individuals of the perennial herb Helleborus foetidus confirmed that methyl-cyto-
sine was more frequent in CCGG contexts than in the genome as a whole. In this species, global methylation was
unrelated to methylation at the inner CG site. We suggest that global HPLC and context-specific MSAP methylation
estimates provide complementary information whose combination can improve our current understanding of
methylation-based epigenetic processes in nonmodel plants.
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Introduction

The DNA sequence does not carry all the information
required to determine the phenotype of an organism.
Epigenetic regulation involves a variety of reversible
chemical modifications that occur on the DNA and on its
interacting proteins, and impinge on chromatin struc-
ture. As a result, epigenetic mechanisms may largely
affect an organism phenotype without altering its DNA
sequence (Grant-Downton & Dickinson 2005; Jablonka &
Raz 2009; Hirsch et al. 2013). In plants, the covalent
methylation at carbon 5’ position of cytosine residues of
DNA is an important epigenetic mechanism. This
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contributes to the control of genomic integrity, regulation
of gene expression and cell differentiation, individual
development and growth, and plant responses to biotic
and abiotic stresses (Finnegan et al. 1998; Grant-Downton
& Dickinson 2006; Chinnusamy & Zhu 2009; Finnegan
2010). Understanding the role of DNA methylation in
plant adaptation and evolution requires further study of
patterns of methylation variability across multiple spe-
cies and wild populations (Bossdorf et al. 2008; Flatscher
et al. 2012; Grativol ef al. 2012; Hirsch et al. 2013; Diez
et al. 2014).

Currently, several techniques discriminate between
methylated and nonmethylated cytosines, allowing to
quantify or locate them in extracted DNAs, and even
mapping in situ their position along chromosome
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structures (Fraga & Esteller 2002; Finnegan 2010; Laird
2010). For quantification of genome-wide cytosine meth-
ylation, high-performance liquid chromatography
(HPLC) is recommended because of its global assess-
ment, accuracy and reproducibility (Fraga & Esteller
2002; Lisanti et al. 2013). Selection of specific protocols
will depend on available expertise, equipment and
amount of sample (Johnston et al. 2005; Lopez-Torres
et al. 2011). Such analyses do not differentiate between
coding and noncoding sequences of DNA and are unable
to detect subtle differences in the methylation status of
individual genes. Notwithstanding, the HPLC technique
is successfully employed in human cancer analysis (Li-
santi et al. 2013) and has been recently used to infer mac-
roevolutionary patterns in vertebrates (Varriale 2014)
and plants (Alonso ef al. 2015). As regards analyses
focusing on the genomic location of cytosine methyla-
tion, they generally consist of two distinct steps (Laird
2010). In the first step, DNA samples are treated to dis-
criminate methylated sites by digestion with methyla-
tion-sensitive restriction enzymes, affinity purification or
bisulphite conversion. The second step involves different
analytical equipment and procedures aimed at identify-
ing fragment size polymorphisms or locus-specific meth-
ylation changes (Finnegan 2010; Laird 2010; Schrey et al.
2013). Finally, simultaneous quantification and location
of cytosine methylation are nowadays possible by high-
throughput sequencing methods that combine bisulphite
conversion and deep sequencing. These methods, how-
ever, still require a high-quality reference sequence for
whole-genome scanning (BC-seq and WGSBS), which
generally precludes their application to nonmodel plants
(Laird 2010; Schrey et al. 2013; Kim et al. 2014).

The methylation-sensitive amplification polymor-
phism (MS-AFLP or MSAP) technique does not require a
sequenced reference genome and is useful to assess cyto-
sine methylation state in a large number of anonymous
loci randomly distributed over the genome. For this rea-
son, the method remains as the most widely used tool in
the analysis of changes in cytosine methylation in ecolog-
ical epigenetics (Schrey et al. 2013). Within this subdisci-
pline, MSAP has been used to assess DNA methylation
variability and epigenetic structure of wild plant popula-
tions, as well as to detect correlates between ecological
conditions, phenotypic traits and methylation status at
certain loci (e.g. Paun et al. 2010; Verhoeven et al. 2010;
Herrera & Bazaga 2011; Schulz et al. 2013, 2014; Medrano
et al. 2014). Further, MSAP results have been also used to
confirm hypomethylation of plant mutants deficient in
specific methylation enzymes (e.g. Kakutani et al. 1999;
Papa et al. 2001; Rozhon ef al. 2008) or after application
of demethylation agents (Akimoto et al. 2007; Amoah
et al. 2012). They can also be useful to relate specific
methylation responses to function, by cloning and
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sequencing differentially methylated fragments extracted
from acrylamide gels, and detecting putative location
through BLAST homology searches (e.g. Greco et al. 2012;
Cicatelli et al. 2014). Despite its broad use, however,
there is not a unique way of running MSAP and inter-
preting the results obtained (reviewed by Schulz et al.
2013; Fulnecek & Kovarik 2014), and the method’s poten-
tial for distinguishing between methylation at different
nucleotide contexts has been rarely exploited (but see
Schulz et al. 2014). In addition, no attempt has been
made to investigate the accuracy of different MSAP scor-
ing methods to infer the global percentage of cytosine
methylation in plants. Motivation for addressing these
two issues is outlined in the next section.

