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Abstract
Cloning by somatic cell nuclear transfer can result in the birth of animals with phenotypic and gene
expression abnormalities. We compared adult cloned pigs and adult pigs from naturally bred control
females using a series of physiological and genetic parameters, including detailed methylation
profiles of selected genomic regions. Phenotypic and genetic analyses indicated that there are two
classes of traits, one in which the cloned pigs have less variation than controls and another
characterized by variation that is equally high in cloned and control pigs. Although cloning creates
animals within the normal phenotypic range, it increases the variability associated with some traits.
This finding is contrary to the expectation that cloning can be used to reduce the size of groups
involved in animal experimentation and to reproduce an animal, including a pet, with a homogenous
set of desired traits.
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INTRODUCTION
Cloning by somatic cell nuclear transfer can result in the birth of normal cattle offspring [1];
however, many pregnancies are lost throughout gestation and many calves die soon after birth
[2]. Although the rates of pregnancy loss and fetal and placental abnormalities vary among
species [3], available evidence suggests that the cloning process introduces some epigenetic
defects that can lead to developmental abnormalities [4]. Germline epigenetic modifications
characterized by the addition of a methyl group to a cytosine nucleotide adjacent 5′ to a guanine
nucleotide are initiated during differentiation of germ cells into either spermatozoa or oogonia
and are stably maintained throughout development of the offspring [5]. Establishment of
imprinted genes [6], X-chromosome inactivation in females [7], suppression of
retrotransposons [8], chromatin stability [9], and inactivation of tissue-specific promoters
[10] are examples of epigenetic modifications imparted to the genome during gametic and
embryonic development. Introduction of the differentiated somatic nucleus in nuclear transfer,

1This research was supported by NIH grant HL51587 to J.P. and a Texas A&M grant to T.F.
2Correspondence: Jorge A. Piedrahita, Department of Molecular Biomedical Sciences, College of Veterinary Medicine, North Carolina
State University, Raleigh, NC 27606. FAX: 919 515 4237; e-mail: jorge piedrahita@ncsu.edu.
3These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Biol Reprod. Author manuscript; available in PMC 2009 February 7.

Published in final edited form as:
Biol Reprod. 2003 August ; 69(2): 430–436. doi:10.1095/biolreprod.103.016147.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



however, results in a genomic template different from that characteristic of the sperm and
oocyte. Therefore, following nuclear transfer, the reprogramming machinery of the cytoplast
must attempt to reorganize this new nucleus into a functional, pluripotent genome capable of
carrying out stage and developmentally specific events required for proper differentiation of
placental and fetal cell lineages. Characterization of both genome-wide and locus-specific
methylation patterns in cloned animals indicates improper or incomplete reprogramming at
some loci, demonstrating that either the reprogramming process or the epigenetic state of the
donor cell influences the patterns of methylation [11–13].

Although in some previous studies, adult cloned mice have shown abnormal gene expression
profiles and global methylation differences [4,14], in other studies adult cloned animals have
been healthy and normal [1,15]. To clarify some of these issues, we compared cloned pigs with
naturally bred control pigs on a series of physiological and genetic parameters, including a
detailed methylation profile of selected genomic regions. To properly account for
environmental effects versus epigeneic effects, clones were compared with age-, breed-, and
sex-matched naturally bred controls. For physiological measurements, multiple blood
parameters were selected because they provide an over-view of the physiological status of the
animal, are widely used in diagnostic settings, and allow comparison of normal and abnormal
values. The genomic regions selected, PRE-1 SINE and centromeric satellites, provide an
excellent overview of methylation status in euchromatic or heterochromatic regions of the
genome. A hierarchical set of phenotypic and epigenetic effects were found in cloned swine,
with some phenotypes and genomic regions being differentially affected in cloned versus
noncloned pigs.

