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Divergent DNA Methylation Patterns Associated
with Abiotic Stress in Hevea brasiliensis
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ABSTRACT Cytosine methylation is a fundamental epigenetic mechanism for gene-expression regulation and develop-
ment in plants. Here, we report for the first time the identification of DNA methylation patterns and their putative re-
lationship with abiotic stress in the tree crop Hevea brasiliensis (source of 99% of natural rubber in the world). Regulatory
sequences of four major genes involved in the mevalonate pathway (rubber biosynthesis pathway) and one general de-
fense-related gene of three high-yielding popular rubber clones grown at two different agroclimatic conditions were an-
alyzed for the presence of methylation. We found several significant variations in the methylation pattern at core DNA
binding motifs within all the five genes. Several consistent clone-specific and location-specific methylation patterns were
identified. The differences in methylation pattern observed at certain pivotal cis-regulatory sites indicate the directimpact
of stress on the genome and support the hypothesis of site-specific stress-induced DNA methylation. It is assumed that
some of the methylation patterns observed may be involved in the stress-responsive mechanism in plants by which they
adapt to extreme conditions. The study also provide clues towards the existence of highly divergent phenotypic characters
among Hevea clones despite their very similar genetic make-up. Altogether, the observations from this study prove be-
yond doubt that there exist epigenetic variations in Hevea and environmental factors play a significant role in the induc-

tion of site-specific epigenetic mutations in its genome.
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INTRODUCTION

Hevea brasiliensis is a perennial tropical tree species native to
the Amazonian forests of Brazil, South America. It is the major
source of natural rubber (cis-1,4-polyisoprene), a high-priced
commodity of great demand for the world rubber industry
(Figure 1). Natural rubber is present in colloidal form in the
latex (the cytoplasm of laticiferous cells present in the bark
of rubber trees). Latex is extracted by wounding the bark of
rubber trees where laticifers are present abundantly by a pro-
cess known as tapping. Since the traditional clones cultivated
extensively for rubber production in Asia were derived from
a few original seeds collected from the Amazonian forest, they
represent only a very small part of the extensive gene pool that
exists there. Thus, the genetic base of the presently cultivated
clones is insufficient to carry on breeding for achieving sub-
stantial genetic improvements in rubber production or in dis-
ease resistance. In addition, several years of directional
selection for yield and the vegetative method of propagation
has also narrowed downed its genetic base (Besse et al., 1994).
This low rate of genetic polymorphism among the present
popular clones commercially cultivated was demonstrated
by several groups using molecular marker techniques (Seguin
et al., 1995; Lekawipat et al., 2003; Hernandez et al., 2006).

A puzzling incongruity to the above assumption is the re-
markable divergence in quantitative and qualitative charac-
ters amongst the popular clones commercially cultivated in
Asia pacific region despite their analogous genetic make-up.
Wide disparity in traits like yield, disease resistance, cold,
and drought tolerance is shown by individuals of the same
clone when planted at diverse geographic locations. So far,
no satisfactory scientific evidences are available to explain
this phenomenon; instead, the changes observed were merely
attributed to environmental interactions. This lack of informa-
tion underlying the behavioral pattern variation of plants
under diverse environmental conditions is a serious constraint
in the development of high-performing location-specific
Hevea clones with consistent yield pattern.

" To whom correspondence should be addressed. E-mail thomasku79@
gmail.com, tel. 919400562247, fax 914812353311.

© The Author 2011. Published by the Molecular Plant Shanghai Editorial
Office in association with Oxford University Press on behalf of CSPB and
IPPE, SIBS, CAS.

doi: 10.1093/mp/ssr039, Advance Access publication 24 June 2011

Received 15 November 2010; accepted 20 March 2011

¥T0zZ ‘€T |1udy uo Arliqi] Asiealun BuisH Buny) feuoiren e /610'sfeulno[pioxo-ue dwy/:dny wouy papeojumoq


http://mplant.oxfordjournals.org/
http://mplant.oxfordjournals.org/

Plants acclimatize to unfavorable conditions primarily
through strategies that involve the manipulation of their
complex regulatory network of molecular interactions, by con-
trolling the expression of hundreds of genes (Farrel, 2007;
Vyroubalova et al., 2009). This is true in the case of rubber also,
since it quickly adapts to the non-optimal growth conditions
prevalent in the majority of the present rubber-cultivating areas.
Since the agroclimatic conditions in these locations are highly
flexible, any permanent irreversible changes in the genome
will prove to be a hitch once the situation is restored. To cop
up with such situations, plants have adopted a strategy by which
the genome is reversibly modified through the interaction
of external molecules; thereby, the functionality of the con-
cerned gene is altered, keeping the original genetic make-up
intact. Since the dynamics involved in such modifications are
due to aspects above genetics, they are called epigenetic factors.
Recent studies in molecular genetics have revealed that novel
gene expressions, and therefore novel phenotypes, can be
achieved through a suite of epigenetic mechanisms, even in
the complete absence of genetic variation (Peredo et al.,
2006). DNA methylation is one such epigenetic modification pro-
fusely seen in most of the higher plants and animals that plays
an important role in regulating development and develop-
mental processes (Feng et al., 2010; Meijén et al., 2010). DNA
methylation in higher eukaryotes is merely the presence of
5-methylcytosine (m5C) nucleotides in the DNA instead of
anormal cytosine. By and large, this epigenetic event has been
observed abundantly in repetitive sequences, transposons,
and in GC-rich regions of promoters and end regions of tran-
scribed portions called CpG islands (‘p’ designates the phos-
phodiester bond that joins two nucleotides) (Lippman et al.,
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Figure 1. Hevea brasiliensis: - The
source of natural rubber

Main photo: Rubber planted atlow ly-
ing areas of southern India without
disturbing the natural habitat.

Inset- “From plant to processing cen-
tre”.

Top: Latex oozing out from the bark
of a tapped rubber tree to the col-
lection cup attached to the stem.
Bottom: Natives transporting col-
lected latex to the processing centre
over a swinging bridge in the forests
of southern India constructed by the
British in 1937.

2004). While CpG methylation is the more common form in ani-
mals, in plants, it has been observed in CpNpG sites (‘N any
nucleotide) and CpNpN asymmetric sites (Pradhan and Adams,
1995). Methylation of cytosine has received more attention in
the last two decades, given the possibility that they may be
associated with the alteration in gene transcription leading
to morphological changes without changing the sequence
(Lee et al., 2010). This could be either due to hypermethylation,
which possibly will alter the chromatin structure, preventing
normal interaction of DNA strand with the transcriptional ma-
chinery, or due to hypomethylation resulting in the activation
of some previously silenced gene (Baylin et al., 2001). So, under
particular circumstances, genes that had been previously si-
lenced can be expressed again if the methyl group is removed
or can be suppressed if the methyl group is attached.

DNA methylation is considered to be an important mechanism
not only for regulating the gene expression, but also in the
silencing of transposons and other destructive repetitive sequen-
ces (Okamoto and Hirochika, 2001; Villar et al., 2009). More
insights into the biology of transposable element methylation
and its activity were provided by Palmer et al. (2003), Whitelaw
etal. (2003), and Bedell et al. (2005). Besides, it is also established
that, under biotic and abiotic-stress conditions, plants employ
a great deal of methylation to deactivate the elevated transpo-
somal activity that would otherwise mediate the destabilization
of the genome (Lukens and Zhan, 2007). In addition to the above
aspects, methylation also stabilizes the genome through the sup-
pression of homologous recombination between dispersed
sequences and by restricting recombination events to the hypo-
methylated gene-rich regions (Maloisel and Rossignol, 1998;
Khrustaleva et al., 2005).