MSAP analyses and global cytosine methylation

MSAP is a modification of the AFLP method in which
two or more endonuclease isoschizomers that recognize
the same restriction site but show differential sensitivity
to DNA methylation are employed in parallel as ‘methyl-
sensitive cutter’ in combination with the same ‘indiffer-
ent cutter’, and their respective band patterns compared
(Schulz et al. 2013). For instance, the most widely used
combination in ecological epigenetics involves the methyl-
ation-sensitive Hpall and Mspl pair. These two enzymes
recognize the same motif (5-CCGG-3'), cleaving in the
two enzymes is blocked when both cytosines are methy-
lated, Hpall cuts when only the external cytosine is hemi-
(single strand) methylated, and Mspl cuts when only the
internal cytosine is hemi- or fully (double strand) methy-
lated (Fraga & Esteller 2002; Schulz ef al. 2013). No con-
sensus exists on the interpretation and scoring of the
four possible outcomes obtainable from the combined
MSAP banding patterns (11, 10, 01 and 00, where 1
denotes the presence of fragment; Schulz et al. 2013; Ful-
necek & Kovarik 2014), and it is frequent to find conflict-
ing interpretations (C. Alonso, unpublished data).
Although Schulz et al. (2013) found that different scoring
strategies of MSAP products provided similar patterns
of epigenetic diversity and differentiation of wild plant
populations, separate consideration of different fragment
types should provide more detailed insights into differ-
ent epigenetic processes. To explore this possibility, we
searched the literature for studies where MSAP was used
to infer methylation changes after stress treatments and
explored whether there was some consistent relationship
between methylation levels at different nucleotide con-
texts.

Quantitative interpretations of MSAP analyses will
depend on the distribution of potential cleavage sites
across the genome and the relative frequency of CG,
CHG and CHH (where H = A, C, T) nucleotide contexts
(Fraga & Esteller 2002), both of which vary greatly
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among species (Matassi et al. 1992; Feng et al. 2010) and
genomic regions of the same species (Messeguer et al.
1991, and references therein). In addition, the Hpall and
Mspl combination will not detect cytosine methylation in
other nucleotide contexts, such as CHH, CTG and CAG,
or at fully methylated external CCGG sites (Kato et al.
2003; Schmitz et al. 2011). Thus, although relative hyper/
hypomethylation can be derived in a preplanned com-
parison (see, e.g., Lira-Medeiros et al. 2010; Cicatelli et al.
2014), it would also be worth investigating the accuracy
of different MSAP scorings to infer genome-wide DNA
cytosine methylation levels, that is the proportion of total
cytosines that are methylated irrespective of their specific
sequence context. To fill this gap, we searched the litera-
ture for studies in which concurrent estimates of cytosine
methylation obtained by enzymatic and chromato-
graphic methods were available for the same samples
and compared their results.

To gain a better understanding of the relationship
between different MSAP scorings and genome-wide
cytosine methylation levels, a study was performed on
leaf DNA samples from wild-growing individuals of the
herbaceous perennial Helleborus foetidus, for which we
assessed global cytosine methylation in genomic DNA
by means of HPLC analysis. These data allowed to
explore the relationship between global HPLC quantifi-
cation and estimates of cytosine methylation at the spe-
cific (5'-CCGG-3') cleavage sites obtained using MSAP.
We specifically tested for the possible influence on this
relationship of two different scoring issues. The first one
involves treating the simultaneous absence of the frag-
ment after digestion with either of the two methyl-sensi-
tive enzymes (i.e. the 00 result) as informative, missing
or null data. The second one is related to the decision of
using MSAP scorings of combined internal methylated
plus hemimethylated external cytosines (i.e. 01 + 10),
just internal methylated cytosines (i.e. 01) or fully unme-
thylated loci (i.e. 11 result). Rather than offering a
criticism on the MSAP method, our purpose is to contrib-
ute to its expansion and improvement by highlighting
the value of combining MSAP and global methylation
data to gain better insights on the role of cytosine meth-
ylation in the ecology and evolution of natural plant
populations.

Methods

Literature survey

We screened the literature for studies providing simulta-
neous estimates of genome-wide cytosine methylation
for angiosperm species obtained by the application of
quantitative chromatographic methods based on HPLC
techniques and some variant of methylation-sensitive

restriction endonucleases protocol, without attempting
to cover exhaustively the extensive literature available.
We also used ISI Web of Science (www.webofknowl-
edge.com) to search for articles published in English
between 1990 and 2014 (last accessed 17th July 2014)
using the following keywords combination [(plant
methyl* cytosine) AND (MSAP) AND (stress OR azacyt*
OR zebularine) NOT (callus OR ‘in vitro” OR calli)]. This
excluded studies conducted with cell cultures, which
were out of our scope.

