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First evidence of DNA methylation
in insect Tribolium castaneum

Environmental regulation of DNA methylation
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DNA methylation has been studied in many eukaryotic organisms, in particular vertebrates, and was implicated in
developmental and phenotypic variations. Little is known about the role of DNA methylation in invertebrates, although
insects are considered as excellent models for studying the evolution of DNA methylation. In the red flour beetle,
Tribolium castaneum (Tenebrionidae, Coleoptera), no evidence of DNA methylation has been found till now. In this paper,
a cytosine methylation in Tribolium castaneum embryos was detected by methylation sensitive restriction endonucleases
and immuno-dot blot assay. DNA methylation in embryos is followed by a global demethylation in larvae, pupae and
adults. DNA demethylation seems to proceed actively through 5-hydroxymethylcytosine, most probably by the action of
TET enzyme. Bisulfite sequencing of a highly abundant satellite DNA located in pericentromeric heterochromatin revealed
similar profile of cytosine methylation in adults and embryos. Cytosine methylation was not only restricted to CpG sites
but was found at CpA, CpT and CpC sites. In addition, complete cytosine demethylation of heterochromatic satellite
DNA was induced by heat stress. The results reveal existence of DNA methylation cycling in T. castaneum ranging from
strong overall cytosine methylation in embryos to a weak DNA methylation in other developmental stages. Nevertheless,
DNA methylation is preserved within heterochromatin during development, indicating its role in heterochromatin
formation and maintenance. It is, however, strongly affected by heat stress, suggesting a role for DNA methylation in
heterochromatin structure modulation during heat stress response.

Introduction

Methylation of cytosine is widely spread in eukaryotes and seems
to be important for transcriptional regulation, heterochroma-
tin formation and transposon inactivation.' In mammals, cyto-
sine methylation represents the epigenetic mark responsible for
genomic imprinting.? DNA methylation occurs in vertebrates
predominantly at CpG sites and approximately 60% to 90%
of CpG dinucleotides are methylated globally throughout the
genome.” Presence of 5-methylcytosine has been reported in sev-
eral insects (for a review see ref. 4), but the number of methyl-
ated CpGs is significantly lower than in vertebrates, as revealed
by the whole genome methylation analysis of the silk worm
Bombyx mori,’ and honey bee Apis mellifera.® In the honey bee
A.mellifera, DNA methylation has been implicated in the regula-
tion of phenotypic plasticity and seems to determine the devel-
opmental fates in response to environmental signals.” However,
further research is required to fully understand the role of DNA
methylation in this evolutionarily diverse class.®’

The beetle Tribolium castaneum is an important pest of stored
products and a powerful model organism for the study of insect
development. Until now, no evidence of genomic methylation in
T. castaneum adults was demonstrated.”® In addition to 7. casta-
neum, a near-total lack of DNA methylation was reported in the
fruit fly Drosophila melanogaster as well as in mosquito Anopheles
gambiae The currently available genome sequence of 7. casta-
neum seems to encode for DNA methyltransferases DNMT1 and
DNMT?2 and for MBD (methyl-CpG-binding domain) pro-
teins.'? DNMT1 and DNMT?3 are generally considered neces-
sary to a functional DNA methylation system and the absence of
DNMT3 in 7. castaneum is proposed to be associated with the
loss of DNA methylation.” Intriguingly, the same set of DNMTs
asin 7. castaneum is found in the silk worm B. mori, but this spe-
cies exhibits genomic methylation, although at low level.’