¥T0zZ ‘€T |1udy uo Arliqi] Asiealun BuisH Buny) feuoiren e /610'sfeulno[pioxo-ue dwy/:dny wouy papeojumoq


http://mplant.oxfordjournals.org/
http://mplant.oxfordjournals.org/

998 Uthup et al. ® DNA Methylation Variations in Hevea

When heritable DNA methylation variations occur among
individuals of a species that are otherwise genetically identical,
they can be considered as epigenetic mutations. Such epigenetic
mutations may result in genetic point mutations like ‘C’ to ‘T’
transitions in higher organisms but, very often, they may directly
generate favorable or unfavorable phenotypic characters in
plants. The methylation variations responsible for such changes
could be stable and inherited over generations or a transient
mechanism to cope with a temporarily stressed condition. While
methylation resulting from exposure to prolonged stressed con-
ditions (biotic and abiotic) was often found to be meiotically
heritable, those induced by brief adversities may generally be
inherited mitotically, with minor exceptions (Saze, 2008). Like
genetic mutations, such epigenetic mutations also may have
a deep, and hitherto unsuspected,influence on the ecology
and evolution of populations. Heritable epigenetic silencing as-
sociated with locus-specific DNA methylation changes has been
documented for numerous genes involved in plant develop-
ment, including superman (Jacobsen and Meyerowitz, 1997),
agamous (Jacobsen et al., 2000), and flowering locus C (FLC)
(Soppe et al., 2000). Alternatively, methylation is also considered
as an active factor involved in the flexible short-term stress
response memory in plants to counteract hostile conditions in
the immediate future (Bruce et al., 2007).

While methylation induced by biotic stress is generally asso-
ciated with the silencing of parasitic DNA and expression of
resistant genes, abiotic stress-induced methylation is supposed
to be linked with the numerous biochemical pathways involved
in acclimatization and stress response in plants. Finnegan et al.
(1998) illustrated this by demonstrating a transient DNA
methylation decline in Arabidopsis FLC and its two flanking
genes during vernalization response. Furthermore, the link
between cold stress and hypomethylation was explained by
Chinnusamy et al. (2008) and Chinnusamy and Zhu (2009), where
they have shown that cold treatment promotes tissue-specific
hypomethylation of defined areas of the genome including
areas specific to retrotransposon sequences. Similarly, in tobacco
stress-induced-DNA demethylation in the coding sequence of
the NtGPDL (a glycerophosphodiesterase-like protein) gene by
aluminum, paraquat, salt, and cold correlated with its expression
(Choi and Sano, 2007). Reports are also there for drought
stress-induced DNA hypermethylation in pea (Labra et al.,
2002). All the above studies indicate that methylation is a
well-synchronized strategy of the plants to regulate gene ex-
pression that enables them to adapt to the changing external
environment.

It is well understood that the coordinated regulation of
hundreds of genes responding in a chronological, spatial,
and provisional expression is partially mediated by the tran-
sient binding of transcription factors to their specific DNA
motifs. DNA methylation has been shown to repress this
transcriptional machinery by interfering with the binding of
transcriptional activators resulting in transcriptional gene
silencing (TGS) in plants and animals (Kinoshita et al., 2007;
Zhang and Ogas, 2009). Methylation of CG dinucleotides in

the promoter region has been shown to influence the
expression of genes downstream significantly due to their
direct modification of transcription factor binding target sites
resulting in TGS (Turker, 2002; Zemojtel et al., 2008; Cox and
Nathanielsz, 2009). Since modifications within these regions
may result in remarkable changes in gene expression, screen-
ing for methylation target sites at key cis-regulatory elements
is imperative to fully understand the processes involved in
development, stress response, and molecular adaptation
machinery in plants. It is assumed that these sites may be
the initial action point of environmental or other external fac-
tors on the genome having a direct impact on the expression of
concerned genes and subsequently on phenotypic characters.

The present study was prompted by the need to identify the
direct impact of the environment on rubber genome and the
modifications triggered by external stress on the regulatory
sequences of genes associated with traits of importance in
rubber. Rubber yield is considered to be significantly affected
by environmental variations, due to which many high-yielding
clones developed are not showing consistent productivity when
planted at climatically different locations. The major reason for
this discrepancy is attributed to abiotic stress, which may trigger
epigenetic changes within the genome (Priyadarshan et al.,
2005). Epigenetic modifications like DNA methylation may reg-
ulate gene expression at various levels to assist diversification of
available nutrients for essential functions compromising pro-
duction of lower-priority secondary metabolites like isoprenes,
which may have a negative impact on latex production (Funk
et al., 2004; Wahid et al., 2007). Moreover, the involvement
of rubber biosynthesis genes in general stress tolerance renders
them more prone to such regulatory processes than other
genes. Inappropriate methylation may also result in unfavor-
able genomic rearrangements often triggered by mobile ele-
ments like retrotransposons affecting the expression of
essential genes required for the basic cellular functions. In
the case of Hevea brasiliensis, chances of such genetic rear-
rangement by retroelements are high due to the abundance
of retroelements as reported by Saha et al. (2006). Furthermore,
a huge haploid genome size of around 4 x 10° bp (Roy et al.,
2004) with large chunks of repeat sequences and the modest
digestion of this bulky genome with methylation-sensitive
enzymes as reported earlier also point towards the probability
of finding a heavily methylated genome in Hevea.

Here, we analyzed the genome of three popular clones of rub-
ber planted at two ecologically different locations to find out
the impact of environmental stress on their epigenome keeping
latex biosynthesis genes in focus. In order to test the hypothesis
that abiotic stress have direct impact on the epigenome of
plants by inducing site specific methylation/demethylation in
the rubber genome, methylation status of the promoter region
of rubber biosynthesis genes in the mevolanate pathway
(MVA), namely HMG-CoA reductase 1 (HMGR1), HMG-CoA
synthase 1 (HMGS1), Farnasyl diphosphate synthase (FDP),
Rubber elongation factor (REF), and the disease resistance
gene - Coronatine-insensitive1 (COI1), were analyzed by
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bisulfite sequencing. CG-rich promoter regions of these genes
were selected, assuming that methylation or demethylation of
these sites will have a direct impact on the expression of genes
downstream. The study aims to identify the influence of stress
on the epigenome of plants grown at two different geographic
locations as well as the DNA methylation changes it triggers on
regulatory motifs of five agronomically important genes in
Hevea. It is anticipated that the results from this study will help
to better understand the fundamental aspects involved in the
genome-level molecular modifications by plants under stressed
conditions. In this report, we provide support for the conclusion
that abiotic stress has a direct impact on the genome and it may
result in gene-expression variations even among genetically
identical plants. Early epigenome-based screening of juveniles
to predict their predisposition to different environmental con-
ditions and identification of stress-specific and location-specific
epigenetic markers are the expected outcome of a detailed
study in this direction. We speculate that, after validation, these
techniques will prove to be effective molecular breeding tools
for the release of new high-yielding environmentally better-
adaptable Hevea clones in the future.

RESULTS

Marker Analysis
RAPD, Microsatellite, and Sequence Analysis

RAPD, SSR, and sequence analysis were carried out to prove the
genetic uniqueness of the three clones under study. Alterna-
tively, these techniques were also used to show the genome sta-
bility of Hevea clones under external stress experienced by the
plants at their respective planting locations. OPF-10, OPAI-6,
and OPC-5 RAPD profiles showed that there were clear varia-
tions in the banding patterns of the three clones studied,
whereas individual plants of the same clone showed identical
patterns, irrespective of their location (Figure 2). SSR analysis
also exhibited identical allele distribution for individuals of
the same clones from both locations, while interclonal allele
variations were very distinct (Figure 3). On the contrary, the
aligned master sequences of the respective gene promoters
were found to be highly conserved across all the samples
(not shown). Thus, RAPD and SSR results show that the three
clones are genetically unique and the external environment
does not have much influence on the DNA sequence, at least
on the selected loci. The name of each plant, their clonal iden-
tity, year of sampling, and location is given in Table 1.

McrBC RAPD

McrBC RAPD was performed to demonstrate the presence of
methylation at several sites within the Hevea genome. The differ-
ences in RAPD banding pattern observed when McrBC-digested
and undigested genomic DNA from the same plants were used
highlights the presence of methylated bases in Hevea genome
(Figure4).RAPD profiles of McrBC-digested genomic DNA showed
significant variation from the undigested DNA for all the three
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primer combinations. OPAI-6 primer exhibited unique profiles
for all the three clones. In McrBC RAPD, RRIM 600 pattern stood
apart from the other two despite the absence of such a variation
inthe normal RAPD with the same markers. Even in McrBC RAPD,
no polymorphic bands were observed among individual plants of
the same clone from two locations. The differences in McrBC-
digested and undigested RAPD profiles show that there exist sev-
eral methylated sites within Hevea genome and these patterns
vary from clone to clone.