Study species and field sampling

We used Helleborus foetidus L. (Ranunculaceae), a peren-
nial evergreen understory herb widely distributed in
western Europe, as our case study. Recent investigations
on this species revealed extensive natural variability in
methylation status of cytosines at 5'-CCGG sites across
individual plants that are more variable than the tradi-
tional AFLP markers in this species, spatially differenti-
ated among populations and inherited
transgenerationally to a considerable extent (Herrera
et al. 2013, 2014; Medrano et al. 2014). In addition, both
global cytosine methylation and specific methylation sta-
tus at certain MSAP loci have been associated with indi-
vidual functional traits in this species (Alonso et al. 2014;
Herrera et al. 2014; Medrano et al. 2014). These character-
istics make H. foetidus a suitable system to test for the
relationship between global and specific cytosine methyl-
ation.

The study was conducted in the Sierra de Cazorla, a
mountainous area in Jaén province, southeastern Spain
where the species is widely distributed across elevations
and environments. In the spring of 2012, 20 inflores-
cence-bearing plants were selected for study at each of
10 sites (N = 200 plants) chosen to encompass the entire
ecological range of the species in the region (see Medr-
ano et al. 2014 for field sampling details). A sample of
young leaves was collected from each plant at each pop-
ulation’s flowering peak. Leaves were dried at ambient
temperature in silica gel and subsequently homogenized
to a fine powder using a Retsch MM 200 mill. Total geno-
mic DNA was extracted from dry leaf samples using
Qiagen DNeasy Plant Mini Kit. Two aliquots from the
same DNA extract were used for HPLC and MSAP
analyses.

MSAP method and scoring

MSAP analyses of H. foetidus samples used four
Msel + 3/Hpall-Mspl + 2 primer combinations (Table
S1, Supporting information). We used Msel instead of the
most commonly used EcoRI mainly because it provided
better repeatability in our study species (Medrano et al.
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2014). Msel recognizes (5'-TTAA-3') and, because of its
shorter recognition sequence relative to EcoR], it tends to
cut more frequently, which reduces the probability of
having blind internal CCGG targeted sites (Fulnecek &
Kovaiik 2014), and also importantly, cleavage site does
not contain any C residue. Additional details of labora-
tory methods can be found in Medrano et al. (2014).
Fragment separation and detection were made using an
ABI PRISM 3130x1 DNA sequencer (Applied Biosystems,
Foster City, CA, USA). Only fragments >150 bp in size
were considered to reduce the potential impact of size
homoplasy. We obtained 287 loci in the size range 150—
500 bp in the methylation raw data matrix of 200 indi-
viduals with four primer combinations. Presence—
absence of Msel-Hpall and Msel-Mspl fragments in each
individual plant was scored automatically with GENEMAP-
PER 3.7 software (Applied Biosystems) with the sum of
signal normalization method and by fixing a common
absolute peak height threshold (sensu Whitlock et al.
2008). Cytosine methylation was estimated based on just
the ‘methylation-susceptible’ loci, that is those that did
not exhibited the same status in >95% of total study sam-
ples, as performed by Pérez-Figueroa (2013) and com-
monly applied in ecological epigenetic studies (Schulz
et al. 2013). The number of ‘methylation-susceptible’ loci
obtained was 241 for a fixed peak height threshold of 50
relative fluorescence units (rfu), which was found to be
the best threshold for our data (see Appendix SI,
Supporting information).

Special care was taken to ensure reproducibility of
MSAP analyses. To check the consistency of individual
results, 17 samples (8.5%) from different sites were repli-
cated for all primer combinations, and genotyping error
rates were computed separately for each fragment and
estimated as the ratio of the number of discordances to
the number of samples scored twice (Table S1, Support-
ing information). Before purging, the mean error rate
across loci was 10.7% and the median was 8.8%
(N = 287). A conservative purging was adopted. Only
the fragments with error rates equal or lower than the
median of the error distribution for the whole set of frag-
ments were retained (N = 155), and mean genotyping
error rates were then determined separately for each pri-
mer combination (see Medrano et al. 2014, for details).
The retained loci exhibited an average genotyping error
rate of 3.7%, and 125 of 155 loci were methylation
susceptible (Table S1, Supporting information).

Analyses of MSAP results were based on element-
wise comparisons of fragment presence—absence matri-
ces for individual plants obtained with Msel-Hpall and
Msel-Mspl primer combinations. For every individual
and particular fragment, it was first determined whether
the fragment was (I) present in both Msel-Hpall and
Msel-Mspl products; (II) present only in Msel-Mspl
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products; (III) present only in Msel-Hpall products; and
(IV) absent from both Msel-Hpall and Msel-Mspl prod-
ucts. Condition (I) denotes a nonmethylated state, condi-
tion (II) corresponds to full- or hemimethylated internal
cytosine, condition (III) corresponds to hemimethylation
of external cytosine, and condition (IV) is uninformative,
as it could be caused by either restriction target absence
or hypermethylation (Schulz et al. 2013; but see also Ful-
necek & Kovarik 2014). Summing up the number of loci
per category, we obtained the relative proportions of loci
at each four conditions per individual. The process was
accomplished twice using mMsar package for r (Pérez-Fig-
ueroa 2013; downloadable from http://cran.r-pro-
jectorg/) applied to all loci and filtered loci,
respectively.