MATERIALS AND METHODS
Animals

Two litters of cloned female Duroc swine (clone 1 and clone 2), consisting of five and four
pigs, respectively, and two control litters of four purebred female Duroc pigs each (control 1
and control 2) were used in this study. Clone 1 and clone 2 were born 6 wk apart. The cloned
litters of piglets were from the same fetal cell line and were age, breed, and sex matched to
litters of piglets from their naturally bred Duroc counterparts. The clones were produced as
described previously and were confirmed to be genetically identical using microsatellite DNA
analysis [16]. The pure-bred control swine obtained from a local breeder consisted of a litter
of full sibs (control 1) and a litter of half-sibs from three sows mated to the same boar (control
2). All swine were farrowed in conventional farrowing crates and weaned at 5–6 wk of age.
At weaning, cloned and control pigs were placed in adjacent identical pens (1.8 × 6 m)
containing a bedded sleeping area and were given continuous access (ad libidum) to a standard
commercial ration and water.

PCR Amplification of Mitochondrial Hypervariable Region
For amplification of the swine D-loop, polymerase chain reaction (PCR) assays were
performed on total DNA extracted from control and cloned pig tissue samples. Primer sets used
to amplify the swine hyper-variable region were 5′-TCCCCAAGACTCAAGGAAGGAG-3′
and 5′-GGCTGGCACGAGATTTACCAAC-3′. Ten microliters of the PCR product were
electrophoresed on a 1.5% ethidium bromide-agarose gel to confirm sizes, and amplicons were
cloned into the TOPO4 Sequencing Vector (Invitrogen, Carlsbad, CA). A minimum of three
colonies/pig were isolated, sequenced on an ABI Prism 3700 (Applied Biosystems, Foster City,
CA), and analyzed using a MacVector Clustal arrangement (Accelrys, San Diego, CA). All
sequences were compared with the haplotype of the control 1 animals, and similarity over a
520-base pair (bp) area was expressed as a percentage.
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Physical Measurements
All piglets were weighed at 27 wk of age. Matched litters were weighed and measured on the
same day.

Blood Parameters
Blood (15 ml) was collected via jugular venipuncture at 15 and 27 wk of age. A serum chemistry
profile was generated by the Veterinary Diagnostic Laboratory (Texas A&M University,
College Station, TX) that included creatinine, alkaline phosphatase (ALP), blood urinary
nitrogen (BUN), serum glutamate pyruvate transaminase (SGPT), albumin, phosphorus,
calcium, serum proteins, glucose, globulins, and albumin:globulin (A:G) ratio. Basal cortisol
and total triiodothyronine (T3) concentrations were determined using commercially available
RIA kits (Diagnostic Procedure Company, Costa Mesa, CA). Duplicates that differed by >7%
were reassayed. For the cortisol assay, the intraassay coefficient of variation (CV) averaged
0.96% and the interassay CV was 3.4%. The T3 determinations were from a single assay with
an intraassay CV of 4%. Matched litters had blood taken on the same day within a 1-h period.
For statistical analysis, the degree of variation between clones and controls was compared using
F-values. Differences were considered significant at P < 0.05.

Additional Phenotypic Analyses
The number of teats for all control and cloned pigs were recorded. For skin morphology, skin
punches obtained approximately 5 cm lateral to the tail were fixed in 10% formalin and
processed for histological analysis, and serial sections were stained with hematoxylin and
eosin. If needed, a second sample was obtained from an adjacent region of skin.

Genomic DNA Isolation and Bisulfite Treatment
Tissue samples were taken from skin punches of cloned and control pigs. Genomic DNA was
isolated using a Wizard Genomic DNA Purification kit (Promega, Madison, WI). Bisulfite
conversion of unprotected cytosine nucleotides to uracil (thymine) nucleotides was performed
using a CpG Bisulfite Conversion Kit (Serologicals Corporation/Intergen, Nor-cross, GA).
Bisulfite-treated DNA was resuspended in double-distilled water and stored at −20°C for later
use.