Restriction Digestion Using Isoschizomers

Simple restriction digestion was used to identify the existence as
well as the type of methylation especially at the recognition sites
of three restriction endonucleases within the Hevea genome
(Figure 5). Polymorphic bands were detected when Ral (RRII
105) DNA was digested using Aval/BsoBl combination. Digestion
using BsoBI showed several unique fragments when compared
to that of methylation-sensitive Aval. Rb1 (RRIM 600) DNA also
showed same trend as that of Ra1, while Rc1 (PB 260) digestion
yielded no visible dissimilarity between the two enzymes;
instead, it appeared distinct from the other two clones. With
Hpall/Mspl combination, Ra1 exhibited poor digestion for the
methylation-sensitive Hpall, while Mspl digestion provided
a smear. Rb1 and Rc1 also showed similar results to that of
Ra1l. With PspGl/BstNI combination, digestion was partial or
‘nil” in most cases. Minor differences were observed in the case
of Rc1, whereas no significant variation in the banding pattern
was observed for the other two genotypes. Comparative diges-
tion of Ra1 and Ea1, Rb1and Eb1, Rc1 and Ec1 using all the three
methylation-sensitive enzyme combinations did not reveal any
clear difference in their patterns (results not shown). Restriction
digestion analysis using the isochizomeric pairs proved the exis-
tence of DNA methylation variations among the three Hevea
clones, as well as the type of methylation they harbor.

Bisulfite Sequence Analysis

Bisulfite sequencing of the promoter region of selected genes
was performed to find out the exact location, class, and extent
of methylation in the samples analyzed. The combined sequence
analysis results of all the five gene promoters using CyMATE
software was highlighted and is shown in Figure 6. In order
to better understand the significance of methylation/demethy-
lation on the functionality of the concerned genes, the location,
putative function and the methylation status of the cis-regula-
tory elements present in the analyzed genomic region of all the
five genes were given. (Supplemental Table 1).

HMGR1 Promoter

The analyzed 288-bp region during 2007 and 2008 consisted
of cis-regulatory elements like ARE, CAAT-box, CATT-motif,
CCAAT-box, CGTCA-motif, LTR, TATA-box, TC-rich repeats,
TCCC-motif, and several unnamed motifs. CGN, CHG, and
CHH patterns of methylation were observed in the sequences.
In the master sequence, probable maximum CGN frequency
was found to be 16.87%, CHG 13.25%, and CHH 69.88%. Of
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Figure 2. RAPD Profiles Showing Genetic Variation among the
Three Clones.

RAPD profiles of all the 12 plants using three random decamers:
OPF-10, OPAI-6, and OPC-5.

RRIM 600 pattern is different from the other two for OPF-10 and PB
260 pattern is different from the other two for OPAI-6 and OPC-5.

the 1992 possible sites for different classes of methylation in
the alignment file containing representative clone sequences,
113 sites (5.67%) were methylated and 1 879 (94.33%) were
found to be unmethylated. Average methylation density for
CGN sites was found to be 3.27%, whereas it was 15.53 and
4.38% for CHG and CHH sites, respectively (Figure 7). Contra-
dictory to the earlier reports in other plant species, CHG type
was found to be the dominant type of pattern in rubber rather
than CGN as far as the analyzed genomic region is concerned.

An interesting observation was made regarding the meth-
ylation pattern of RRII 105 clones at their CAAT-box, which is
directly involved in controlling the rate of transcription. The
CAAT-boxes of the two RRIl 105 plants from Elappara seems
to be methylated in 2007 as well as in 2008, whereas this site
was not methylated in any other samples including control RRII
105 plants. Chromatogram of bisulfite converted HMGR1
promoter region, highlighting the site-specific demethylation
and methylation of CAAT-box in RRIl 105 control and test
clones during 2008 is shown in Figure 8. A reverse pattern
was observed at CATT and CGTCA motifs in RRIl 105, where
the sites were demethylated in plants from Elappara and
methylated in those at RRIl campus. The clone PB 260 also
exhibited a similar trend. Another alteration in methylation
pattern was observed in the LTR element where Ral and
Ra2 were methylated throughout the study period, whereas
their counterparts at Elappara (Ea1 and Ea2) remained deme-
thylated during 2007. Surprisingly, Ea2 seems to take up
a methyl group in 2008, while Ea1 remained as such. A notice-
able phenomenon was the uniform methylation of this site
exhibited by all the four plants of the clone RRIM 600 during
the two-year study period. PB 260 clones showed an entirely
different episode in the LTR motif, where both plants from RRII
campus during 2007 and 2008 showed methylation whereas
the Elappara plants displayed demethylation of this site in
the year 2007 and methylation in the subsequent year. RRII
105 plants also showed methylation at a TC-rich repeat in-
volved in defense and stress responsiveness, whereas no other
clones exhibited methylation in this particular site. In general,
RRII 105 plants were found to be more prone to methylation
changes in the genomic region studied.

HMGS Gene Promoter

The 229-bp HMGS promoter region analyzed from the 2008 sam-
ples consisted of cis-regulatory elements like CAAT-box, AT-rich
element (ATBP1), GARE motif, TATA-box, HSE motif, and several
unnamed motifs. Only CHG and CHH pattern of methylation was
observed in the analyzed sequence. In the master sequence,
probable maximum CGN-type methylation was found to be
6.52%, CHG 26.09%, and CHH 67.39%, respectively. Of the
552 possible sites for different classes of methylation, 35
(6.34%) were methylated and 515 (93.30%) were unmethylated.
In the analyzed segment, CHG was the dominant type, with an
average methylation density of 18.75%, while CHH was 2.15%
(Figure 7). In HMGS gene promoter, CAAT-box showed uniform
methylation in Elappara plants and demethylation in RRII plants
similar to that in HMGR1. The GARE motif also showed a similar
trend in RRII 105. As far as HSE motif was concerned, a specific
methylation pattern was observed just two bases before the reg-
ulatorysite. Exceptforthe two RRII 105 plants from Elappara, this
site was methylated in all the samples.

FDP Synthase Gene Promoter

The 166-bp fragment from samples analyzed during 2008 con-
sisted of cis-regulatory elements like CAAT-box, CGTCA motif,
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Figure 3. Microsatellite Profiles Showing Genetic Variation among the Three Clones.

Microsatellite profiles of plants using the dinucleotide repeat markers: CT-16, CT-1, AC-4, and CT-19. From the CT-16 marker profile, RRIM
600 can be differentiated from RRII 105 and PB 260. In the CT-1 marker profile, RRII 105 is showing a unique allele that is not present in the
other two. In the AC-4 profile, allelic variation was observed for PB 260 whereas the other two displayed similar patterns. In the CT-19
profile, RRII 105 can easily be distinguished from the other two cloes: RRIM 600 and PB 260. (Rb2 and Rc2 plants are not shown.)

Table 1. Sample Details.

Clone Location Plants Year

RRII 105 RRII Campus Ra1, Ra2 2007 and 2008
Elappara Ea1l, Ea2 2007 and 2008

RRIM 600 RRII Campus Rb1, Rb2 2007 and 2008
Elappara Eb1, Eb2 2007 and 2008

PB 260 RRII Campus Rc1, Rc2 2007 and 2008
Elappara Ec1, Ec2 2007 and 2008

-

M 1 234 56789101112 13 14151617 1819202122 2324 25262728 293031 3233343536

- - - - -

OPAl 6 OPF 10

Figure 4. Methylation-Sensitive RAPD Profiling.
Methylation-sensitive RAPD to prove the existence of methyl
groups in Hevea genome. Reactions were carried out using the
same random decamers as used for normal RAPD after digesting
genomic DNA with methylation-dependent McrBC enzyme. All
the 12 plants belonging to the three clones during 2008 are shown.
Loading order for each marker. First four lanes: RRII 105 plants (Ra1,
Ra2, Eal, and Ea2). Second four lanes: RRIM 600 plants (Rb1, Rb2,
Eb1, and Eb2). Last four lanes: PB 260 plants (Rc1, Rc2, Ec1, and Ec2).
Due to the methylation variation within the decamer-amplified
region, a different profile from that of normal RAPD was obtained
for all the three markers. The presence of several additional bands
to that in normal RAPD indicates methylation at several sites. The
single decamer OPAI-6 could successfully differentiate all the three
clones as seen in the picture.

and a few unnamed motifs. Only CGN and CHH patterns of
methylation were observed in the sequences analyzed. Out
of the 35 methylation patterns observed in the master se-
quence, probable maximum frequency for CGN-type methyla-

tion was 11.43%, CHG 28.57%, and CHH 57.14%. Of the
possible 420 sites for different classes of methylation, 15
(3.57%) were methylated and 393 (93.57%) were unmethy-
lated. Average methylation density for CGN sites was found
to be 10.42% and 3.75% for CHH type (Figure 7). In the
examined fragment, CGN type was found to be the dominant
type. Patterns specific for RRIl 105 and PB 260 clones from
Elappara samples were also observed. Moreover, location-
specific methylation at CAAT and CGTCA sites of RRII105 clones
at Elappara was clearly visible in FDP promoter region. As
in the case of HMGR1 and HMGS1, the CAAT-box appears
to be methylated in RRIl 105 plants from Elappara only,
whereas the CGTCA motif was methylated only in the control
RRII 105 plants.

