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ABSTRACT There is increasing evidence that epigenetic marks such as DNA methylation contribute to phenotypic variation by
regulating gene transcription, developmental plasticity, and interactions with the environment. However, relatively little is known about
the relationship between the stability and distribution of DNA methylation within chromosomes and the ability to detect trait loci. Plant
genomes have a distinct range of target sites and more extensive DNA methylation than animals. We analyzed the stability and
distribution of epialleles within the complex genome of the oilseed crop plant Brassica napus. For methylation sensitive AFLP (MSAP)
and retrotransposon (RT) epimarkers, we found a high degree of stability, with 90% of mapped markers retaining their allelic pattern in
contrasting environments and developmental stages. Moreover, for two distinct parental lines 97% of epialleles were transmitted
through five meioses and segregated in a mapping population. For the first time we have established the genetic position for 17 of the
19 centromeres within this amphidiploid species. Epiloci and genetic loci were distributed within distinct clusters, indicating differential
detection of recombination events. This enabled us to identify additional significant QTL associated with seven important agronomic
traits in the centromeric regions of five linkage groups.

DNA methylation is a modification of DNA sequence that
serves to repress the influence of transposable elements

(TEs) and other repetitive sequences within the eukaryote
genomes of fungi, plants, and animals (Martienssen and
Colot 2001). Cytosine methylation (5mC), catalyzed by
DNA methyltransferases, may also lead to heritable and/or
reversible changes in chromatin structure and gene expres-
sion that do not entail changes in nucleotide sequence
(Finnegan et al. 2000; Martienssen and Colot 2001).

DNA methylation in plant nuclear genomes was initially
thought to occur predominantly in the cytosines of symmet-
rical sequences such as CG and CHG, with up to 20–40% of
all cytosine residues being methylated (Gruenbaum et al.
1981; Messeguer et al. 1991). However, the level of 5mC
varies considerably across plant taxa, with early estimates
indicating 6% of cytosines methylated in Arabidopsis
(Kakutani et al. 1999), 24% of potential methylation sites

in B. oleracea (Kovarik et al. 1997), and up to 25% in maize
(Papa et al. 2001). More recently, whole genome bisulfite
sequencing at base-pair resolution in Arabidopsis (Lister
et al. 2008) has shown that 5.26% of all genomic cytosines
are methylated and unevenly distributed in the genome,
with the majority in the CG context (55%), followed by
CHG (23%), and CHH (22%). Heavy methylation is ob-
served in the centromere and pericentromeric region
(Zilberman et al. 2007; Lister et al. 2008; Yan et al. 2010).
Transposable elements and sequences flanking insertion
sites are typically methylated, suppressing transposon activ-
ity, especially in centromeres and pericentromeric regions
where abundant TEs insert (Slotkin and Martienssen
2007; Zilberman et al. 2007; Han et al. 2010).

Across most eukaryote taxa, DNA methylation plays an
important role in controlling gene expression (Suzuki and
Bird 2008) and phenotype, including human disease
(Robertson 2005; Watanabe and Maekawa 2010) and plant
development (Kalisz and Purugganan 2004; King et al.
2010). In higher plants, genome-wide decreased DNA meth-
ylation can alter flowering time (Horváth et al. 2002; Kondo
et al. 2006) and specific epialleles may result in phenotype
variation in different crops. For example, in tomato, a hyper-
methylated allele of an SBP-box gene LeSPL reduces its ex-
pression in epimutant fruits, leading to inhibition of ripening
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(Manning et al. 2006). During Arabidopsis seed develop-
ment .50 genes are imprinted in the female tissue, with
corresponding hypomethylation in the endosperm in addi-
tion to the well-described imprinted genes FWA, MEA, FIE,
and FIS2 (Gehring et al. 2009). Also in B. rapa, the epiallele
of SP11 is involved in the dominance interaction that deter-
mines the self-incompatibility phenotype (Shiba et al. 2006).

Although there is increasing evidence that phenotype is
influenced by epigenetic marks playing a key role in
regulating gene transcription, developmental plasticity, and
interactions with the environment, relatively little is known
about the relationship between the distribution of DNA
methylation within chromosomes and the ability to detect
trait loci. A first step is to determine the chromosomal
distribution of 5mC and how this may affect the detection of
recombination events in segregating populations.