HPLC method

A 100 ng aliquot of DNA extract was digested with 3 U
of DNA Degradase Plustv (Zymo 71 Research, Irvine,
CA, USA), a nuclease mix that degrades DNA to its indi-
vidual nucleoside components. Digestion was carried
out in a 40 uL volume at 37 °C for 3 h and terminated by
heat inactivation at 70 °C for 20 min. Two independent
replicates of DNA hydrolysate were prepared for each
sample; all samples (200 plants x 2 replicates) were
stored at —20 °C until analysis and processed in random-
ized order.

DNA cytosine methylation was determined for each
sample by reversed-phase HPLC with a spectrofluori-
metric detection technique modified after Lopez-Torres
et al. (2011). This technique was selected because high
selectivity and sensitivity of spectrofluorimetric detec-
tion reduces the detection levels and allows accurate
quantification in small amounts of DNA (Lopez-Torres
et al. 2011). Selective derivatization of cytosine moieties
with 2-bromoacetophenone was conducted under anhy-
drous conditions, the 2-bromoacetophenone solution
(0.5m in DMF anhydrous) was discarded every 4-
5 days, and samples were derivatized just before run-
ning the analyses to improve repeatability. HPLC quanti-
fication was accomplished in a Waters equipment
(Waters 2695 Separations Module, Waters 2475 FDL)
with a SunFire C18 column controlled by EMPOWERTM soft-
ware (Waters Corporation, Milford, MA, USA). Fluori-
metric detection was carried out at excitation/emission
wavelengths of 306/378 nm, respectively. Equipment
and detector were stabilized for >3 h, column tempera-
ture was maintained at 30 °C, and each derivatized sam-
ple was automatically diluted (1:1) with water
immediately prior to injection.

The chromatographic separation was achieved within
30 min at a fixed flow rate of 0.59 mL/min. We applied
a 5-min delay between injections. Four mobile phases
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were used [A: water, B: acetonitrile, C: TFA 0.4% m/v
and D: methanol], with the following gradient pro-
gramme: 0-25 min 49% A, 10% B, 13% C, 28% D; 25—
26 min 12% A, 15% B, 13% C, 60% D; 26-30 min 49% A,
10% B, 13% C, 28% D. Double-distilled water and HPLC-
quality solvents were used for the analyses. The position
of the peak corresponding to each nucleoside was
determined using commercially available standards
(Sigma-Aldrich), which varied <7 s across dates. The two
standards elute under isocratic conditions at 11.69
(£0.006) min and 14.65 (£0.006) min for 2'-deoxycytidine
(dC) and 5-methyl-2’-deoxycytidine (5mdC), respec-
tively. The method allows also the distinction of 5-
hydroxy-methyl-2'-deoxycytidine, which should appear
in an intermediate position, but was not detected in our
samples. The response measured was linear for the
5mdC and dC in concentrations from <10 nM up to
1000 nm. The method was particularly suitable to esti-
mate the relative proportion of the two nucleosides in
real samples differing in the amount of DNA because the
relationship between relative concentration and relative
signal was linear in the range of 1.2% to 48.55% of 5mdC,
regardless of absolute concentration of the two nucleo-
sides (see also Lopez-Torres et al. 2011).

Data analyses

Percentage of total cytosine methylation by HPLC was
estimated for each sample as 100 x 5 mdC/
(5 mdC + dC), where 5mdC and dC are the integrated
areas under the peaks for 5-methyl-2’-deoxycytidine and
2'-deoxycytidine, respectively. Differences among popu-
lations and plants nested within populations were analy-
sed by generalized linear models with REML estimation
(Procedure Mixed in sas 9.2; SAS Institute 2008). For the
analyses of correlation, each individual was character-
ized by the average of the two replicates, except for two
cases where single replicates were available. Spearman
rank correlations were used to account for nonnormality
of data.

Obtaining the equivalent individual methylation per-
centage from MSAP is not so straightforward (see Schulz
et al. 2013 for a thorough discussion). In addition to the
band scoring errors typical from AFLP (Bonin et al. 2004;
see Appendix S1, Supporting information for analyses),
the MSAP results will also depend on (i) the interpreta-
tion of condition IV loci, as fully methylated (e.g. Mar-
coni et al. 2013), null data (i.e. treated as 0 and keeping
the total number of loci used per sample constant; Schulz
et al. 2013) or uninformative data (i.e. treated as missing,
which leads to a variable number of scored loci per sam-
ple; Herrera & Bazaga 2010); and (ii) whether internal
and external cytosine methylation states (conditions II
and III) are combined to obtain a unique methylation

scoring (e.g. Herrera & Bazaga 2010) or analysed sepa-
rately (Schulz et al. 2014). Here, we will evaluate the rela-
tionships between the global HPLC quantification and
three MSAP estimates, namely the summed methylation
scoring (MS = conditions II + III), internal cytosine
methylation (ICM = condition II) and the specific non-
methylation (NM = condition I) percentages obtained
treating ambiguous condition IV loci either as absence of
the two fragments (0) or missing values.