In insects, DNA methylation seems to be specific for intra-
genic regions while transposons and other intergenic repetitive
elements are largely unmethylated.>'*'* However, there are exam-
ples of strongly methylated interspersed repetitive DNA and genes
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in the stick insect Medauroidea extraden- | A
tata.® The genome of the Lepidoptera
Mamestra brassicae has a vertebrate-like
content of methylcytosine but, using the
methylation sensitive restriction enzyme
assay, no evidence of CpG methylation
was demonstrated on repetitive DNA
such as transposons, rDNA and the
MBSATT1 satellite DNA.'*" In the aphid
Aphis nerii (Hemiptera), heterochroma-
tin seems to be assembled and condensed
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without involvement of DNA methyla-
tion, which is restricted to euchroma-
tin.'® These results seem to argue against
a classical role for DNA methylation in
transposon silencing and in control of
heterochromatin formation via satellite
DNA methylation. Furthermore, the
intragenic DNA methylation character-
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istic of insects might be involved in the

regulation of gene expression through
mRNA splicing.”

In plants and mammals, DNA
demethylation takes place in germ
cells and early embryos during epigen-
etic reprogramming, representing a key
mechanism during early development.'
Demethylation of mammalian promoters

is also prone to dynamic changes influ-

Figure 1. (A) Agarose gel electrophoresis of equivalent amounts of genomic DNA from 3 d old
embryos, larvae, pupae and adults digested using: Hin6l restriction enzyme (lanes: 1, embryos with
plasmid pUC18R as a control of digestion; 2, embryos; 3, larvae; 4, pupae; 5, adults). (B) Methyla-
tion-sensitive restriction enzyme Hpall (lanes: 2, embryos; 5, adults) and with the methylation-
insensitive restriction enzyme Mspl (lanes: 3, embryos; 6, adults). Undigested DNA from embryos
and adults is present in lanes 1 and 4, respectively. (C) Methylation specific Glal enzyme digestion
of DNAs from embryos (lane 2) and from adults (lane 4) compared with the undigested controls
(lanes: 1, embryos; 3, adults). (D) PvuRts1l enzyme digestion of DNA from embryos, larvae, pupae
and adults (lanes 1, 2, 3 and 4 respectively) compared with the undigested controls (ND). The tracks
labeled L contain GeneRuler Ladder mix (Fermentas).

encing gene expression.’>?' In insects,

the role of DNA demethylation is still unexplored. It is unknown
whether DNA demethylation is critical during development and
if methylation cycling exists in insects. Here we demonstrate a
global cytosine methylation in the red flour beetle 7. castaneum
in the embryonic stage followed by demethylation during the
first step of metamorphosis and in the remaining developmen-
tal phases. In order to study if DNA methylation plays a role in
heterochromatin formation and regulation in 7. castaneum, we
performed DNA methylation analysis within highly abundant
pericentromeric satellite. DNA TCAST, which makes 35% of
the genome,? using bisulfite sequencing. Constant methylation
of cytosine within heterochromatic satellite DNA was detected
in all developmental stages. In heat-shock treated beetles, over-
expression of satellite DNA was accompanied by strong satellite
DNA demethylation.

Our results show, for the first time, the presence of DNA
methylation in 7. castaneum embryos. Using sensitive bisulfite
sequencing, we revealed cytosine methylation within heterochro-
matic DNA in embryos and adults. This methylation is modu-
lated by environmental stress.

Results
Detection of DNA methylation in 7. castaneum genome.

Using methylation sensitive restriction endonucleases (MSRE),
a comparative differential cleavage pattern between genomic
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DNAs from different developmental stages of 7. castaneum was
detected. Digestion of genomic DNAs using the methylation
sensitive restriction enzyme Hin6l (GCGC) revealed an almost
complete digestion pattern in larvae, pupae and adults relative
to embryos (Fig. 1A). The comparison of digestion profiles
indicates significant level of cytosine methylation at CpG sites
in embryos relative to the low methylation level in other three
developmental phases.

The same result was detected using a pair of isoschizomers,
Hpall (sensitive to methylation) and Mspl (methylation insen-
sitive), that recognize the target sequence CCGG. Genomic
DNA from embryos was significantly digested by Mspl (Fig. 1B,
lane 3) relative to Hpall (Fig. 1B, lane 2), which showed profile
very similar to the undigested control (Fig. 1B, lane 1). Unlike
embryos, no obvious differences were found in adults between
the digestion patterns of Hpall and Mspl (Fig. 1B, lanes 5 and
6), and both enzymes revealed significant digestion relative to the
control (Fig. 1B, lane 4). These results argue again in favor of a
significantly higher CpG methylation in embryos than in larvae,
pupae and adults.