The B. rapa genome is estimated to be 480–520 Mb and
to contain 40–50% repeat sequences, including TEs in the
euchromatin region (14%) and repeat sequences in the
large centromeric region (30%) (Johnston et al. 2005; Lim
et al. 2005; Hong et al. 2006). A recent cytological study has
suggested a distinct distribution of DNA methylation, pri-
marily located in the heterochromatin, when compared with
B. oleracea (Braszewska-Zalewska et al. 2010), which di-
verged from B. rapa �3.7 MYA (Inaba and Nishio 2002)
and shares a common complex pattern of triplicated seg-
ments arising from a series of ancestral duplication events
(Yang et al. 2006). A high rate of DNA methylation (52–
60%) has been found in different accessions of B. oleracea,
detected by the methylation-sensitive amplification poly-
morphism (MSAP) method, with most of the MSAP frag-
ments stably inherited through meiosis (Salmon et al.
2008).

B. napus is a stable amphidiploid oil crop of major eco-
nomic significance (canola, oilseed rape), derived from a re-
cent hybridization between B. rapa and B. oleracea (Allender
and King 2010). We have previously mapped hundreds of
QTL controlling dozens of important agronomic traits on
a B. napus reference genetic map (BnTNDH) (Qiu et al.
2006; Long et al. 2007; Shi et al. 2009). Here we report
the detection of DNA methylation loci that enabled con-
struction of an epigenetic map, based on MSAP, retrotrans-
poson-specific, and centromeric-specific markers. This
enabled the resolution of epi-QTL that were distinct from
genetic QTL within the context of an integrated map.

Materials and Methods

Phenotyping and epigenotyping

The reference BnTNDH mapping population has been
described previously (Qiu et al. 2006). Phenotypic data for
seven traits associated with yield, seed quality, and plant
development were collected from between 2 to 10 environ-
ments in the field during 2002–2007 (Long et al. 2007; Shi
et al. 2009) and used for QTL identification (Table S1). Fully

expanded leaves 5–6 from seedlings, and young flower buds
at budding stage were sampled to extract genomic DNA.

Two sets of epigenetic markers (epimarkers) were used
for epigenotyping the DNA methylation status of the
mapping population and parents. (1) MSAP markers, which
have been used to detect CG and CHG site methylation
variation in a range of genomes (Reyna-Lopez et al. 1997;
Vuylsteke et al. 1999). For CG site methylation detection,
restriction enzyme combinations EcoRI/HpaII and EcoRI/
MspI were used, and PstI/MseI for CHG. (2) Two subclasses
of retrotransposon-specific markers: (a) genome-wide retro-
transposons (RTg) that detect transposons such as TRIM
(Kwon et al. 2007) and SINE (Prieto et al. 2005) were
detected by a sequence-specific amplification polymorphism
(SSAP) approach (Waugh et al. 1997; Ellis et al. 1998) and
(b) centromere-specific retrotransposons (RTc) that detect
transposons clustered within cetromeric regions. Primers
were designed on the basis of centromere-specific sequences
within B. rapa (Lim et al. 2007), with insertion–deletion
detected by PCR (Figure 1A; Table S2).

Linkage map construction and QTL resolution

Three linkage maps were constructed and designated as
epigenetic map (E-map), genetic map (G-map), and in-
tegrated map (I-map). Epimarkers were used to construct
the E-map, which was superimposed on the framework of the
existing well-defined G-map (Shi et al. 2009). This enabled
epimarkers to be anchored within the context of stable ge-
netic markers that define the established 19 linkage groups
and chromosomes of B. napus. A revised conventional G-map
was developed on the basis of genetic markers (genmarkers)
that included RFLP, SSR, and STS mostly used in previous
studies (Long et al. 2007; Shi et al. 2009). Maps were con-
structed using JoinMap 4.0 (Van Ooijen 2006) with default
parameters and linkage groups distinguished at LOD values
between 8 and 19. On the basis of the markers common to
the E- and G-maps, BioMercator 2.0 software (http://www.
generationcp.org/) was used to generate the I-map.