Results

Literature survey

Cytosine methylation estimates based on enzymatic and
chromatographic methods were gathered for 16 species
and consistently confirmed DNA cytosine methylation in
these plants (Table 1). HPLC estimates of percentage of
total cytosines in DNA that were methylated varied
between 4.6% and 40% (Table 1). At intraspecific level,
qualitative estimates of cytosine methylation by enzy-
matic methods largely agreed with HPLC quantitative
global estimates. However, in the few cases where HPLC
and quantitative reports of MSAP were simultaneously
available, including this study (see below), methylation
at the specific restriction sites probed was always consid-
erably higher than indicated by the global HPLC esti-
mate (Table 1). Depending on species, methylation
varied widely among the cytosine contexts assayed
(Table 1). In particular, Helleborus foetidus and Lycopers-
icon esculentum showed higher methylation at CHG posi-
tions, Gossypium hirsutum, Gossypium barbadense and
Brassica oleracea at CG positions, and Arabidopsis thaliana
exhibited similar methylation percentages in the two
nucleotide contexts considered.

Regarding plant methylation responses to environ-
mental stress, we gathered 49 study cases involving 18
species and different stress treatments, including heavy
metals pollution, osmotic regulation, temperature, soil
nutrient and light availability, and specific demethylat-
ing agents (Table S2, Supporting information). MSAP
confirmed changes in the methylation status of specific
cytosine loci (i.e. variability in the presence/absence of
specific bands) in most cases. In contrast, in 22% of
instances, results did not support the hypothesis that
stress elicits changes in global methylation of DNA cyto-
sines, and the sign of overall methylation changes varied
among studies reporting a global effect (Table 2). Some
caveats must be explicitly recognized in relation to the
heterogeneity of results (Table S2, Supporting informa-
tion). The studies reviewed varied widely regarding (i)
band scoring technology (gels vs. capillary sequencers);
(ii) number of methylation-susceptible loci obtained; and
(iii) interpretation of the absence/absence (type IV)
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Table 1 Literature survey results for comparison of chemical and enzymatic methods suitable to discriminate between C and mC

Methylation estimate (%mC)

Endonucleases
Sp Comparison HPLC global CHG CG Others  Global References
Helleborus foetidus 10 populations 29.4* 384 16.8 55.1 This study
Lycopersicon None 23-25 85 55 21 Messeguer et al. (1991)
esculentum
Gossypium 8 genotypes 24.8 ns 52* 37.8 ns 6.7 ns 49.7*  Osabe et al. (2014)
hirsutum
Gossypium 2 genotypes 24.2 7.7 37.2 7.5 51.9 Osabe et al. (2014)
barbadense
Brassica oleracea 30 phenotypes 167 17-27 30-41 52-67  Salmon et al. (2008)
Arabidopsis 2 phenotypes 4.6-7.51 18.9 21 Salmon et al. (2008)
thaliana
A. thaliana None 4.6 Ambiguous Leutwiler et al. (1984)
Pennisetum None 3840 Consistent ~ Consistent Morrish & Vasil (1989)
purpureum
Stellaria Environment 18.1-12.3 % Consistent  Inverse 50 Cai & Chinnappa (1999)
longipes (alpine)
S. longipes (prairie) ~ Environment 19.1-18.0 ns Consistent  Inverse 66.3 Cai & Chinnappa (1999)
Zea mays (inbreds)  Environment 27.5-29.2* Consistent Tsaftaris & Polidoros (2000)
Z. mays (hybrids) Environment 26.1-26.4 Consistent Tsaftaris & Polidoros (2000)
Medicago sativa Environment 19.2-21.7 Consistent Rozhon et al. (2008)
A. thaliana Wild vs. ddm1-5 6-3.8 Consistent Rozhon et al. (2008)
mutant
A. thaliana Wild vs. ddm1 6.622 Consistent Kakutani ef al. (1999)
mutant
Z. mays Wild vs. Zmet2 24.8-21.7 <30-50 0 Papa et al. (2001)
mutant
Millets 6 species 14.5-30.9 * Ambiguous Ambiguous Kumar et al. (1990)

Estimates obtained by chromatographic quantification (HPLC) of individual nucleosides are typically expressed as percentage of global
cytosines that are methylated [%mC = 100 * mC/(C + mC)]. Analyses of fragment size polymorphisms obtained by endonucleases dif-
fering in mC sensitivity (MSAP) were more variable in their way of reporting results. Qualitative estimates were categorized as consis-
tent, inverse or ambiguous when banding pattern was clearly consistent, inconsistent or doubts were expressed by the authors,
respectively. Quantitative estimates are presented as average %mC for the specific nucleotide contexts revealed by different enzymes
(i.e. mCG by Hpall, mCHG by Mspl or BstNI) and the global %mC estimation. In studies comparing groups of samples, we distin-
guished between types of comparisons regarding the use of different phenotypes (e.g. populations, morphotypes), genotypes, mutants
or plants growing under different experimental environmental conditions. Significant heterogeneity among analysed samples is marked
as significant (*) or nonsignificant (ns) when reported in the original publication.