PCR Amplification, Cloning, and Sequencing of Bisulfite-Converted DNA
For amplification of the PRE-1 SINE region, the sequence was obtained from GenBank
(X64127, Y00104, and AJ251914). Primer sets used to amplify PRE-1 SINE were 5′-
TTAACRAATCCRACTAAAAACCATA-3′ and 5′-
GTTGGTTTATMTTAGAGTTATAGTAA-3′ The amplification parameters were 45 cycles
at 94°C for 60 sec, 55°C for 60 sec, and 69°C for 1 min, finishing with an extension of 72°C
for 10 min [13]. The centromeric satellite sequence was obtained from GenBank (Z75640).
Primers used to amplify centromeric satellite DNA were 5′
TTTGTAGAATGTAGTTTTTAGAAG-3′ and 5′-AAAATCTAAACTACCTCTAACTC-3′.
The amplification parameters were 45 cycles at 94°C for 60 sec, 55°C for 60 sec, and 69°C for
1 min, with a final extension of 72°C for 10 min [13]. The PCR products (10 µl) were
electrophoresed on a 2% ethidium bromide gel to confirm sizes and then cloned into the TOPO4
PCR Sequencing Vector (Invitrogen).

Analysis of CpG Methylation of the PRE-1 SINE and Centromeric Satellite Repeat Regions
The PRE-1 SINE and centromeric satellite were amplified from bisulfite-converted DNA and
cloned into the TOPO4 sequencing vector (Invitrogen). Twenty colonies were isolated, and
plasmids were purified from the PRE-1 SINE and centromeric satellite transformations for
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each of the cloned and control pigs. Sequences were analyzed to extrapolate only informative
sequences, i.e., those containing complete conversion of non-CpG cytosine to thymine and
yielding high-quality sequence. Sequences for the PRE-1 SINE and centromeric satellites for
each animal were aligned using MacVector Clustal W (Accelrys). At least 12 fully converted
sequences were analyzed per animal. Thirteen and nine CpG pairs were conserved among the
sequences of PRE-1 SINE and centromeric satellites, respectively. Presence of CpG and TpG
dinucleotides within these conserved regions was used to assess percent methylation at a
particular CpG region. The percent methylation at each CpG dinucleotide and total methylation
of the repeat element (percent methylation among all CpG dinucleotides within an animal)
were determined. Mean comparisons were made with a one-way ANOVA. Comparison of
variation between two groups was determined with an F-test. Differences were considered
significant at P < 0.05.

RESULTS
Mitochondrial Typing

Sequence analysis revealed that mitochondrial types did not differ in the control 1 group, as
expected for full siblings (data not shown). In the control 2 group, three different types of
mitochondrial backgrounds were identified, as expected of half-siblings originating from three
gilts mated to the same boar. The similarity between the three mitochondrial types was 99.2%
across a 520-bp region of the D-loop, suggesting that the mitochondria were highly similar.
When this analysis was extended to the cloned pigs, the similarity in identity to the control 1
group across the same 520-bp region ranged from 96.3% to 100%, with two cloned pigs having
identical D-loop sequences to the controls, indicating that the mitochondrial backgrounds for
both cloned and control pigs was very similar and unlikely to result in major phenotypic
differences.

Phenotypic Comparisons
Body weights of the pigs were determined at 27 wk of age to compare variation among cloned
and control pigs. When the relative CVs for body weights were compared, no differences
between cloned and control pigs were detected. Examination of the range in body weights
(Table 1) indicated that with the exception of a single cloned pig, values for cloned and control
pigs overlapped, indicating all were in the normal range for swine of this age.

In contrast to results from body weight measurements, variation in blood profiles analyzed at
15 and 27 wk indicated a more complex interaction between cloning effects and phenotype.
There were two groups of traits: one in which cloned pigs had less variability than controls,
and one in which clones had the same variability as control pigs (Fig. 1). Creatine, ALP, and
BUN were less variable in cloned than control pigs at both 15 and 27 wk. However, SGPT,
albumin, phosphorus, and calcium were less variable in cloned pigs at one of the two times
periods, and there was a nonsignificant trend toward reduced variability at the other time period.
Serum proteins, glucose, globulins, and A:G ratio were equally variable in cloned and control
pigs. Both T3 and cortisol were unique in that there was not reduced variability at Week 15,
but there was reduced variability at Week 27. Although the variation in blood profiles showed
two different patterns, with some traits showing reduced variability and others showing the
same or increased variability, examination of the range of values for all traits at 15 and 27 wk
of age (Table 2 and Table 3) indicated that values for control and cloned pigs overlapped.