REF Gene Promoter

The 348-bp fragment of Rubber elongation factor gene pro-
moter from the 2008 samples consisted of cis-regulatory
elements like ACE, ARE, BoxIl, CAAT-box, G-box, P-box (Gibber-
ellin-responsive element), TATA-box, TCA element, and a few
unnamed motifs. CGN, CHG, and CHH patterns of methylation
were observed in the analyzed sequences. Out of the 79 bisul-
fite patterns observed in the master sequence, probable max-
imum frequency for CGN-type methylation was found to be
20.25%, CHG 13.92%, and CHH 64.56%. Of the possible 948
sites for different classes of methylation, 53 (5.59%) were
methylated and 881 (92.93%) were unmethylated. In the an-
alyzed fragment, CGN type was dominant, with an average
methylation density of 8.85%, whereas it was 0.76% for
CHG and 5.72% for CHH type, respectively (Figure 7). The CAAT
motif remained under-methylated in all the samples. A 10-bp
cis-acting TCA element (CAGAAAAGGA) putatively involved
in Methyl Jasmonate responsiveness seems to be methylated
in all clones from both locations except RRIl 105. Another
clone-specific pattern was observed for PB 260 at their ACE
motif.

COI1 Gene Promoter

The 167-bp COI1 gene promoter region from 2007 and 2008 sam-
ples consisted of cis-regulatory elements like ACE, CAAT-box,
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Figure 5. Restriction Digestion of Genomic DNA Using Isochizomeric Enzyme Pairs.
Restriction digestion of genomic DNA using methylation-sensitive/insensitive isochizomeric pairs to examine global methylation variation

among the three clones.

(A) Aval/BsoBI (Lane Nos 1 and 2: PB 260, Lane Nos 3 and 4: RRIM 600, Lane Nos 5 and 6: RRII 105).
(B) PspGl/BstNI (Lane Nos 1 and 2: PB 260, Lane Nos 3 and 4: RRIM 600, Lane Nos 5 and 6: RRIl 105).
(C) Hpall/Mspl (Lane Nos 1 and 2: RRIM 600, Lane Nos 3 and 4: RRII 105). (PB 260 not included in this combination.)
Sample designation: Rc-1 (PB260), Rb-1 (RRIM 600), Ra-1 (RRII 105).

E2Fb, Skn-1_motif, TATA-box, TATCCAT/C motif, and several
unnamed motifs. CGN, CHG, and CHH patterns of methylation
were observed in all the sequences. In the master sequence,
probable maximum frequency for CGN-type methylation
was found to be 32.50%, CHG type 27.50%, and CHH type
37.50%. Of the 960 possible sites for different classes of meth-
ylation, 85 (8.85%) were methylated and 851 (88.65%) were
under-methylated. Average methylation density for CGN sites
was found to be 20.83%, whereas it was 2.27 and 3.89% for
CHG and CHH, respectively (Figure 7). In the analyzed frag-
ment, CGN type seems to be the dominant type. Methylation
in the ACE motif was observed only for the RRII 105 plants from
Elappara. CAAT-box of all RRII105 samples showed methyla-
tion irrespective of time and location, while the other two
clones appeared completely unmethylated. The E2Fb tran-
scription factor binding site was also blocked in RRII105
planted in Elappara. Site 138, which was not associated with
any known regulatory sites, was found to be uniformly meth-
ylated in all the samples.

Methylation-Specific-PCR

MS-PCR was carried out to verify the result obtained from the
bisulfite sequencing of gene promoters. For the sake of
convenience, a single representative locus from the HMGR1
gene was selected for the analysis. When methylation-sensitive
primers were used, amplification was observed only for RRII
105 plant from Elappara (Ea1). No amplification was obtained
from this DNA when the sensitive primers were replaced by
insensitive ones. Contrarily, successful amplification with

methylation-insensitive primer was observed for all the other
samples. A control reaction using normal primer also yielded
an amplicon of similar size (Figure 9).

DISCUSSION

Marker Analysis
RAPD, Microsatellite, and Sequence Analysis

Phenotypic differences in plants may occur due to genetic
variation as well as epigenetic variation or both (Wong et al.,
2005; Chen, 2007). Genetic variations can be established very
clearly using molecular genetic markers like RAPDs, RFLPs, SSRs,
SNPs, etc. RAPD profiles of the plants under investigation clearly
distinguished the genetic variation of the three clones, irrespec-
tive of their planting location. The genotype of selected clones
were well apparent from the analysis using the three decamer
primers OPF-10, OPAI-6, and OPC-5. However, it should be noted
that individual plants of the same clone grown under different
environmental conditions showed no obvious genetic variation
in spite of the extremely divergent agro-climatic condition
that prevailed in those locations. Microsatellite analysis also
exhibited identical allele distribution for individual plants of
the same clone, irrespective of their planting location, while in-
ter-clonal allelic variations were very clear, which confirmed that
the three clones: RRII 105, RRIM 600, and PB 260 are genetically
distinct from each other. Thus, RAPD and microsatellite analysis
established the genetic variability as well as the genome stability
of the three clones grown under different environmental con-
ditions. The highly conserved nucleotide sequences of the
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Figure 6. Cytosine Methylation Analysis Results from CyMATE.
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respective promoter region of all the plants provided additional
support to the latter argument. Therefore, from the above
experiments, it was concluded that the three clones under study
have distinct genetic make-up and environmental factors are not
directly involved in the induction of any significant alteration in
the DNA sequence as such, at least in the selected genomic
regions.

McrBC RAPD

Since conventional genome analysis tools are incompetent to
explain epigenetic variations like DNA methylation, epigenetic
tools that could differentiate methylated and non-methylated
states of DNA were employed. McrBC is an endonuclease that
cleaves DNA-containing methylcytosine in one or both strands.
Since it will not act upon unmethylated DNA, McrBC is used as
a tool for determining the methylation status of nucleotides.
The smear observed on the gel when Hevea genomic DNA was
digested using McrBCis a good indication of the abundance of
methylated cytosines in its genome (Figure 10). However, the
genome-wide distribution of methylation in Hevea was further
established by the differences observed in RAPD profiles be-
tween McrBC-digested and undigested DNA of the correspond-
ing samples. The abundance of methylated sites within the
Hevea genome is clearly apparent from the additional number
of bands observed in the McrBCRAPD profiles compared to nor-
mal RAPD. In addition, the profile of each clone also explains
their unique epigeneticmake-up. The polymorphism that exists
between RRIM 600 and the other two clones in the case of
OPAC-5 and OPAI-6 despite the absence of any variation in nor-
mal RAPD ascertains this postulation. Absence of variation in
the banding pattern between individuals of the same clones
fromtwo locations is attributed merely to the lack of any meth-
ylation variation within the randomly amplified regions and it
need not be a global representation of the Hevea epigenome.