In addition, to confirm the developmental stage-specific CpG
methylation, genomic DNAs from embryos and adults were
digested with the methylation-specific enzyme Glal, an isos-
chizomer of Hin6l, which cleaves only C5-methylated DNA and
does notcutunmodified DNA and DNA with N4-methylcytosines
(Fig. 1C). Theresultsshowsignificantdigestion ofembryonicDNA
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by Glal (Fig. 1C, lane 2) relative to the undigested control DNA
(Fig. 1C, lane 1), contrary to adult DNA, which is poorly digested
by Glal relative to the control (Fig. 1C, lanes 3 and 4). As a posi-
tive control of complete digestion with G/al, a methylated linear-
ized plasmid pHspAI2/Gsal of 4,118 bp in size, containing one
Glal site, was used (not shown). These results confirm an overall
CpG methylation in GCGC sites restricted to embryonic stage
and a CpG demethylation in adult stage. Identical results were
obtained using embryos of different age (3—24 h) and adults of
different gender (not shown), indicating an early occurrence of
CpG methylation in zygote and excluding overall gender-specific
CpG methylation.

Cytosine demethylation observed during 7. castaneum devel-
opment can occur passively in the absence of methylation of
newly synthesized DNA strands during replication or actively, via
direct removal of a methyl group. The TET family of enzymes
are considered to be responsible for active demethylation process,
by catalyzing the production of 5-hydroxymethylcytosine (5-
hmC) from 5- methylcytosine (5-mC).? A hypothetical protein,
TcasGA2_TCO013798, present in Tribolium castaneum GenBank
under accession number EFA03694.1, shows conserved domains
highly homologous to TET enzymes of different organisms.
The presence of 5-hmC in 7. castaneum genomic DNA was fol-
lowed using PvuRtsll restriction enzyme (recognition sequence:
"mCN11-12/N9-10G), which cleaves 5-hmC DNA specifically
and does not digest 5-methylcytosine residues or unmethyl-
ated DNA. Genomic DNA from all developmental stages was
digested with PvuResl] enzyme and the digested samples were
compared with the same amount of undigested DNA (Fig. 1D).
Strong evidence of digestion was detected only in larvae and
pupae DNA while samples corresponding to embryos and adults
DNA were either not digested or very poorly digested (Fig. 1D).
This experiment using PvuRtslI restriction enzyme indicates, for
the first time, the presence of 5-hydroxymethylcytosine in 7. cas-
taneum, with strong indication of its presence limited mainly to
larvae and pupae developmental stages.

The presence of cytosine methylation in 7. castaneum genomic
DNA was also checked by immunological reaction, using an
antibody specific for 5-methylcytosine. The immuno-dot blot
assay performed using serial dilutions of genomic DNA, from
100 ng to 12.5 ng, from all stages of development, revealed strong
signal intensity in embryos (Fig. 2). In larvae, a weak signal is
visible only at a dot corresponding to the highest DNA amount
(Fig. 2, dot 1B), indicating that the level of 5-mC in this devel-
opmental phase is at least ten times lower than the level detected
in embryos. In pupae and adults, no signal was detectable, which
could be due to a very low amount of 5-mC that is below the
sensitivity of the immuno-dot blot assay.