Additional Phenotypic Traits
We also measured number of teats, skin type, and hair growth pattern of the pigs to determine
the degree of variation. Although there was a strong genetic influence on number of teats, with
all cloned pigs except one having a 6 + 6 distribution, there was one cloned pig that had a 6 +
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7 distribution. We have seen this variation in number of teats in other clones generated by us
but not used in this study (Fig. 2A).

A unique hair growth pattern was also observed in one of the cloned pigs in the clone 1 group
(Fig. 2B). The unusual hair growth pattern prompted us to examine in more detail the
histological organization of the skin in the control and cloned pigs. With one exception, the
morphology of the skin did not show any unusual variation among the pigs. The exception was
one cloned pig that had morphology indicative of hyperkeratosis (Fig. 2C). To ensure that this
observation was not due to a sampling error a second sample from this animal was analyzed,
and similar results were obtained.

Uterine/environmental and/or epigenetic factors can produce different effects in genetically
identical animals. The two cloned pigs in Figure 2D represent the largest and the smallest (by
size) in one group of clones. The smaller pig was smaller at birth and never achieved the weight/
size of the other cloned pigs in that litter.

Epigenetic Analysis
The cloned pigs used in this study were genetically identical, as previously determined by
analysis of microsatellite markers [16]. In the present study, we extended our genetic analysis
to include the methylation status of two repeat elements located in the porcine genome:
centromeric satellites and the PRE-1 SINE region. Figure 3 shows the regions analyzed and
the conserved CpGs identified. Data are shown for one cloned and one control pig for both the
PRE-1 SINE and centromeric satellite regions. We compared the degree of variation among
control and among cloned pigs in the degree of methylation of the different CpGs. The overall
degree of methylation did not differ between cloned and control pigs for either of the regions,
but a more localized analysis revealed a region of PRE-1 SINE (region 13) that was
hypomethylated in control pigs (Fig. 4). When the degree of variation in each of these regions
was compared, there was an increase in the variability of CpGs 1 and 8 in the PRE-1 SINE
region and CpG 6 in the centromeric region.

DISCUSSION
The initial expectation for cloned animals was that a group of animals with identical genetic
constitution (clones) would have reduced variability associated with all traits when compared
with offspring from naturally bred females. The aim of these experiments was to determine to
what extent healthy adult clones are affected by the cloning process and whether all phenotypes
or traits are affected equally. This information is critical for those proposing to use clones to
reduce variability in experimental animals and for those attempting to generate cloned pets
with identical phenotypes. Overall, results of the present study indicated a high degree of
variation among cloned pigs in some of the specific traits examined. Our experimental design
is unique in that it allowed comparison of the degree of variation between clones and controls;
we used age-, breed-, and sex-matched clones and control animals housed under identical
conditions. Such an experimental design allows the differentiation between environmental
effects and effects due to the cloning process itself.

To ensure that the results obtained were not affected by mitochondrial background, we
sequenced the D-loop regions of both cloned and control pigs. As previously described [16],
oocytes used to generate these clones were purchased from a commercial supplier that collects
oocytes from slaughterhouse material. Thus, oocyte populations represent multiple maternal
sources and potentially different mitochondrial types. To separate any potential mitochondrial
effects from the epigenetic effects due to methylation differences, the polymorphic
hypervariable D-loop mitochondrial region of clones and controls was sequenced. The D-loop
region is the site of replication, has a mutation frequency 1000-fold greater than that of the rest
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of the mitochondrial genome [17], and therefore is a good indicator of the variability in the
remainder of the mitochondrial genome. Little variability among animals was detected, with
some cloned and control pigs having identical mitochondrial genotypes in the D-loop regions.
This finding indicates that the mitochondrial backgrounds for cloned and control pigs were
very similar and unlikely to result in major phenotypic differences. Conservation of
mitochondrial background is not surprising, based on the high degree of selection within
maternal lines in commercial swine herds and the low degree of mitochondrial variation in
swine breeds in general [18].

Examination of body weight (Table 1) indicated that cloning did not reduce the degree of
variation associated with this trait, and, with the exception of one cloned pig, values for cloned
and control pigs overlapped and were in the normal range for swine at that age. Although the
environment can have a significant effect on the weight of an animal, both control and cloned
pigs were maintained in the same environment, with the expectation of greater variability in
control than in cloned pigs because of higher genetic variation.