Phenotypic data from each environment (Long et al.
2007; Shi et al. 2009) were used to identify and map QTL
within the three linkage maps (i.e., E-map, G-map, and I-
map). Composite interval mapping (CIM) within WinQTL-
Cart 2.5 (Wang et al. 2006) was used with a significance
threshold of P = 0.05 using the permutation test method,
based on 1000 runs of randomly shuffling the trait values
(Churchill and Doerge 1994). QTL identified in different
experiments for each trait (primary QTL) were integrated
into consensus QTL by the meta-analysis method (Shi et al.
2009) (BioMercator 2.0, http://www.generationcp.org/).

Chromosome fluorescent in situ hybridization analysis

A total of 110 B. napus BAC clones were selected using a B.
rapa centromere BAC (AC166739) as the query sequence in
BLASTN alignments with TapidorDH BAC-end sequences
within GenBank (http://www.ncbi.nlm.nih.gov/sites/entrez?db=
nucleotide). Following PCR with RTc marker primers, clone

1094 Y. Long et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/189/3/1093/6064036 by guest on 10 April 2024

http://www.genetics.org/content/vol0/issue2011/images/data/genetics.111.131615/DC1/TableS1.xls
http://www.genetics.org/content/vol0/issue2011/images/data/genetics.111.131615/DC1/TableS2.xls
http://www.generationcp.org/
http://www.generationcp.org/
http://www.generationcp.org/
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide


JBnB029F04 was found to contain an identical band as the RTc
marker located on linkage group A6. This BAC was used as
a probe in BAC–fluorescent in situ hybridization (FISH), as de-
scribed previously (Lim et al. 2005).

Analysis of transposon insertion divergence using Hydra

Loci containing structural variants (SVs) between the
genomes of TapidorDH and Ningyou7DH were detected
using Hydra (Quinlan et al. 2010). Solexa GAII paired-end
reads (20·) generated from 1-2 kb and 2-3 kb insertion
fragments of genomic DNA of Ningyou7DH were mapped
to reference sequences of 11 BAC clones of TapidorDH
(Cheung et al. 2009) available in GenBank. The software
Maq (Abbosh et al. 2008) was used in the mapping step
in place of Burrows-Wheeler Alignment tool (Chinnusamy
and Zhu 2009). To identify whether the SV was caused
by transposon insertion, SV-containing loci were analyzed
using repeatMaster (http://www.repeatmasker.org/cgi-bin/
WEBRepeatMasker) with the Brassica retrotransposon
database (ftp://ftp.tigr.org/pub/data/TransposableElements/
transposon_db.pep) and further validated by sequencing
the products using the retrotransposon-based insertion poly-
morphism (RBIP) method (Flavell et al. 1998). The SV loci
associated with transposon insertion were then mapped to
linkage map(s) with the PCR markers.

Results

Epimarkers are stable and informative in B. napus

It was important to establish the stability of specific
epimarkers, as by their very nature, modifications such as
DNA methylation may give rise to constitutive or dynamic
behavior in the context of cell lineages through mitosis,
ontogeny, response to environment, or transgenerationally
through meiosis. We therefore tested the stability of MSAP
markers in different tissues, stages of development, and
different environments.

A total of 627 MSAP markers that reported CHG site
methylation variation were screened against homozygous
parental lines TapidorDH and Ningyou7DH, from leaves
5–6 at seedling stage in autumn (mean 20.7�), and from

buds at floral budding stage in the spring following winter
(mean 7.5�), from field-grown plants in Wuhan in the year
2006/2007. A total of 94% of the MSAP markers had
a consistent DNA methylation status, of which most
(86%) were stable in both parents at both stages/environ-
ments. A subset (9%) was stable in only one parent (Table
1). A total of 5% of MSAP markers were variable both
between parents and between different developmental
stages.