DNA methylation within heterochromatic satellite DNA.
MSRE (methylation sensitive restriction enzyme) analysis. Large
blocks of pericentromeric heterochromatin are present on all 20
chromosomes of 7. castaneum and are composed of TCAST sat-
ellite, which makes up 35% of the whole genome.** Although
genome-wide analysis of DNA methylation in 7. castaneum
has been performed," the analysis excluded satellite DNA due
to the inability to map tandem repeats to chromosomes. Using
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Figure 2. Immuno-dot blot using antibody specific for 5-methylcyto-
sine. Rows (A) to (D) represent genomic DNAs from embryos, larvae,
pupae and adults, respectively. Row (E), uynmethylated DNA used as

a negative control. Row (F), 5-methylcytosine DNA used as a positive
control. The amount of genomic DNA in the dots of columns 1-4 was
100, 50, 25 and 12.5 ng. The brightness of the image was modified using
the Curve function in Photoshop.
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Figure 3. Southern hybridization analysis of T. castaneum genomic DNA
using as a hybridization probe mixture of biotin labeled Tcast1a and
Tcast1b monomers. (A) Equivalent amounts of genomic DNA from em-
bryos (three days old), larvae and pupae were digested using Hin6l and
compared with undigested DNA. (B) Equivalent amounts of genomic
DNA from adults were digested with Hin6l and Glal and compared with
undigested DNA.

the methylation sensitive restriction enzyme Hin6l combined
with Southern hybridization, we specifically checked the level of
CpG methylation within highly abundant TCAST satellite in all
developmental stages. TCAST satellite DNA is composed of two
highly homologous subfamilies, Tcastla and Tcastlb, that are
principally organized into composite arrays of Tcastla+Tcastlb.?
Because a part of Tcastla repeats include a recognition site for
Hin6l, digestion of 7. castaneum genomic DNA with Hin6l
enzyme produces a specific hybridization pattern using a TCAST
satellite DNA as a probe (Fig. 3). Comparison of the restriction
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Figure 4. (A) A region of TCAST satellite sequence of 265 bp used for
cytosine methylation analysis by bisulfite treatment. Positions of 33
cytosines are marked in blue, and a single position where no methyla-
tion was detected is underlined. (B) PCR amplification using TCAST
methylprimers and bisulfite treated genomic DNAs (lanes 1, 2, 3) and
untreated, control DNA (lane 4). In lanes 1-3 genomic DNA was isolated
from T. castaneum adults not subjected to heat shock and heat shocked
for 3 h and 20 h, respectively. The size of amplicon is 265 bp. The lane 5

contains GeneRuler Ladder mix (Fermentas).

pattern of Hin6l did not reveal any significant difference among
DNA from embryos, larvae, pupae and adults (Fig. 3A and B).
The presence of oligomers (trimers, tetramers, etc.) also indicates
that many Tcastla repeats have the Hin6l sites inactivated by
mutation and/or methylation. The similarity among patterns
indicates that, despite significantly higher overall CpG meth-
ylation in embryos, methylation at GCGC sites within hetero-
chromatic Tcastla satellite DNA is similar in all developmental
stages, including embryos. Different from the Hin6l hybridiza-
tion pattern, digestion of adult DNA with Glal, followed by
hybridization with a TCAST probe, gave only high molecular
weight signal (Fig. 3B), indicating low methylation at GCGC
sites within Tcastla repeats of TCAST satellite DNA.

Bisulfite sequencing. Cytosine methylation within heterochro-
matic TCAST satellite DNA was further investigated using a
more sensitive method of bisulfite sequencing. The classical bisul-
fite sequencing method consists of three steps: bisulfite chemical
treatment that converts all not-methylated cytosines into uracils
but does not modify 5-mC and 5-hmC; PCR amplification, where
all uracils are converted into thymines; and a last step in which
PCR products purified from the gel are cloned into an appropri-
ate vector and used for sequencing analysis. The primers used
for TCAST methylation analysis were designed by MethPrimer
software using Tcastla+Tcastlb heterodimer sequence. TCAST
methprimers are expected to amplify a Tcastlb subregion of 265
base pairs in size, containing 33 cytosines (Fig. 4A). The primers
are able to anneal selectively to target regions containing exclu-
sively not-methylated cytosine. As a control, the TCAST meth-
ylprimer pair was tested for PCR amplification using genomic
DNA not modified by bisulfite. As expected, there was no ampli-
fication (Fig. 4B), indicating that TCAST methylprimers can
function only on bisulfite modified genomic DNA.