Restriction Digestion Using Isoschizomers

As methylation is a multifunctional phenomenon that is pres-
ent globally throughout the genome, there is every possibility
that it may modify the recognition site of several endonu-
cleases by binding to cytosines within those sequences and

the frequency of this may vary depending on the size as well
as the constitution of the genome (Detlev and Reuter, 2005). It
is estimated that around 25% of cytosines in plants are meth-
ylated whereas, in animals, it is only around 5% (Vaughn et al.,
2007). Thus, in plants, the probability of finding a large num-
ber of polymorphic DNA fragments subsequent to the meth-
ylation sensitive/insensitive isoschizomeric digestion of
genomic DNA is high. Since there were no previous records
of any kind regarding the presence of methyl groups in Hevea
genome, a simple digestion of genomic DNA with selected iso-
schizomers was expected to confirm the existence of methyl
groups in the DNA. The isochizomers Aval and BsoBl recognize
the sequence ‘CYCGRG’; however, Aval digestion is blocked if
the internal cytosine is methylated, whereas BsoBI will digest
the fragment irrespective of its methylation status. The
difference in digestion pattern when Ra1l DNA was digested
with this pair is a clear indication of the presence of
methylation in rubber genome and also at several positions.
The differentially digested fragments observed reiterate the
findings of McClelland et al. (1994) that endonucleases sensi-
tive to m5CpG or m5CpNG methylation, as well as iso-
schizomers that recognize identical sequences but show
differential sensitivity to methylation, provide information
about the level and distribution of methylation in eukaryotic
DNA. The Aval/BsoBI digestion polymorphism is a very good
indication of CG type of methylation, which appears more fre-
quently than CHG and CHH type in plants and mammals (Cokus
etal., 2008). A noticeable point is the distinct digestion pattern
of Rc1, which shows its epigenetic uniqueness. Unlike Ra1 and
Rb1, not much variation in the isochizomeric digestion pattern
in Rc1 exists, which points out the comparatively lower genome
methylation rate in PB 260 clones. The genetic lineage of Rc1
(PB260) may be the reason for thisuniqueness, sinceitis evolved
by crossing the Malaysian PB clones, PB49 X PB5/51, while the
similar patterns in Ra1 (RRII 105) and Rb1 (RRIM 600) may be
attributed to their common maternal parent Tjir1, which is ge-
netically distinct from PB clones (Saraswathyamma et al., 2000).
These assumptions are based on the fact that epigenetic factors
are inherited by the next generation, as in the case of genetic
characters (Kakutani, 2002). Similarly, Hpall and MsPl recognize

Graphical representation of methylation analysis results of all five gene promoters by CyMATE. The master sequence (unconverted) in first
position aligned with bisulfite sequences of respective samples.

Probable sites for the three classes of methylation (CGN, CHG, and CHH) as well as actually methylated sites in all the samples were identified
by the software and projected symbolically. Blocked symbols represent actual methylation, whereas unblocked ones represent potential
sites.

(A) A 288-bp region of the HMGR1 gene promoter in all the 12 samplesin 2007 and 2008. Clone-wise or location-wise methylation groupings
can be seen at the positions 68, 92, 134, 160, 185, and 200.

(B) A 229-bp region of the HMGS1 gene promoter in all the 12 samples in 2008. Location-wise methylation groupings can be seen at the
positions 46, 33, 75, 123, and 137.

(C) A 166-bp fragment from the FDP Synthase gene promoter of all the 12 samples in 2008. Clone-wise or location-wise methylation group-
ings can be seen at the positions15, 36, and 89.

(D) A 348-bp region of the REF gene promoter of all the 12 samples in 2008. Clone-wise or location-wise methylation groupings can be seen
at the positions 84, 104, 121, 143, and 192.

(E) A 167-bp region of the COI1 gene promoter of all the 12 samples in 2007 and 2008. Clone-wise or location -wise methylation groupings
can be seen at the positions 5, 26, 64, and 131.
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Figure 7. Average Methylation Density of the Three Types of
Methylation.

Graph showing the average methylation density for CGN, CHG, and
CHH types of methylation within the promoter region of HMGR,
HMGS, FDP, REF, and COI1 genes.

the sequence ‘CCGG’; however, Hpall is inactive if any of the
cytosines is fully methylated, whereas Mspl will digest even if
the second cytosine is methylated. The modest digestion of
DNA by the methylation-sensitive Hpall again points out the-
abundance of CGN type of methylation in Hevea, which might
have blocked the recognition sites of this enzyme. A clean
smear on the gel for the methylation-insensitive isochizomer
Mspl digest further corroborates the above statement. Due
to high fragmentation of genomic DNA, as evident from the
heavysmearing, Rb1and Ra1 digestion patters could not be dif-
ferentiated visually in this case. Similarly, not many differences
were noted in the PspGl/BstNI partial digestion, except in the
case of PB 260, where few faint bands were observed with
the methylation-insensitive BstNI, which again signifies its epi-
genetic uniqueness. All the above results suggest that methyl-
ation is present throughout Hevea genome and plants can be
differentiated based on their methylation pattern.

Promoter Analysis

Rubber Biosynthesis Pathway Genes

Methylation is generally found to be lower in promoter
regions and 5’ ends of genes when compared to other coding

and intronic regions (Suzuki and Bird, 2008; Lister et al., 2009;
Feng et al., 2010). The type of promoter methylation varies
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significantly from organism to organism and location to loca-
tion, but, due to their abundance in CG-rich regions, CGN type
is considered to be the dominant pattern both in mammalian
and plant promoters, whereas CHG seems to prevail mostly in
the repetitive and internal exonic regions of plants (Vaughn
et al., 2007; Cokus et al., 2008). Though FDP, REF, and COI1
promoter regions showed more CGN-type patterns, as
expected, HMGR and HMGS were surprisingly dominated by
CHG and CHH types, with CGN totally missing in HMGS. How-
ever, the above results may not be a true representation of the
methylation status of the entire Hevea genome due to the
smaller size of analyzed genomic regions. However, it is very
likely that CHG type may be a prominent methylation pattern
in Hevea, which is very unique to the species.

Since regulatory regions are known to contribute to the
complex mechanisms governing eukaryotic gene expression,
variant methylation patterns at specific transcription-factor
binding sites within regulatory regions may result in temporal
and tissue-specific patterns of gene expression (Tierney et al.,
2000; Choy et al., 2010; Hervouet et al., 2010). Here, in this study,
site-specific methylations were identified in the promoter re-
gion of rubber biosynthesis genes like HMGR1, HMGS1, FDP,
and REF by bisulfite sequencing. Methylation of the CAAT-
box within the latex biosynthesis genes is of special interest be-
cause genes that have this element seem to require it to be tran-
scribed in sufficient quantities and any mutation in this site may
resultin a substantial decrease in promoter activity (Weber etal.,
2007). As per Deng et al. (2001), DNA methylation within or near
sequences of a positive cis-element (enhancer) interferes with
the binding of a cognate transcription factor to this cis-element,
which, in turn, causes Transcriptional Gene Silencing (TGS).
Since CAAT-box sequences in promoters are enhancers known
for their target site regulation and influence on the transcrip-
tional initiation frequency, methylation of such elements
upstream of rubber biosynthesis genes may severely affect their
transcription. As HMGR1 is considered as one of the rate-limit-
ing enzymes in the latex biosynthesis process, site-specific meth-
ylation in the CAAT-box within HMGRI gene promoter of Ea1l
and Ea2 may down-regulate its expression, which could result
in reduced latex production. The similar trend observed in the
other two important genes (HMGS and FDP) in the pathway
strongly support the above argument. Since CAAT-box methyl-
ation of these genes was not present in the control plants of the
same clones at RRIl campus (Ra1 and Ra2), this epigenetic mu-
tation may be endorsed essentially to the cold stress encoun-
tered by the plants in Elappara region. The visible lag in the
growth rate of RRII 105 plants in Elappara compared to its con-
trol, combined with the absence of CAAT methylation in RRIM
600 and PB 260 clones, further supports this finding. The critical
role of CAAT-box in stress-induced regulatory process was well
described in Arabidopsis, in which a low-temperature regula-
tory pathway called the CBF cold response pathway was found
to be the key participant in the cold acclimation process (Kumar
et al.,, 2009; LindIof et al., 2009). Studies by Guy (1999) and
Yamaguchi-Shinozaki and Shinozaki (2005) also exemplified
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HMGR1- CAAT box

Ra1

Ra2

-
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Figure 8. Chromatogram Showing Site-Specific Methylation.