The heritability of DNA methylation patterns was de-
termined in F1 plants (TapidorDH · Ningyou7DH) with
724 out of 925 (78%) at the seedling stage. A total of
543 (75%) of these loci had identical allelic bands as the
dominant allele present in the corresponding parent.
Among the dominant loci, the methylated alleles were dis-
tributed relatively evenly between the two parents
(259:282, x2 test, P . 0.3).

We checked the stability of MSAP markers in leaves 5–6
from the two parents, and in S5 (self-pollinated fifth gener-
ation) lines generated by single-seed descent, grown in the
same environment. A total of 36 (97%) of the MSAP
markers that were stable between the two developmental
stages retained their DNA methylation allelic status through
five meioses.

RTg and RTc markers were regarded as stable molecular
markers since the assays did not involve the use of
methylation sensitive enzymes. The centromeres of 17
linkage groups were identified using 39 RTc markers, with
the position of eight centromeres confirmed by both single-
and double-insertion RTc markers (Figure 1A; Table S3).
The centromeric origin of the marker sequences was con-
firmed by FISH analysis, using as probes BACs from which
the RTc primers had been designed (Figure 1B).

Distribution and density of epiloci within the
B. napus genome

We constructed a new linkage map (E-map) with 484
epimarkers and 84 genetic markers. The latter defined the
framework in terms of established linkage groups and
provided anchors for subsequent comparison with genomic
information (Figure 2A; Table S4). A total of 64% (310) of

Table 1 Variation in DNA methylation status for MSAP markers in Brassica napus at different developmental stages

Tapidor Ningyou7
Marker
number Subtotal

Methylated
alleles (%)

Mapped
on LGs Subtotal

Marker
type (%)Marker type Seedling Budding Seedling Budding

Stable 2 2 + + 277 566 86 148 280 90
+ + 2 2 289 132

Semistable + + 2 + 28 61 9 12 24 8
2 + + + 22 8
2 2 + 2 6 1
+ 2 2 2 5 3

Unstable + 2 2 + 14 33 5 2 6 2
2 + + 2 19 4

Total 660 310

+, methylated alleles; 2, unmethylated alleles.
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the 484 MSAP markers placed on the E-map had been con-
firmed to be consistent either across different developmental
stages or environments, and 90% of these (280/310) were
stable in both respects (Table 1). Although 36% of mapped
MSAP markers were of unknown stability and a few unstable,
only those that met the criterion of not influencing the order
of non-MSAP genetic markers were retained. This ensured
the reliability of the E-map and enabled it to be used for
subsequent analysis. Segregation ratios across each chromo-
some were closely correlated for each type of marker, follow-
ing similar patterns for the three maps. There appeared to be
no bias associated with epimarkers, where 47% had distorted
segregation ratios (x2 test, P , 0.05) compared with 43% for
genetic markers, supporting their suitability as reliable ge-
netic markers (Figure 2B). Moreover, there appeared to be
no bias introduced into construction of the E-map, with
similar numbers of 5mC-derived alleles from each parent
line.

The distribution of epiloci appeared to be uneven across
the E-map (Figure 2A; Table S5). Analysis with the Poisson
distribution function demonstrated that 18% (104) were in
clusters of more than eight loci within a 10-cM interval (P ,
0.001). However, for four epilocus-rich linkage groups (A5,
A6, C1, and C4) the clusters were associated with the cen-
tromeric region. We identified a larger number of small but
distinct clusters that were associated with parent-of-origin
DNA methylation, which we termed as ET cluster (methyl-
ated alleles derived from the female TapidorDH parent) and
EN cluster (from Ningyou7DH). A total of 19 ET/N clusters
(182 markers) were identified that contained a combination
of ET and EN methylated alleles within the same region.
These were distributed in distinct regions across the ge-
nome, covering 16% of the linkage map (296 cM) (Table 2;
Figure 2A).

To determine whether this uneven distribution of epiloci
was specific to the E-map, the distribution of conventional
loci was analyzed within the corresponding BnTNDH G-Map

of 648 genetic loci (including the 84 anchoring markers),
together with the additional 17 RTc loci (to reveal the
position of centromeres) (Table S4). As is common with
many genetic maps, there was an uneven distribution of loci
in the G-map, with 7 of the 11 clusters identified having
a Poisson distribution function located around the centromere.