tHPLC and endonuclease methods were not applied to exactly the same DNA material.

output. Even with these caveats, a reliable result seems
to be that methylation response to stress (increase or
decrease) varied across loci and sequence contexts. Its
global sign and magnitude changed not only with the
specific stress and plant species, but also across subspe-
cies, lines or genotypes, and even between tissues of the
same individuals (Table S2, Supporting information).

Helleborus foetidus: global cytosine methylation level
by HPLC

Mean (+SE) percentage of cytosine methylation in young
leaves of H. foetidus was 29.4% (=£0.1), and ranged
between 25.5% and 36.7% in our N =200 samples.
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Average population figures ranged between 28.8 (£0.1)
and 30.9 (£0.2). Methylation estimates differed signifi-
cantly among populations (Fg 99 =29.69, P < (0.0001)
and individuals (Fy91,190 = 4.90, P < 0.0001). Variation
across individual plants accounted for 75.5% of
explained variation.

Helleborus foetidus: MSAP analyses and comparisons
with HPLC

Interpretation of the condition IV (absence from both Msel-
Hpall and Msel-Mspl products) as informative, missing or
null data modified the relationship between HPLC esti-
mates and the quantitative interpretations of MSAP results.
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Table 2 Summary of literature survey on methylation changes
associated with five main groups of abiotic stress factors
obtained by application of the MSAP technique to different
plant species and tissues

With changes across loci

Without Equal Net Net

Stress factor change * methylationf increase decrease

Heavy metals 2 0 3 4
addition

Osmotic stress 7 5 8 6
(water, salt,
alkali,
propilenglycol)

Temperature 2 1 1 1

Nutrients and
light
availability

Specific 0 1 0 2
mutagens

o
—_
—_

We show the number of study cases on each category. See Table
52 (Supporting information) for full data set and further details.
*None or very few loci (<10%) changed status in response to
stress treatment.

tA similar number of loci gained and lost methylation after
treatment.

The number of condition IV loci averaged 25.6 (£0.2) %
across individuals. Fragment filtering by scoring errors in
replicated samples increased this percentage to 28.0 (£0.2)
% (t = 13.28, P < 0.0001, N = 200). Individual quantitative
estimates with and without fragment filtering were posi-
tively correlated (rs = 0.69, P < 0.0001, N = 200). More-
over, error-filtering increased the estimates of relative
frequencies of internal methylated cytosine loci
(2.9 + 0.1% increase) and condition IV uninformative loci
(2.4 £ 0.2%) in the global sample (P < 0.0001 Student’s
paired t-test, N = 200), suggesting that these two categories
are not inflated by processing errors.

If most condition IV loci were informative, that is
derived from full methylation at the external or the two
adjacent cytosines in the CCGG motif, then a significant
positive correlation should be expected between their
frequency and HPLC estimates. This prediction was
clearly falsified by our data for H. foetidus, as the rela-
tionship was negative and highly significant (rs = —0.28;
P < 0.0001; N = 200) and remained significant after geno-
typing error-filtering (r, = —0.18; P = 0.008; N = 200).
Remarkably, this was the strongest, clearest relationship
between cytosine methylation estimates obtained by
HPLC and MSAP (see Table 3 for comparison). In addi-
tion, methylation estimates yielded by MSAP scoring
methods that treated condition IV as missing data were
not significantly related to genome-wide cytosine meth-
ylation estimates from HPLC (Table 3). Thus, for quanti-

Table 3 Spearman rank correlation coefficients (P-value in
parentheses) for the relationship between percentages of cyto-
sine methylation obtained for individual Helleborus foetidus
plants by HPLC and different MSAP scoring methods [methyla-
tion scoring (MS); internal cytosine methylation (ICM); nonme-
thylation (NM)], calculated before (all methylation-susceptible
loci, N = 241 loci) and after filtering MSAP data by genotyping
error of replicated samples (N = 125 loci)

After

MSAP scoring All (prior to error-filtering) error-filtering
MS 0.218 (0.002) 0.126 (0.07)
MS* —0.002 (ns) —0.007 (ns)
ICM 0.020 (ns) 0.049 (ns)
ICM* —0.099 (ns) —0.065 (125)
NM 0.088 (ns) 0.060 (11s)
NM* 0.002 (ns) 0.007 (ns)

Scoring methods bearing an asterisk treated condition IV (frag-
ment absence in the two enzyme products) as missing values.
statistically significant coefficients are highlighted in bold, ns
denotes P > 0.10.

tative interpretation of MSAP, condition IV loci should
be better considered null data, as suggested by Schulz
et al. (2013).