Bisulfite-converted portion of the HMGR gene promoter region highlighting the CAAT-box. The arrow shows the methylation status of
cytosine within the cis-acting CAAT-box in RRIl 105 control and test plants during 2008.

In 2008, RRII 105 plants at RRIl campus (Ra1 and Ra2) were not methylated whereas those at Elappara (Ea1 and Ea2) were methylated.
[Presence of thymine instead of cytosine in the same site indicate demethylated status. After bisulfite treatment, all cytosines were con-
verted to thymines, except the methylated one, as shown in the figure.]

that the promoter regions of cold-induced and cold-affected
genes include the DNA regulatory element, CAAT binding
box, which a class of DNA binding proteins called CBF proteins
use to bind when the plants are under cold stress. According to
their observations, these proteins were not expressed when
plants were grown at normal temperature but, under lower
temperatures, they were expressed and seen bound to their re-
spective motifs controlling the expression of concerned genes,
thereby imparting stress tolerance on the plant. If DNA-binding
sites are specifically blocked by methyl groups, access to these
sites by CBF proteins will be limited, resulting in a disrupted CBF
cold-responsive pathway, making the plant more vulnerable to
low temperatures. This phenomenon is expected in the case of
Hevea also, since HMGR, HMGS, and FDP are among the cascade
of genes involved in imparting stress tolerance on plants
(Munné-Bosche et al., 2009). As the exact way by which CBF pro-

tein regulates the gene expression downstream is not fully
known, the precise outcome of methylation on CBF protein-
mediated gene regulation could not be predicted at this stage.
Given that no methylation changes were observed for the other
two clones, it is assumed that their genome is more stable under
the conditions studied, which further emphasizes the sensitivity
of RRII 105 to environmental variations. The paradoxical meth-
ylation of REF ‘CAAT-box’ in all the samples may be attributed to
its isoprene polymerization function rather than biosynthesis or
stress-tolerant properties of other genes.

Jasmonates act as signaling compounds for the production
of phytoalexins like terpenoids, glycosteroids, and alkaloids,
which are all plant defense-related compounds (Seong-Ryong
et al., 1993). The Jasmonate signal often spreads systemically
throughout the plant and is a major component of systemic
acquired resistance (Chinnusamy and Zhu, 2009). This process is

¥T0zZ ‘€T |1udy uo Arliqi] Asiealun BuisH Buny) feuoiren e /610'sfeulno[pioxo-ue dwy/:dny wouy papeojumoq


http://mplant.oxfordjournals.org/
http://mplant.oxfordjournals.org/

Figure 9. MS-PCR of HMGR Gene Promoter.

Methylation-specific PCR results of a representative CG-rich region
within the HMGR genepromoter.

Lane No. 1: Marker, 2: Control (normal Ra1 DNA, amplified using
normal HMGR1 promoter specific primer), Lane Nos 3, 5, 7, 9, 11,
and 13 (template DNA-bisulfite-treated DNA of Ra1, Eal, Rb1,
Eb1, Rc1, and Ec1; primer-methylation-sensitive). Lane Nos 4, 6,
8, 10, 12, and 14 (template DNA-bisulfite-treated DNA of Ral,
Eal, Rb1, Eb1, Rc1, and Ec1; primer-methylation-insensitive).
Among the selected Elappara samples, only Ea1 is showing ampli-
fication with methylation-sensitive primers, indicating methylation
in RRIl 105 plants at Elappara.

C 15min 30min 60 min

—— ey

Figure 10. McrBC Digestion of Hevea Genomic DNA.

One ng of genomic DNA digested with 10 units of McrBC enzyme in
30-ul reaction volume. Reaction mix incubated at 37°C for 15 min,
30 min, 60 min, and loaded on 1% agarose gel along with undi-
gested sample to check the extent of digestion.

Lane 1: Undigested RRII 105 genomic DNA, Lane 2: 15-min incuba-
tion, Lane 3: 30-min incubation, Lane 4: 60-min incubation.

mediated by the co-regulation of several genes involved using
their methyl jasmonate-responsive cis-regulatory elements like
CGTCA (Rouster et al., 1997; He and Gan, 2001). Therefore, it is as-
sumed that the methylation/demethylation of this major regula-
tory motif may have some role in the methyl jasmonate response
system of the plant. The selective demethylation of HMGR1
'CGTCAmotif' ofallRRII 105and PB 260 plantsatElapparaisagood
indication of the influence of environment on this response sys-
tem. RRII 105 exhibited similar trends in FDP promoter also, but
the discrepancy shown by PB 260 clones remains puzzling. It
should be noted that CGTCA motif within HMGR1 as well as
FDP of all RRIM 600 plants appeared consistently demethylated,
whichshowsitsepigeneticuniquenessandstability. The demethy-
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lated status of the CATT motif within HMGR 1 promoter of Ea1and
Ea2 at Elappara also emphasizes the sensitivity of RRII 105 towards
environmental variations. Similar rendering of PB 260 is obvious
fromthe changing methylation status of this light-responsive mo-
tif in Ec1 and Ec2 plants, even though Ec1 was methylated in the
second year only. Another interesting observation that again
highlights the temperature sensitivity of RRIl 105 clone was its
methylation trend at LTR within the HMGR1 promoter. The deme-
thylated status of Ea1 and Ea2 is a very good indication of the sen-
sitivity of RRI 105to external temperaturevariations. In the case of
Ea2, subsequent methylation in the second year may be due to its
fasteracclimatizationthan Eal.Thesamereasoncanbeattributed
to the similar trend shown by both Ec1 and Ec2 at this site in the
second year. It may be noted that, during 2007, the plants were
only 1.5 years old in the field and the PB clones might have adap-
ted to the conditions within a period of 1 year, after which the
temperature variations may not be having much impact on them.
The consistent methylation at LTR motif by the clone RRIM 600 for
the entire period of study asserts the robustness of its epigenomes
as well as their steady rate of rubber biosynthesis. Another RRII
105-specific pattern was observed in the TC-rich repeats involved
in defense and stress responsiveness. It is inferred that this unique
clone-specific methylation pattern is making RRIl 105 clones sus-
ceptible to environmental fluctuations at the same time, contrib-
uting towards higher yield by blocking the transcription factor-
mediated down-regulation of the genes downstream.

Like Jasmonates, Gibberellins (GA) were also known to play
importantrolesin mediating the effects of environmental stim-
uli on plant development. The regulation of biosynthetic
pathway-related gene transcription by active GA levels and
the influence of environmental factors such as light and
temperature on altering these levels has been well explained
by Yamaguchi and Kamiya (2000). Moreover, the cis-acting
Gibberellin response elements (GARE) and their role in escalat-
ing transcription rate in the presence of Gibberellins are also
well known (Rogers et al., 1994). Since isoprenoids are the
precursors for Gibberlin biosynthesis, low levels of their expres-
sion will ultimately result in fewer Gibberellins allowing the
accumulation of DELLAs (a family of nuclear growth-repressing
proteins whose degradation is stimulated by Gibberellins),
which may finally result in reduced plant growth. The presence
of amethylated GARE motifinthe HMGS gene promoter region
of RRII 105 is supposed to have the same effect on plant growth
as mentioned above.

Salicylic acid (SA) is another important endogenous regula-
tory signal molecule in plants known to play a major role in
abiotic stress responses for low and high temperature, UV-B
irradiation, ozone, and heavy metals apart from biotic stress
(Hayat et al., 2007). The clone-specific demethylation of the
cis-acting TCA element (CAGAAAAGGA) involved in salicylic
acid responsiveness within the REF promoter region is assumed
to be an epigenetic mutation unique to RRII 105. The exclusive
demethylation of this element in RRII 105 plants suggests an
increased possibility of a unique way of salicylic acid response
in RRII 105. Since the site seems to be methylated in the other

¥T0zZ ‘€T |1udy uo Arliqi] Asiealun BuisH Buny) feuoiren e /610'sfeulno[pioxo-ue dwy/:dny wouy papeojumoq


http://mplant.oxfordjournals.org/
http://mplant.oxfordjournals.org/

1008 Uthup et al. ® DNA Methylation Variations in Hevea

two clones, salicylic acid response is believed to have no
influence on their REF gene.