When the phenotypic analysis was extended to blood parameters, two overall classes of traits
were observed. In one class, there was reduced variation in cloned pigs, and in the other class
there was as much variation in cloned as in control pigs. Because all pigs were maintained in
the same environment, these results suggest that those traits showing reduced variability in
cloned pigs are under tight genetic control. In some cases, the variability within traits for cloned
pigs, as determined by relative CVs, was less than half that for control pigs (Fig. 1). This finding
is remarkable considering the small number of animals available for this study. Because all
pigs were subjected to the same environment, it is unlikely that this reduction in variability is
due to an environmental factor; it is more likely due to reduced genetic variability in the clones.
Other phenotypes, however, were highly variable among the cloned pigs, suggesting that these
traits are more susceptible to aberrations introduced during the cloning process or to an
overriding effect of some environmental factor on genetic variability of the clones (either the
microenvironment or the initial uterine environment).

Results for two related parameters, T3 and cortisol, were unusual. At 15 wk, variation was
similar in cloned and control pigs, but at 27 wk variation was lower cloned pigs, although mean
values were not significantly different. Thus, there was no difference between the controls and
clones in overall T3 and cortisol concentrations at 27 wk (Table 3); however, cloned pigs
showed a reduction in the variability of these hormone concentrations. This reduction may be
due to an adaptation of the cloned pigs to the environment or to the sampling process, which
was more homogenous than that for the controls, suggesting that adaptability to stress responses
has a strong genetic component. However, as for all other phenotypic traits examined, both
cloned and control pigs were subjected to the same environmental stimuli and were balanced
with respect to sex, breed, and age.

Comparison of phenotypes based on blood parameters and body weights indicated two classes
of traits: those not affected by cloning and having decreased variability in cloned compared
with control pigs and those in which there was equal variability in cloned and control pigs.
One interpretation of these results is that some traits, under tight genetic control and not heavily
influenced by epigenetics, show a drastic reduction in variability as expected for genetically
identical animals. Other traits, however, either because of epigenetic disregulation introduced
during the cloning process or susceptibility to very strong environmental effects not accounted
for, exhibit a high degree of variability regardless of genotypic similarities. These findings
indicate that cloned animals can indeed be utilized when researchers want to reduce the size
of an experimental group of animals, but only if the phenotype being examined has reduced
variability in clones. For other phenotypes, cloned animals will have no advantage over
controls.
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In addition to the blood profiles, clonal differences were observed in skin type, hair growth
pattern, and number of teats, supporting the observation that cloning creates variation that is
independent of genetic background. For number of teats, a recent whole-genome scan for
quantitative trait loci (QTL) in swine revealed that three loci, two of which were imprinted,
significantly affect this trait [17]. Because cloning is known to affect imprinted genes [3], the
differences in number of teats in cloned pigs could be due to aberrant expression of the
imprinted QTL loci associated with this trait.

These additional trait differences reinforce our previous observations that the cloning
procedure can affect traits in some but not all clones. Although it is difficult to differentiate
between epigenetic disregulation and environmental effects on blood parameters, it is unlikely
that environmental effects that cannot be controlled would have modified traits such as number
of teats, hair growth patterns, and skin types.

To determine whether epigenetic disregulation, as represented by CpG methylation, was
involved in phenotypic variability in cloned pigs, the methylation status of two repeats, one
located in euchromatic regions (PRE-1 SINE) and one located in heretochromatic regions
(centromeric satellite), was determined. We detected a differences in methylation status for
one of the CpGs in the euchromatic regions and an increase in variation in degree of methylation
in cloned pigs. Although it is not possible to prove cause and effect between hypermethylation
of a region of the PRE-1 SINE marker and variation in any of the phenotypes measured, the
results indicate that the cloning process creates both an abnormal methylation pattern, as
determined by hypermethylation of CpG 13 in PRE-1 SINE, and a random variable methylation
pattern in several regions, as determined by increased variability in percent methylation in
several CpG groups of PRE-1 SINE and one CpG in the centromeric satellite region.