The level of cytosine methylation within heterochromatic
TCAST satellite DNA was tested on embryo and adult DNA.
Since it was previously observed that the level of expression
of TCAST satellite: DNA is significantly increased after heat
shock treatment,” we also checked if the level of methylation
of TCAST satellite was affected by heat shock. Using TCAST-
methprimers, we amplified bisulfite treated DNA from embryos
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and adults not subjected to heat shock, as well as from adults
heat shocked for 3 h or 20 h (Fig. 4B). Bands were isolated from
the gel and used for direct sequencing to investigate the overall
methylation status of the repeats in the genome. This procedure
was previously successfully applied to determine the average
genomic sequence of different satellite DNA, including TCAST
satellite DNA,?*?%? and was, for the first time, tested using
bisulfite converted genomic DNA. Each amplification product
originates from a large number of repeats and, when a methylcy-
tosine is found at a specific position and cytosine at others, the
electropherogram will show peaks corresponding to a mixture of
cytosine and thymine. If cytosines are homogeneously methyl-
ated or unmethylated at some positions within the repeats, peaks
of either cytosine or thymine will be visible. The electrophero-
grams of the region of analyzed TCAST sequence are shown on
Figure 5. The analysis of adult DNA revealed partial presence
of 5-mC and/or 5-hmC at 32 out of 33 total cytosine positions,
while at a single CpT' position no methylation was detected
(Fig. 5A). Almost the same methylation profile was obtained for
embryo DNA (not shown). Methylation is not restricted to CpG
but is also found at CpA, CpT and CpC sites. The results also
indicate a progressive cytosine demethylation after heat shock
treatment (Fig. 5B and C). After 3 h of heat stress at 40°C, a
significant decrease in cytosine methylation was observed at all
positions relative to the control, while after 20 h of heat stress all
cytosines were almost completely demethylated (Fig. 5B and C)

Bisulfite sequencing requires a very good control for bisulfite
conversion efficiency. For example, exogenous DNA could be
used as a control (e.g., by adding plasmid DNA to the genomic
DNA of 7. castaneum) or, as in this study, an endogenous control
could be also employed. The two promoter regions from cinnabar
and polyubiquitin genes of 1. castaneum were chosen as controls.
In addition, the same DNA used for TCAST bisulfite sequenc-
ing analysis was used to sequence the endogenous controls. The
results from controls indicate a 100% of conversion after bisulfite
treatment (Fig. 5D and E). All experiments were repeated three
times, always starting from a new preparation of genomic DNA
and new oxidation by bisulfite.

The amplicon of bisulfite treated DNA from adults was also
cloned and 10 clones were subsequently sequenced (Fig. 6). The
sequences revealed a mixture of methylated and unmethylated
cytosines at all positions among clones. Methylation profiles gen-
erally correspond to the profiles obtained by direct sequencing.
At a single CpT position, where no methylation was detected by
direct genomic sequencing, the sequencing of clones confirmed
very low frequency of methylated cytosines.

Discussion

This work describes, for the first time, cytosine methylation in
the beetle 7ribolium castaneum. Strong cytosine methylation was
shown to be present in embryos of 7. castaneum relative to lar-
vae, pupae and adults, independently of sex. Remarkable removal
of cytosine methylation during metamorphosis from embryo to
larva stage was observed; the hypomethylation status continues
to be present also in pupae and adults. Demethylation seems to
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Figure 5. Electropherograms of a part of TCAST satellite sequence after bisulfite treatment of genomic DNAs isolated from adults (A), from adults
heat shocked for 3 h (B) and 20 h (C). Red and blue peaks indicate thymine and cytosine, respectively. Each cytosine position is indicated by yellow
column and a single position within TCAST region where the cytosine is present in completely unmethylated state is marked and underlined. For
each sample, the methylation status of polyubiquitin and cinnabar gene promoters were also checked and the results were identical for all samples,

as shown in (D and E).