Since it was difficult to compare the remaining epi- and
G-clusters directly, due to lack of common markers within
the centromeric regions of the two maps, we generated an
integrated map (I-map) using BioMercator 2.0. This con-
sisted of 1157 loci (475 epiloci and 672 genetic loci)
covering 2345 cM, with an uneven locus density (Table
S4). While there were 1.5 times as many genloci in the A
compared with the C genome, there were almost identical
numbers of epiloci in each genome. However, the distribu-
tion of epiloci on individual linkage groups was extremely
uneven, with a notably larger coefficient of variation (0.46)
than that of genloci (0.31) (Table 2). A10 had the fewest (4)
and lowest density (0.48) of epiloci, while C1 had the most
(45) and highest density (7.0), although both linkage
groups had a similar number and density of genloci. The
I-map retained similar features of cluster distribution for
gen- and epiloci as found in the component E- and G-maps
(Table S5). Compared with genloci, which were concen-
trated around the centromeres and formed G-clusters, the
epiclusters were distributed throughout the genome. How-
ever, there were three overlaps with G-clusters in centro-
meric regions (Figure 2A). Comparison with the physical
map of B. rapa chromosome A3 indicated that �40% of
epiloci in B. napus linkage group A3 were likely to be located
in heterochromatic regions (Figure 2C).

To determine whether the distribution of epiloci was
associated with the conserved ancestral blocks arising from
sequential ancient duplications within the Brassicaceae, we
compared homeologous and paralogous regions within the
BnTNDH I-map. The 5mC distribution varied among these
homologous blocks. For example, the number of epimarkers

Figure 1 Centromeric retrotransposons
(RTc) amplification and confirmation. (A,
left) Single insertion of centromeric ret-
rotransposon (CRB) is amplified from
within an array of centromere satellite
repeats (CentB). (Right) Nested insertion
or doubled insertion of retrotransposons
is amplified from within an interretro-
transposon region, where the PCR prod-
ucts would be expected either to
contain CentB in a doubled insertion
interretrotransposon or not contain
CentB in nested insertion. (B) BAC–FISH
analysis using a Tapidor BAC clone
(JBnB029F04) containing the RTc se-
quence used to design primers for the
RTc markers. From left to right are chro-

mosomes stained by 49,6-diamidino-2-phenylindole in blue, FISH signals derived from BAC clone (red), and merged image. A total of 36 of 38
chromosomes with centromeres are visible in the cell. Major signals were localized in the centromere, indicating that the RTc markers were centromere
specific.
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in block U (sensu Schranz) varied considerably within the
four linkage groups A1 (15), A3 (4), A8 (4), and C7 (7).

DNA sequence properties associated with epiloci

We sequenced MSAP bands associated with 15 epiloci
distributed across 10 linkage groups and found that about
half of these were from genes coding for various proteins (8
sequences) or putative regulatory sequence (3 sequences) as

identified by motif prediction. Most of the remaining
sequences (5/15) were retrotransposon related (Figure S1A;
Table S6). We confirmed that all 15 MSAP bands contained
the methylation sensitive restriction cutting site CTGCAG.

Both RTg markers were sequenced and found to possess
the LTR of the retrotransposon that had been used in the
primer design, as well as a flanking sequence falling within
a genic region, indicating that this type of marker was reliable