Individual estimates based on the number of methyla-
tion-susceptible loci in the sample averaged 16.8% (+0.1)
for internal cytosines, 38.4% (40.3) for hemimethylated
external cytosines and 55.2% (£0.3) for their sum, that is
total methylation. Methylation scoring (MS = conditions
IT + III) correlated positively to HPLC estimates across
individuals, but internal cytosine scoring (ICM = condi-
tion II) did not (Table 3). Filtering loci by scoring error
reduced the magnitude of correlation between the two
methods, but the changes were similar to those obtained
by randomly decreasing the number of loci to half
(P > 0.05 in all correlations after 10 000 randomizations)
and hence cannot be attributed to quality filtering but
rather to the reduction in number of loci.

Prevalence of this positive relationship between
HPLC global cytosine methylation and some quantitative
estimate based on MSAP results should be ascertained
by replicating the study in more cases. Here, we
explored the predictive accuracy of the relationship
between HPLC and MS method across populations and
found that HPLC methylation score was not similarly
related to MS across populations (Fgq50 = 2.74,
P = 0.0051; for the population * MS interaction). Remark-
ably, not only the significance but also the sign of the
relationship varied across sites (Fig. 1).

Discussion

Methylation of cytosine DNA is a major epigenetic mech-
anism through which environmental factors can alter the

© 2015 John Wiley & Sons Ltd
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Fig. 1 Relationship between cytosine methylation estimates in
young leaves of Helleborus foetidus obtained using HPLC and the
percentage of cytosine methylation in CCGG sites obtained by
methylation scoring of MSAP data. Each symbol represents an
individual plant, and the 10 populations sampled are coded
with different colours. The black thick line and grey area show
the linear regression and 95% confidence interval obtained for
the full sample, respectively (N = 197; 3 outliers were omitted to
improve readability).

expression of genetically based traits (Finnegan 2010). In
plants, global cytosine methylation varies widely
between species, and interspecific differences show a
strong phylogenetic signal and are evolutionarily corre-
lated with genome size (Alonso et al. 2015). Within spe-
cies, global cytosine methylation may also vary across
individuals and populations, as shown here for the
perennial herb H. foetidus (see also Alonso et al. 2014).
These findings highlight the potential of this genomic
feature for gaining a better understanding of the implica-
tions of DNA methylation at both intra- and interspecific
scales (Flatscher ef al. 2012; Richards et al. 2012; Alonso
et al. 2014).

In this study, we investigated the relationships
between global methylation estimates obtained by HPLC
and the more widely used MSAP analyses, which have
generally focused on the detection of changes in methyl-
ation status of cytosines in specific contexts distributed
across the genome (Laird 2010; Schrey et al. 2013). Both
the literature survey and the data presented here for the
first time suggested that methylation estimates based on
MSAP should not be directly used as synonym of, or
valid surrogate for, global cytosine methylation level. In
particular, in studies looking for methylation responses
to stress, frequency of methylation-susceptible MSAP
loci was very variable. This suggests that information
obtained from the analysis of global DNA methylation
and MSAP variability should be taken as complemen-
tary, an aspect apparently dismissed so far in ecological

© 2015 John Wiley & Sons Ltd

epigenetics studies of nonmodel plants (Schrey et al.
2013). Furthermore, reported changes in methylation sta-
tus were frequently locus and context dependent (see,
e.g., Labra et al. 2002; Lira-Medeiros et al. 2010; Uthup
et al. 2011; Rico et al. 2014), a finding that emphasizes the
value of analysing methylation at CG and CHG contexts
separately (see also Schulz et al. 2014). In the following
paragraphs, we discuss our findings obtained by com-
paring different MSAP scoring strategies and HPLC
results in the perennial herb H. foetidus.

MSAP analyses and global cytosine methylation
estimates in Helleborus foetidus

Scoring of MSAP data affected the relationship with glo-
bal methylation estimates obtained by HPLC. Our results
supported some of the scoring strategies previously pro-
posed by Schulz ef al. (2013). In particular, condition IV
should be considered uninformative and remain as a null
result, mainly for two reasons. First, because its interpre-
tation as full methylation frequently found in the litera-
ture (see, e.g., Karan et al. 2012; Marconi et al. 2013) may
often be incorrect, as exemplified here by results for
H. foetidus. Remarkably, frequency of condition IV loci
was not positively but negatively related to HPLC esti-
mates, suggesting that such informative interpretation
should be taken with caution when site mutation cannot
be discarded. And second, treating condition IV cases as
missing values may be appropriate to interpret variabil-
ity (see, e.g., Herrera & Bazaga 2010, 2011), but this pro-
cedure tended to blur correlations between HPLC and
MSAP methylation estimates, turning them statistically
nonsignificant. Including a third schizomer (BsiSI) with
the same cleavage site but insensible to any methylation
and/or the addition of the combined digestion of the
two isoschizomers (Hpall + Mspl) may help to reduce
uncertainty of some ambiguous results and improve reli-
ability of MSAP interpretations if subsequent increased
costs are affordable (Fulnecek & Kovarik 2014; Osabe
et al. 2014).