proceed actively through 5-hydroxymethylcytosine, most prob-
ably by the action of the TET enzyme. Genome-wide epigenetic
reprogramming through active and/or passive DNA demethyl-
ation in zygotes is essential for normal development in animals,
but the evolutionary significance of global DNA demethylation
observed in early developing embryos of most mammals remains
far from clear. DNA methylation during insect embryology was
till now only investigated in D. melanogaster, where DNA meth-
ylation was detected in early embryos. Most of the 5-methylcyo-
sine is found outside of CpG dinucleotides, predominantly within
CpA and CpT.* DNA methylation in D. melanogaster is catalyzed
by the DNMT?2 family of DNA methyltransferases and over-
expression of this enzyme causes increased methylation at CpA
and CpT.?® Methylation at CpT and CpA is also characteristic of
the stick insect Medauroidea extradentata,” while methylation of
cytosines at CAA sites and CHG sites (H = A, T or C) is found
in plants.’”® The results presented in this study revealed that
the dynamics of methylation and demethylation of the genomic
DNA of T. castaneum is clearly not random. Although the level
of total genomic cytosine methylation was strongly decreased
from embryos to adults, the level of methylation of TCAST
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satellite: DNA remained almost constant throughout develop-
ment. Methylation within satellite DNA is not only restricted to
CpG but is also found at CpA, CpT and CpC sites.

Although B. mori, D. melanogaster and 1. castaneum lack
DNMT3, which has the capacity to methylate DNA de novo,
all three species exhibit methylation of DNA at least during spe-
cific developmental stages. This indicates that DNMT?3 is not
indispensable for de novo methylation and that DNMTT1 and/
or DNMT?2 probably can provide de novo activity. What is
the function of cytosine methylation in 7. castaneum? The evi-
dence of global cytosine methylation in embryos and of cytosine
demethylation occurring during metamorphosis of 7. castaneum
indicates a possible function of this epigenetic mark in develop-
mental regulation of insects. The constant presence of cytosine
methylation and its clustering within heterochromatic major sat-
ellite DNA TCAST in all developmental stages indicates also the
importance of this epigenetic modification in heterochromatin
maintenance.

Heterochromatin plays an essential role in the transcrip-
tional repression of repetitive DNA as well as in proper chro-
mosome segregation, while DNA methylation and histone H3
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Figure 6. A part (108 bp) of the most common sequence (MCS) of
TCAST satellite DNA is aligned with the sequences of clones obtained
after amplification of bisulfite treated DNA from adults. Each cytosine
is indicated in blue and the corresponding thymines occurring when
cytosines are not methylated are indicated in red. The single position
where no methylation was detected by genomic bisulfite sequencing
is indicated by blue column. Dashed lines represent identical bases as
those present in MSC of TCAST satellite DNA.

lysine 9 (H3K9) methylation play a critical role in the establish-
ment and maintenance of a repressed heterochromatin state.?’
Heterochromatin structure and the level of expression of hetero-
chromatic DNA seem to be highly sensitive to environmental
conditions, particularly to heat or cold stress. Heterochromatin
disruption induced by heat stress during early embryogenesis
in Drosophila is an epigenetic event that is transmitted to the
next generation.®' In plants, insects and human cells subjected to
heat stress, heterochromatin-associated silencing is released and
transcription of satellite DNA is significantly upregulated.?%-%
Activation of transcription of repetitive elements in Arabidopsis
heterochromatin seems to occur due to decondensation and loss
of nucleosomes,* but can be also accompanied by reduction
of DNA methylation, as shown in maize.*® A defect in hetero-
chromatin DNA methylation was implicated in satellite DNA
overexpression in some cancer cell lines treated with a demeth-
ylating agent (for a review see ref. 37) or in DNMT3B-deficient
human cells (for a review see ref. 38). Heat-shock treatment of
human cell lines is also associated with pericentromeric satel-
lite DNA hypomethylation, which does not occur during treat-