Figure 2 Epilocus distribution and segregation ratio in the map of Brassica napus. (A) The landscape of the B. napus epigenetic map. Horizontal blue
lines represent epialleles from TapidorDH, red lines epialleles from Ningyou7DH, and short black lines represent genmarkers.The red, blue, and green
boxes are marker clusters with methylation originating from Ningyou7DH, TapidorDH, or both, respectively. There are 6 N-clusters, 13 T-clusters, and 4
T/N clusters. The vertical gray bars to the right of the LGs indicate genetic-marker clusters, with positions estimated from the common anchored markers
in E-map, G-map, and I-map. Centromeres were positioned using RTc markers for 17 of the 19 linkage groups. The locations of the remaining
centromeres (in A2 and C5) were estimated by comparison with the corresponding Arabidopsis centromere position (Parkin et al. 2005). (B) Distribution
of parental allelic genotype segregation ratio for the three linkage maps in linkage group C1, which contained the highest number of epimarkers. (C)
Comparative mapping of linkage group A3 of B. napus (top) and the A3 physical map of B. rapa (below, cited from Mun et al. 2010). The solid lines
between the two maps indicate homologous loci detected by comparative mapping using genetic markers derived from the same B. rapa BACs. The
dotted lines indicate where epiloci in B. napus are likely to correspond to heterochromatic regions (NOR, centromere and gaps that remained un-
assembled due to prevalence of repeat sequences) of the B. rapa A3 chromosome.
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(Figure S1B). Sequence analysis following cloning of 10 RTc
markers confirmed that these were related to known centro-
mere retrotransposons, and all sequences had high identity
with the centromere-specific retrotransposon in the original
B. rapa BAC (Lim et al. 2007). Three subclasses of centro-
meric sequences were detected, all possessing centromere
retrotransposon LTR sequences, thus confirming that the
RTc loci are most likely to be an accurate representation of
the centromeric region (Figure S1C). As expected, the poly-
morphism of RTc markers arose from retrotransposon inser-
tion–deletion events in the centromere region.

We analyzed sequence structural variation between the
two parents using Hydra for a 1.8-Mb BAC sequence of
TapidorDH (covering 0.7% of the genome) and 1.25 million
Solexa reads of Ningyou7DH. A total of 18 structural variants
were identified, of which half represented insertions and half
represented deletions in Ningyou7DH. Of the nine deletion
loci in Ningyou7DH, seven were possibly related to trans-
poson insertion events in TapidorDH. Three of the events
were validated by PCR amplification (Figure S1D), and found
to be caused by transposon insertion into the TapidorDH
genome, mapping to linkage groups A1, A3, and C9.

Detection and features of QTLepi

QTL controlling seven different traits, evaluated in 2–10
different environments, were identified and assigned as
QTLepi or QTLdna, dependent upon their detection in either
the E-map or G-map, respectively. Within the context of the
I-map, where the confidence interval was solely associated
with one class of locus, the QTL were further assigned as
QTLepi-c (confident for QTLepi) and QTLdna-c (confident for
QTLdna), respectively. Conversely, where the confidence in-
terval was associated with a combination of epi- and genloci,
the QTL was assigned as QTLepi-l (QTLepi-like) or QTLdna-l

(QTLdna-like) according to whether the QTL peak position

was closer to the epilocus or genlocus, respectively. For some
traits, the same QTL positions could be identified from mul-
tiple environments, and these were assigned as “recurring”
QTL and integrated into consensus QTL by meta-analysis to
avoid overestimating the number. A total of 125 consensus
QTLepi were detected from the E-map for the seven traits,
compared with 148 (92%) QTLdna detected from the G-map
(Table S7). A total of 26% of the QTLepi were distributed in
epicluster regions, twice the average (1 QTLepi/17 cM) (x2

test, P , 0.01). None of the six unstable markers were
located within the confidence intervals of QTLepi in either
the E-map or I-map.

Although fewer QTLepi were detected in the I-map com-
pared with the E-map, these still accounted for 28% of the
total detected QTL, with 72% of QTLepi distributed on just
nine linkage groups. Three linkage groups (A4, A6, and C8)
contained more QTLepi than QTLdna (Table S8; Figure 3A).
Conversely, only a few QTLepi were detected on linkage
groups A10 and C7, with a very low QTL density in the
latter. Linkage group C4 had both the lowest number and
density of QTL at both epigenetic and genetic levels.