Regarding the adequacy of combining condition II
and III markers, it is important to emphasize that the rel-
ative contribution of CG, CHG and CHH contexts to glo-
bal cytosine content estimates varies across plant species
(Gruenbaum et al. 1981; Belanger & Hepburn 1990; Ku-
mar et al. 1990; Kovarik et al. 1997). In addition, we
found that percentages of methylation at CG and CHG
contexts varied among species (Table 1; see also Feng
et al. 2010; Zhong et al. 2013), thus suggesting that analy-
ses of methylation at different contexts may be useful to
reveal species-specific aspects. In the particular case of
H. foetidus, global methylation was unrelated to fre-
quency of methylation at the inner cytosine. Also, he-
mimethylation of external cytosine was more frequent
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than methylation of inner cytosine(s) at 5'-CCGG sites, a
pattern shared with tomato (Messeguer ef al. 1991) but
apparently not with Arabidopsis thaliana, rice or poplar
(Feng et al. 2010). Interestingly, we found that the rela-
tionship between global HPLC and methylation at the
specific cleavage sites was not constant among popula-
tions, which suggests the possibility that the relative
importance of the methylation in these two specific
nucleotide contexts may even vary at the intraspecific
level, as shown, for instance, by Li et al. (2011) in relation
to ploidy changes.

Analysing methylation at CG and CHG contexts sepa-
rately is a valuable feature of MSAPs that could be profit-
ably exploited to predict or interpret epigenetic changes
in natural plant populations (Schulz et al. 2014). The sep-
arate analysis is particularly interesting because changes
in methylation status at CG and CHG contexts depend
on different families of methyltransferases and, thus,
they could be independently regulated (Finnegan 2010).
In brief, DNA METHYLTRANSFERASE family (METs)
methylates specifically CG sequences; the plant specific
family of CHROMOMETHYLASES (CMTs) are involved
primarily in the maintenance of symmetrical CHG meth-
ylation (where H = A, C, T) and also in de novo methyla-
tion; and the DOMAINS REARRANGED
METHYLTRANSFERASES (DRMs) maintain asymmetric
CHH methylation through persistent de novo methyla-
tion (for details, see Finnegan 2010 and references
therein). ~ Furthermore, = whole-genome  bisulphite
sequencing in a few model species indicated that gene
body methylation is almost exclusively restricted to CG
sites, which is in marked contrast to the methylation typ-
ically seen for repeat and transposon sequences, which
includes CG, CHG and CHH sites (Teixeira & Colot
2009; Feng et al. 2010; Gent et al. 2012; Takuno & Gaut
2013; Zhong et al. 2013; but see Uthup et al. 2011). Such
whole methylome studies also confirmed that methyla-
tion percentages in each specific context (CG, CHG,
CHH) varied widely among the few model species
assayed to date (tomato, maize, A. thaliana), which
clearly supports the conclusion based on MSAPs noted
above that the pattern of methylation distribution is not
universal in angiosperms (Gent et al. 2012; Zhong et al.
2013). In particular, maize and tomato, two species with
larger genomes and higher frequency of transposons
than A. thaliana, exhibited higher global methylation lev-
els and higher prevalence of methylation at CHG and
CHH sites (Gent et al. 2012; Zhong et al. 2013). Addi-
tional studies are required to reveal the specific nucleo-
tide contexts more relevant for different plant species
and adaptive processes of interest, distinguishing
whether they depend more on gene (in)activation at CG
sites or transposon activity regulation occurring in differ-
ent nucleotide contexts (Gent ef al. 2012; Takuno & Gaut

2013; Zhong et al. 2013). The separate analysis of MSAP
conditions II and III combined with overall estimation by
HPLC may well serve this aim in the meantime until
WGBS becomes affordable for nonmodel species.

Conclusions

MSAP is a powerful technique to investigate diversity of
cytosine methylation in species without a reference
sequenced genome. It is currently used to assess methyl-
ation correlates with individual phenotypic traits, envi-
ronmental conditions and species divergence, to identify
loci under selection or to quantify transmissibility across
generations of the methylation status of specific loci (Sch-
rey et al. 2013; Herrera et al. 2013, 2014; Medrano et al.
2014). However, methylation estimates based on MSAP
alone should not be directly used as valid surrogates for
global cytosine methylation percentage, mainly because
the relative abundance of the specific contexts assayed
by different endonucleases does actually change across
species. The analyses of HPLC global cytosine methyla-
tion illustrate variability in global methylation of cyto-
sines across plant species (Alonso et al. 2015; see also
Varriale 2014 for vertebrates). They could also be useful
to evaluate the magnitude of variation at different hierar-
chical levels of intraspecific variation (e.g. within and
among populations). Combined wuse of the two
techniques may help to distil all information contained
in MSAP of wild-growing plants and its relationship
with species-specific traits, individual phenotypes and
ecological conditions.
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