t,4° but later in the recovery period.*” However, heat shock

men
induced hypomethylation in human cells does not regulate sat-
ellite DNA expression.”’ In contrast, demethylation of satellite
DNA in T castaneum occurs during heat shock treatment and

depends on its lengths, as shown in this study, while activation
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of transcription of TCAST satellitua: DNA occurs during the
recovery period, shortly after heat shock.” Therefore, heat stress
-induced demethylation of TCAST satellite DNA seems to pre-
cede the transcriptional activation and might facilitate initiation
of satellite DNA expression in 7. castaneum.

In ectotherm organisms, whose body temperatures conform
to ambient temperature, temperature is one of the principal
environmental variables that drive adaptive evolution. In 7 cas-
taneum, upregulation of pericentromeric TCAST satellite DNA
expression after heat shock is accompanied by increase in repres-
sive epigenetic modifications of histones at TCAST regions,”
and, as shown in this study, by demethylation of TCAST. Heat
shock induced remodeling of heterochromatin could influ-
ence expression of genes located within heterochromatin or in
its vicinity. In addition, it could result in the activation and
spreading of repetitive elements within euchromatin and their
insertion near genes.”! Certain insertions of repetitive elements
could alter gene expression and enhance adaptation under stress
conditions.*** Preservation of satellite DNA methylation in
all developmental stages of 7. castaneum indicates the impor-
tance of this epigenetic modification for the maintenance of low
transcription levels and a silent heterochromatin state. On the
other hand, DNA methylation within 7. castaneum constitu-
tive heterochromatin responds to external stimuli such as heat
stress. The level of demethylation depends on the duration of
heat shock treatment, resulting in complete demethylation after
prolonged treatment. This indicates the existence of an active
DNA demethylation mechanism in 7. castaneum, based prob-
ably on oxidation of methylcytosine and its further processing
by specific TET enzymes. Although the biological significance
of satellite DNA methylation and its link to heterochromatin
remodeling is not clear, presence of an active DNA methyla-
tion/demethylation cycle in 7. castaneum suggests involvement
of DNA methylation in the epigenetic mechanism responsible
for environmental adaptation. Further studies are necessary to
elucidate the exact biological role of DNA methylation in this
process.

Materials and Methods

Insect specimens. GA-2 strain of 7. castaneum used for this
research is obtained from Dr Dick Beeman. The same strain was
used in the genome sequencing project and derives from North
American wild-type strain collected in Georgia in 1982. A labo-
ratory stock was established and maintained at a population size
of > 200 individuals on standard medium (20:1, flour: brewer’s
yeast, by weight) in a dark incubator at 25°C and approximately
70% relative humidity.

Isolation of DNA, restriction enzymes and southern blot
hybridization. DNA was extracted from approximately 50 mg of
insects in different developmental stages: embryos, larvae, pupae
and adults, following the instruction of DNeasy Blood and Tissue
Kit (Qiagen) for high molecular weight DNA purification. The
digestion was made according to the manufacturer’s instructions,
and digests were separated on 0.8% agarose gels. The meth-
ylation sensitive and non-sensitive, as well as, the methylation
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Table 1. Restriction enzymes

Non-sensitive
to methylation

Sensitive

to methylation Methylation specific

Glal 5'GmCGC3', 5AmCGC3),

" Fermentss Sibinzyme
(SibEnzyme)

pall scc0s — PvuRts:\lI 95_??;3@11-12/
(Fermentas) (Fermentas) (Diagenode)

specific enzymes, are indicated in Table 1. The digestion was
independently repeated three times on two different isolations
from each developmental phases to verify the results. As a posi-
tive control of complete digestion for Hin6l, plasmid pUCI8R
was used as well as plasmid pHspAI2/Gsal as a control for Glal
digestion. Southern blot analyses using the biotinylated probe
of the TCAST satellite DNA were performed under high strin-
gency conditions as described previously.?!