Retrospectively, the selective demethylation of the canoni-
cal HSE motif within the HMGS gene promoter in Eal and Ea2
is supposed to have some direct or indirect role in heat stress
response-mediated gene regulation in RRII 105 planted at
Elappara. As mentioned earlier, the presence of methyl groups
in all other samples underline the uniqueness and sensitivity of
RRII 105 to temperature variations, whereas such responses
appear to be non-obligatory for the survival of the other
two clones. The complete absence of methylation near the
proximity of the TATA-box of all the four rubber biosynthesis
genes is a clear indication of the incidence of their active
transcription, even though at varied levels.

COI1 Promoter Analysis

Cronatine insensitive1 gene isa common defense-related gene
that encodes an F-box protein to assemble SCFCOI1 complexes
essential for a response to Jasmonate-mediated defense and
reproduction in plants (Xie et al., 1998). A methylated cytosine
proximal to the COI1 TATA-box of RRIl 105 and RRIM 600 plants
suggests that transcription of this gene may be severely af-
fected in these clones. Methylation of CAAT-box further sup-
ports this argument, even though it was present only in RRII
105 plants. Since COI1 gene is a major defense-related gene,
methylation of key motifs like TATA and CAAT may result in
reduced expression rate of the gene, which will naturally make
the plant more susceptible to pathogen attack. Alternatively,
the presence of E2Fb transcription factor binding site in this
gene promoter suggests its involvement in the regulation of
cell division also. Therefore, an obstruction in this transcription
factor binding site is presumed to affect the growth rate of the
plant, as evidenced by the growth characteristics of RRIl 105
plant at Elappara. The noticeable methylation at base position
138 in all the samples appears to be a permanent one that may
be unique to Hevea species. Such patterns have the potential
to be developed as a species-specific epigenetic marker for
epigenetic lineage analysis studies in H. brasiliensis.

Other than the regulatory sites mentioned above, a proper
explanation for the random methylation/demethylation
observed at several sites and identified motifs of five genes
analyzed requires extensive investigation. Some of the
random patterns across the samples may be due to either
temporary methylation resulting from minor encounter with
different stressed conditions or bisulfite sequencing errors.
Since gene-expression studies and estimation of the exact
outcome of each and every site-specific methylation/demethy-
lation on phenotype are beyond the scope of this study, the
following results can only be treated as part of propable stress
control mechanism in plant systems.

Methylation-Specific-PCR

MS-PCR is a simple, sensitive, and specific method for deter-
mining the methylation status of virtually any CpG-rich region
(Herman et al., 1996). Primers were designed that can

distinguish methylated from unmethylated DNA in bisulfite-
modified DNA, taking advantage of the bisulfite-induced
sequence differences. The present study employed methyla-
tion sensitive/insensitive primer combinations targeted at
a single locus at base position 160 of the HMGR1 gene, which
appeared methylated in the RRIl 105 plant from Elappara
(Ea1) and unmethylated in all the other plants tested. The
positive amplification obtained using methylation-sensitive
primer on Ea1 is well in agreement with the bisulfite sequenc-
ing result. The absence of amplicon when insensitive primers
were used on Ea1 DNA further corroborates the above results.
Failure of methylation-sensitive primers and success of meth-
ylation- insensitive primers in rest of the samples emphasize
the accuracy of bisulfite sequencing result.

Based on the general trend observed, it is inferred that the
methylation pattern is more or less the same for plants of the
same clone grown at the same location. A clear location-wise
difference in methylation pattern was observed in the case of
RRII 105 plants at several key regulatory sites, whereas RRIM
600 and PB 260 plants were found to be epigenetically more
stable. Preliminary methylation analysis of a few rubber bio-
synthesis gene promoter regions showed that certain key reg-
ulatory sites had been blocked, especially in the case of RRII
105 clone planted in Elappara, which might negatively affect
their gene-expression rate, while their counterparts in RRII
campus remained unmethylated. Alternatively, PB 260 clones
demonstrated trivial methylation flux whereas RRIM 600 was
found to have significant epigenetic stability in terms of meth-
ylation in the selected regions. The explicit site-specific meth-
ylation patterns in the promoter regions of selected genes and
the variation in these patterns from clone to clone and loca-
tion to location is a clear indication of the environmental
interaction on the genome of Hevea. In general, itis concluded
that stress is having a direct impact on rubber genome and is
responsible for the methylation and demethylation of specific
sites. This is the first report of its kind regarding the methyla-
tion status of gene promoters in any tree species and the obser-
vations from this study are supposed to aid in the development
of clone-specific and location-specific markers for the evolve-
ment of new location-specific high-yielding Hevea clones.
Above all, these results furnish certain hints to the understand-
ing of the fundamental molecular mechanisms by which plants
interact with their external environment.

METHODS

Sampling and Genomic DNA Isolation

Three popular rubber clones (RRII 105, RRIM 600, and PB 260)
were selected for the study. RRII 105 is a high-yielding Indian
clone that is widely cultivated in southern India. It is found
to be sensitive to cold and drought conditions. RRIM 600 is
a high-yielding Malaysian clone widely cultivated in all rub-
ber-growing countries and is one of the highest-yielding rubber
clone available. PB 260 is yet another high-yielding Malaysian
clone. Both RRIM 600 and PB 260 are supposed to be more
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cold-tolerant than RRIl 105 as per field trial information. Two
plants each of the above clones from two climatically different
regions, namely Elappara and Rubber Research Institute of India
(RRII) campus were selected for the study. Elappara range forms
part of the Western Ghats, a mountain range along the western
side of India where the temperature varies from 5°C at night to
25°C at midday—far lower than the surrounding low-lying areas.
RRII campus has a typical tropical climate, with a temperature in
the range of 20-35°C throughout the year, with high humidity
and precipitation, suitable for rubber cultivation. Therefore,
plants grown at RRIl campus were taken as control and those
at Elappara, which are under cold stress, as test plants. Sample
details are as given in Table 1.

DNA isolation: tender sprouts were collected from the
selected plants during December 2007 and 2008. Genomic
DNA was isolated by CTAB protocol as described (Doyle and
Doyle, 1990). The isolated DNA was quantified using Nanodrop
(Thermo Scientific Inc.) and stored at 4°C until further analysis.

Marker Analysis
RAPD and Microsatellites (SSR)

A set of polymorphic RAPD markers well established in rubber
were tested on genomic DNA isolated from Ra1, Ra2, Ea1l, Ea2,
Rb1, Rb2, Eb1, Eb2, Rc1, Rc2, Ec1, and Ec2 plants. The decamer
primers, OPF-10, OPAI-6, and OPC-5 from the Operon primer kit
(Operon Technologies, USA) were selected for the final PCR
analysis. PCR amplification was performed as per standard pro-
cedure and products analyzed on 1.5% agarose gel and
documented. SSR markers like CT-16, CT-19, and CT-1 were also
used to establish the intraclonal similarity and interclonal var-
iability of the above set of plants. Reactions were performed as
per standard conditions given elsewhere and products analyzed
by running them on a 6% denaturing polyacrylamide gel
containing 7 M urea followed by detection using the silver-
staining method (Saha et al., unpublished).

McrBC RAPD

One microgram genomic DNA of all the 12 samples collected dur-
ing 2007 and 2008 were digested using 10 U of McrBC enzyme
(New England Biolabs) and incubated at 37°C overnight as per
the manufacturer's recommendations. The overnight-digested
products were uniformly diluted to 10 ng pl ~'and used as a tem-
plate forRAPD. Primer combinations were the same as used earlier.

Restriction Digestion Analysis Using Methylation-
Sensitive/Insensitive Isoschizomers

Thefollowingcombinationsof methylation-sensitiveandinsen-
sitive isoschizomers were used for the restriction digestion
analysis of genomic DNA of the three clones: Hpall/Mspl,
Aval/BsoBl, and PspGl/BstNI (all enzymes from NEB, USA). Ra1,
Rb1, and Rc1 DNA were digested using all the three combina-
tions. Five micrograms of genomic DNA was digested with
20 U of respective enzyme in a 50-pul reaction mix. The reaction
mixwasincubated as perthe manufacturer’'srecommendations.
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The digested products were analyzed on 1% agarose gel and
profile documented. In order to compare the digestion pattern
of the three clones from RRIl campus as well as Elappara,
digestion using methylation-sensitive enzymes (Hpall, Aval,
and PspGl) were also performed, on DNA of Ra1 and Ea1, Rb1
and Eb1, and Rc1 and Ec1 respectively (not shown).