We tested the hypothesis of an interaction between
QTLepi and environmental specificity. As expected, the num-
ber of QTL detected increased with the number of en-
vironments, with some QTL being specific to particular
environments. Three parameters were calculated for each
trait: the average number of QTL identified from one envi-
ronment; the total integrated consensus QTL detected from
all environments; and the index of environmental specificity,
which we define as the ratio of consensus QTL to primary
QTL for each trait (Table S9). In general, the average num-
ber of primary QTLepi detected from one environment was
half that of QTLdna (18.3 vs. 39.5). Thus it appears there are
no substantial differences between QTLepi and QTLdna in
terms of the index of environmental specificity when the

Table 2 Number of epi- and genmarkers and clusters identified within the TNDH I-map

Number of markers Number of markers

Epi- Gen- Total Epi- Gen- Total

LG A genome Cluster LG C genome Cluster

A1 23 44 67 G-cluster (1)a C1 45 25 70 E-cluster (3)
G-cluster (1)

A2 35 29 64 — C2 20 25 45 —

A3 27 36 97 G-cluster (1) C3 36 49 85 G-cluster (1)
A4 37 27 64 E-cluster (2) C4 40 32 72 E-cluster (2)

G-cluster (1)
A5 29 41 70 G-cluster (1) C5 12 19 31 —

A6 40 51 91 E-cluster (2)
G-cluster (1)

C6 22 31 53 G-cluster (1)

A7 16 46 62 G-cluster (1) C7 16 22 38 —

A8 9 27 36 G-cluster (1) C8 19 20 39 —

A9 18 36 88 G-cluster (1) C9 27 23 50 —

A10 4 31 35 —

Subtotal 238 368 674 11 Subtotal 237 246 483 9
CV 0.46 CV 0.31

CV, coefficient of variation.
a Numbers in parentheses indicates the number of clusters detected in each linkage group.
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combined sets of four types of traits are taken into
consideration.

Discussion

We have characterized the inheritance and distribution of
two classes of epimarker within the complex B. napus ge-
nome. We found 90% of mapped epimarkers retained the
same pattern in two contrasting developmental stages and
environments. For two distinct parental lines, 97% of alleles
were transmitted through five meioses. Epimarkers were
distributed nonrandomly in the genome and appeared to
affect the ability to detect recombination. A total of 125
QTL were associated with seven agronomic traits in regions
having a greater density of DNA methylation markers. Our

results will not only facilitate further characterization of
epiloci, but also assist assembly of the complex B. napus
polyploid genome, currently being sequenced using high
throughput sequencing technology.

The centromere is a heterochromatic region where
transposons accumulate, with consequent high levels of
DNA methylation (Zilberman et al. 2007). Accurate map-
ping of centromeres is an important step for genomic and
epigenomic studies. Although Pouilly et al. (2008) mapped
centromere-related transposons on B. napus linkage maps,
the definitive centromere position in each linkage group has
been uncertain. Our accurate mapping of 17 of 19 centro-
meres with centromere-specific markers was confirmed by
BAC–FISH and a published physical sequence map (A3).

Functional genes have recently been identified within
centromeric regions of plants such as rice and wheat
(Nagaki et al. 2004; Mutti et al. 2010). Interestingly, we
found that the increased map resolution afforded by centro-
meric and epimarkers enabled us to detect a significant
number of QTLepi (14% of total) associated with seven traits
in the centromeric regions of five linkage groups. Recombi-
nation has been shown in genetic and cytological studies to
be severely suppressed in plant centromeric regions (Ma
et al. 2007), with reduced recombination frequency detected
by conventional markers. Using chromosome orientation
FISH (CO-FISH), Jaco et al. (2008) found high mitotic re-
combination frequency at mouse centromeres and estab-
lished that DNA methylation was a negative regulator of
centromere recombination. Our results suggest epimarkers
may provide complementary information to reassess recom-
bination frequency in centromeric regions.

We have demonstrated that most MSAP markers are
transgenerationally stable through five successive meioses
for the parent lines, and that polymorphic MSAP alleles still
segregate in a Mendelian fashion in the BnTNDH population
after three meioses following original fixation by microspore
culture. DNA methylation was relatively stable at poly-
morphic loci. Only 5% of 627 MSAP markers were variable
at different developmental stages following growth in
contrasting environments. Only 6% of mapped MSAP
markers were unstable. In plants, patterns of DNA methyl-
ation can be faithfully maintained across generations and
transmitted through mitosis and/or meiosis (Martienssen
and Colot 2001; Saze 2008). Hypomethylated Arabidopsis
epi-recombinant inbred lines have been established varying
with high heritability for flowering time and plant height,
and stable inheritance of multiple parental DNA methylation
variants over at least eight generations (Johannes et al.
2008).