Bisulfite conversion. Bisulfite conversion of genomic DNA
(50 ng) was conducted with the MethylEasy™ DNA Bisulphite
Modification Kit (Human Genetic Signatures) according to the
manufacturer’s protocol. For bisulfite sequencing analysis after
heat shock, adult insects were previously exposed to 40°C for 3 h
and 20 h, respectively, and DNA was isolated immediately after
heat shock treatment. After bisulfite treatment, DNA was imme-
diately used for sequencing.

Bisulfite sequencing of heterochromatic TCAST satellite
DNA. The methylation status of TCAST cytosines was deter-
mined by bisulfite sequencing of PCR products using methyl
specific primers designed by MethPrimer software. Primers’
sequences are: forward 5-ATT TAA AAT ATATTT AAT TTA
TTG GGT TTA-3" and reverse 5-AAC TAT TTT ATA AAA
AAT TTT ATC AAC TTT-3', with expected fragment product
of 265 bp. The PCR reactions were performed in a total volume
of 30 pl composed of 2 x GoTaq® Green Master Mix (Promega),
2 mM mix of forward and reverse primers and 1 pl of bisulfite
modified DNA. PCR conditions were as follows: 94°C for 1 min;
then 10 cycles of 94°C for 30 sec, 55°C for 30 sec (-0.5°C), 70°C
for 30 sec; 15 cycles of 94°C for 30 sec, 50°C for 30 sec, 70°C
for 30 sec followed by a final 15 min extension at 70°C. Heat
and not-heat shocked genomic DNA from GA2 population of T.
castaneum was converted by bisulfite treatment: all not-methyl-
ated cytosines converted into uracils and after PCR amplification
into thymine. Subsequently, PCR products purified from the gel
were tested by direct sequencing to yield the overall sequence of

the repeats in the genome. Each amplification product originates
from a large numbers of repeats and, as expected, electrophero-
grams show the presence of cytosine and/or thymine in the cyto-
sine positions of the sequence.

Molecular cloning. The same PCR product used for direct
bisulfite sequencing was ligated into the plasmid pGem-
Teasy vector (Promega). After transformation in E. coli strain
DH5a, the white colonies are directly amplified by PCR using
primers T7 (TAATACGACTCACTATAGGG) and Sp6
(ATTTAGGTGACACTATAGAA). PCR reactions of 20 pl were
performed using the 2x GoTaq® Green Master Mix (Promega)
with the following PCR conditions: 2 min at 95°C; 30 cycles at
94°C for 30 sec, 50°C for 30 sec and 70°C for 1 min; 3 min at
72°C. PCR products were analyzed by electrophoresis in a 1.3%
agarose gel stained with ethidium bromide, purified using the
QIAquick Gel Extraction Kit (Qiagen) and sequenced using T7
primer.

Immuno-dot blot. DNA from each 7. castaneum sample
as well as from standard methylated and unmethylated DNA
is denatured in a 0.4 M NaOH, 1 M NaCl solution and equal
volumes (20 pl) of four serial dilutions (100, 50, 25, 12 ng
DNA) were spotted on two positively charged nylon mem-
brane (Amersham Hybond-XL) with the Dot Blot 96 System
(Biometra). After spotting membranes were baked for 2 h on
80°C and blocked with 1% BSA, PBT (1 x PBS + 0.1% Tween-
20) overnight at 4°C. After blocking, membranes were incubated
with 5-mC mouse monoclonal antibody (Diagenode) following
the manufacturer’s protocol. For secondary antibody Biotin-Rat
Anti-Mouse IgG from Invitrogen was used ata 1:10,000 dilution.
The signals were detected with streptavidin-AP and BCIP/NBT
alkaline phosphatase substrate (SIGMA FAST). 5-mC DNA and
unmethylated DNA from the 5-mC and cytosine DNA standard
pack (Diagenode) were used as positive and negative control,
respectively.
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