Regulatory Motif Search and Bisulfite PCR Primer
Designing

Fourteen promotersequences of REF gene, nine of HMGR, five of
HMGS, six of FDP, and two of COI1 were obtained via the ENTREZ
search tool of the nucleotide database at NCBI. Multiple short
sequences of each gene were aligned using DNASIS® MAX v3.0
(Hitachi Software Engineering, USA) to obtain a contig. The con-
tigsobtained weresubjected toregulatory sequence search anal-
ysis using the online database at plantCARE (Lescot et al., 2002).
The cis-regulatory elements present in each sequence were lo-
cated and their putative functions and base position identified.
The contigs were then used to design bisulfite sequencing primes
using the online tool, MethPrimer (Li and Dahiya, 2002). The fol-
lowing parameters like optimum product size (~200 bp), T,
(~55°C), primer size (~25 bases) were taken into consideration
for primer designing. Primers were designed so that they flanked
the CG-rich regions of the promoter sequence. All primers for bi-
sulfite sequencingwere designed avoiding CpGsinthesequence.
Simultaneously, conventional primers were also designed using
the Primer3 software for the amplification of respective pro-
moter regions from the untreated DNA, which serves as the mas-
ter sequence for bisulfite sequence analysis. All the primers were
synthesized by Ocimum Biosolutions, Hyderabad.

Bisulfite Sequencing

Bisulfite conversion of genomic DNA was performed using the
EpiTect Bisulfite Kit (Qiagen GmbH). One microgram of each sam-
ple was converted as per the manufacturer’s recommendation.
Purified converted DNA was stored at —20°C for bisulfite PCR.
Bisulfite PCR using Several primer combinations were tried for
each gene promoter to obtain a single clear band and the best
pair that gave a unique band of expected size was selected for
the final analysis. Details of the normal as well as selected bisul-
fite PCR primer pairs used for each gene are as given in Table 2.
PCR amplification was performed in a total volume of 50 ul con-
taining 100 ng of bisulfite-treated template DNA with 0.5 uM of
each primer, 0.2 mM of each dNTP, 2 U of Taq DNA polymerase
(GE Health Care Life Sciences), and 5 pl of DNA polymerase
buffer (100 mM Tris-HCL, pH 9, 500 mM KCL, 20 mM MgCl,).
PCR conditions were as follows. An initial denaturation of
94°C for 10 min was followed by 94°C for 30s, *°C for 30 s
(annealing temperature for each primer given in Table 2),
72°C for 30 s for a total of 40 cycles, 10 min at 72°C, hold at
4°C. PCR products were run on 2% agarose gels along with
DNA ladder (Lamda DNA EcoRI+HindIll digest, Promega Inc.)
to estimate the size of the product. Amplified products were
eluted from gel using illustra GFX gel extraction kit (GE Health-
care). The eluted products were cloned into the pGEMT easy
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Table 2. Primer Details.

Primer Expected Product *Annealing  Expected
Promoter Name Primer Name and Sequence Type Size (bp) Temp. (°C) No. of CpGs
HMG-CoA reductase HMGP-F 5'-TGCTA TCTATCATCAATTCAGC-3' Normal 706 58 NA
HMGP-R 5'- AGAGGCAATGAGGGAGACAA-3'
BHMG4- F 5'-GTAAAAAAAAAAAATAATAAAGTAG-3' Bisulfite 288 56.2 14
BHMG4- R 5'-TCCTCAACRAATATAACATACTTTC-3'
HMG-CoA synthase HMGSP-F 5'-AGTCTCTCTTTTTCTCTCCTTGC-3’ Normal 330 56 NA
HMGSP-R 5'-GTGTATTTCCCTTTGCTTGC-3'
BHMGS2- F 5'-TTTTTTTTGTTGTTTTTAGGGA-3' Bisulfite 229 55.8 3
BHMGS2- R 5'-ATTCCCACATTCTTTACCATTT-3'
Rubber elongation REFP-F 5'-CCCCATTCTAAATCGACTTCTG-3’ Normal 663 59 NA
factor REFP-R 5'-CCTCCCCCTGCTGTTAATTT-3’
BREF2-F 5'-AATYGATTTTTGGAATTGGGATG-3’ Bisulfite 348 53 16
BREF2-R 5'-RTACCCCTTATTAATTATCT-3'
Farnasyl diphosphate FDPP-F 5'-GTAGCCACAACGCCAAGAAC-3’ Normal 325 55 NA
synthase FDPP-R 5'-TCAATTACAGAAAGCCCCCTA-3'
BFDP1-F 5'-GGATTTGAAGTTAAT TTGAAGG-3' Bisulfite 166 57 4
BFDP1-R 5'-ACTATCAATTACAAAAAACCCCCTATT-3’
Coronatine-insensitive 1 COIP-F 5'-CCCCCTCCATAAATCCCAGA-3’ Normal 812 60 NA
COIP-R 5'-CGTGTAAGGGCATCAAGCTCA-3’
BCOIR1-F 5'-AAGTTATGGAAGAGGAGAATTAGAGTAA-3’ Bisulfite 167 54.5 13

BCOIR1-R 5'-TATAAAAACATCAAACTCATACCAAC-3’

vector system (Promega, USA) followed by transformation in E-
coli cells (DH50). Eight to twelve white colonies were selected
from the X-Gal/IPTG plates and colony PCR was performed using
vector-directed primers to confirm the presence of inserts based
on their expected fragment size. Eight to 10 positive colonies
from each plate were inoculated into LB medium with ampicillin
for plasmid isolation. Plasmids were isolated and sequenced at
Macrogen Inc., Korea. Simultaneously, the master sequences for
the study were obtained by amplifying, cloning, and sequencing
the selected regions of all the five genes from unconverted ge-
nomic DNA samples using standard PCR conditions. For HMGR1
and COI1 gene promoter regions, data were collected for two
consecutive years (2007-2008) and, for the other three, bisulfite
analysis was carried out on 2008 samples only.

Sequence Analysis

The master sequences and the bisulfite-converted sequences
were trimmed and aligned using CLUSTAL-W software. ‘txt’ files
with master sequence and clone sequences were created for all
the gene promotersseparately. The input files were then savedin
interleaved format (indicated by ‘aln’ file extension). The aligned
sequencefileswiththe mastersequencesinthefirstpositionwere
fed to the online methylation sequence analysis software CyM-
ATE (Hetzl et al., 2007) and the results were retrieved from the
e-maillDgiven.Theresulting e-mail had outputfilessuch asacon-
verted alignment file for repeated analysis, a summary of the
analysis (txt file), graphical representation of results (PDF), and
amessage log file (txt file). Since the 10 bacterial clone sequences
of respective gene promoters of each sample were exact repli-
cates, onerepresentative sequence persample foreachgene pro-

moter was taken for the final analysis for the sake of obtaining
a compact graphical output.

Methylation-Specific-PCR

In order to counter-check the bisulfite sequencing results,
methylation-specific PCR (MS-PCR) was carried out targeting
a representative CpG block within the HMGR1 promoter (base
position 160) of Ra1, Ea1l, Rb1, Eb1, Rc1, and Ec1 plants. Meth-
ylation-sensitive/insensitive primer pairs were designed using
the Methyl express software (ABI) to give a pcr amplicon of
260-bp size. PCR amplification was carried out using the meth-
ylation-sensitive primers 5-AGGGTGGTTTAGAACGTTATTC-3’
(forward) and 5'-AAATAATCGAAAAACGATCCTC-3' (reverse)
as well as methylation-insensitive primers 5-TTAAGGGTGGTT-
TAGAATGTTATTT-3' (forward) and 5'- AAATAATCAAAAAA-
CAATCCTCAACGC-3' (reverse) on bisulfite-treated DNA of all
samples as per the reaction conditions specified by Herman
et al. (1996). PCR products (20 pl) were loaded on 2% agarose
gel, stained with ethidium bromide, and visualized under UV
illumination.
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