The methylation differences between cloned animals and offspring from naturally bred animals
contrast with differences previously described [11–13,19], in that the differences we observed
were relatively small. Previous epigenetic analyses have been carried out in animals or tissues
with obvious developmental defects, whereas we compared cloned pigs with no apparent
developmental defects. Thus, the epigenetic disregulation in normal ‘‘healthy’’ clones should
be lower than that in clones that die in utero or are born with severe defects. In short, our results
reinforce the hierarchical effects of the nuclear transfer process, with both generalized effects,
as reflected by the hypermethylation of CpG 13 of the PRE-1 SINE in clones, and clone-specific
effects, as reflected by increased variability in the methylation of the PRE-1 SINE.

Severely affected clones are very likely to die in utero, whereas those that survive to birth, such
as the cloned pigs used in this study, show a greater degree of variation in susceptible traits
than expected for genetically identical animals. Overall, our results indicate that although
cloning creates animals within the normal phenotypic range, it does affect some traits by
increasing variability associated with that phenotype. This clonal variability may be useful for
mapping epigenetically modified traits, either imprinted modifiers or genes susceptible to
methylation effects. More importantly, the epigenetic disregulation introduced by the cloning
process must be taken into account when considering the utilization of this technology for the
generation of human stem cells, for the generation of companion animal clones, and for the
generation of clones for experimental studies with the expectation of reduced genotypic and
phenotypic variability among experimental animals.
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FIG. 1.
Variation in blood parameters between cloned and control pigs. Blood was collected for age-
matched cloned and control pigs at 15 and 27 wk of age, and the following parameters
measured: albumin, phosphorus, creatinine, total T3, ALT (=SGPT), ALP, calcium, BUN,
serum protein, glucose, aspartate aminotransferase (AST), globulins, A:G ratio, and cortisol.
Values of <1 indicate reduced variability for cloned pigs. *Significance was determined by an
F-test, P < 0.05.
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FIG. 2.
Phenotypic variation among control genetically identical cloned pigs. A) Variation in number
of teats. All but one of the cloned pigs had 12 teats, arranged 6 on the right and 6 on the left.
B) Hair growth pattern variation. The cloned pig on the left has elongated and more sparse hair
than the other two clones, with a tendency for dirt (shavings) to get trapped in the hair. C)
Histology of porcine skin from cloned (b and d) and control (a and c) pigs at 25 weeks of age.
All samples indicated normal morphology with well-organized epidermal and dermal layers,
except for one cloned pig (b) that showed irregular epidermal hyperplasia and hyperkeratosis.
Results from four representative animals are shown. Magnification ×10. D) Variation in body
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weight in cloned pigs is reflected by two 27-wk-old cloned pigs originating from the same
nuclear donor cell line and born to the same recipient mother.
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FIG. 3.
Analysis of CpG methylation of PRE-1 SINE and centromeric satellite CpG islands by bisulfite
sequencing. A) Methylation status of conserved CpGs in the PRE-1 SINE regions. Results
from one representative control pig. B) Methylation of PRE-1 SINE CpGs in one representative
cloned pig. C) Conserved CpGs present in the PRE-1 SINE region. Upper strand is the sequence
of unmodified DNA; lower strand is the sequence of DNA after bisulfite modification. All
CpGs are assumed to be protected by methyl groups. D) Methylation status of conserved CpGs
in centromeric satellite region of one representative control pig. E) Methylation status of
conserved centromeric satellite CpGs in one representative cloned pig. F) Conserved CpGs in
centromeric satellite region. Upper strand is unmodified DNA; lower strand is bisulfite-

Archer et al. Page 12

Biol Reprod. Author manuscript; available in PMC 2009 February 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



modified DNA. Solid circles indicate methylated CpG; open circles indicate unmethylated
CpG.
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FIG. 4.
CpG methylation in PRE-1 SINE and centromeric satellite regions in cloned and control pigs.
A) Percent methylation of each of the 13 conserved CpGs in the selected PRE-1 SINE region.
B) Relative variation in methylation at each of the conserved CpGs. Column values with an
asterisk are significantly different from controls at P < 0.05. C) Percent methylation at nine
conserved CpGs in the selected region of the centromeric satellite region. D) Relative
methylation variation in the centromeric satellite region.
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