Overall, there was a similar number of epialleles in each
of the two parental genomes. However, more were detected
in the A genome for Ningyou7DH (127) than TapidorDH
(100), with identical numbers (114) in the C genome. We
found 1.5 times more informative genmarkers within the A
genome compared with the C. This may reflect the breeding
pedigree of the Ningyou7DH parents, where B. rapa (AA)

Figure 3 Distribution of consensus QTLepi on the I-map linkage groups.
(A) Distribution of QTLepi and QTLdna on linkage group A2. (B) Distribution
of QTLepi and QTLdna on linkage group C8. The curves above and below
the LG represent QTLepi and QTLdna, regardless of LOD value, and take
into account solely the number of QTL. The height of the curve represents
the frequency of QTL detected, and the width of the baseline of the curve
represents the extent of confidence intervals for the QTL in that region.
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contributed as a recent ancestor, and de novo DNA methyl-
ation may have arisen during introgression to the A genome
of B. napus. Hybrids from interspecific crosses in Arabidopsis
(Bushell et al. 2003) and cotton (Keyte et al. 2006) show
changes in the DNA methylation pattern compared with
parents, and de novo methylation and demethylation occur
in interspecific hybrids of beans (Abid et al. 2011).

Epiloci were unevenly distributed between linkage
groups, with C1 having the greatest number (45) and
density (7.0 per 10 cM), .10 times that within A10. This
pattern of differential methylation was also detected be-
tween homologous ancestral blocks and may reflect a buffer
of gene dosage resulting from formation of the amphidiploid
(Paun et al. 2010). In primate genomes, the degree of CpG
methylation in homologous genomic regions varies between
human, chimpanzee and baboon (Meunier et al. 2005), sug-
gesting the existence of a homology-dependent methylation
(HDM) mechanism.

The uneven distribution of epiloci between the A and C
genomes, between chromosomes and homologous blocks,
may indicate that genome evolution of B. napus has directly
or indirectly involved activation or repression of transposons
during speciation, cultivar breeding, and possibly arising
from cultivation in different environments, which in turn
may contribute to the adaptation of different cultivars
(Feinberg and Irizarry 2010; Yi et al. 2010)

Conventional QTL analysis relies on detection of re-
combination using DNA markers where parental alleles
cosegregate with heritable phenotypic variation. These have
been referred to as QTLdna to distinguish from QTLepi, re-
solved by detection of recombination using a DNA methyla-
tion polymorphism within the corresponding genomic
region (Johannes et al. 2008). We used MSAP and retro-
transposon-specific markers to reveal QTLepi, where the pa-
rental epialleles cosegregate with a trait in the BnTNDH
population.

The epimarkers detected additional chiasmata within the
population. We took care to ensure that the pattern of
segregation and detection of chiasmata was consistent with
the conventional genmarkers within each linkage group.
The congruent pattern of segregation distortion for epi- and
genmarkers along each chromosome also gave us confidence
that the epimarkers provide an accurate reflection of re-
combination within the population. This has consequences
for understanding the distribution of recombination fre-
quency in different populations for the ability to detect and
resolve QTL and for map-based cloning.

For seven traits in multiple environments, we detected
between 2 and 17 QTLepi each, depending on the trait per se
and the number of environments in which different traits
were scored. The increased ability to resolve previously
“cryptic” QTL suggests that studies relying solely on poly-
morphism of conventional genmarkers may consistently un-
derestimate the quantity and distribution of QTL effects. We
found that QTLepi were unevenly distributed among chro-
mosomes, with 8 (12%) on C8 controlling plant develop-

ment and one seed quality trait, while only 4 (2%) QTLdna

were detected on the same chromosome. This suggests
that human selection may have a strong impact on specific
chromosomes, where the activities of transposons affect
agronomic traits, as indicated by Hauben et al. (2009) in
B. napus. Within chromosome C4, which contained more
epiloci (39) than genloci (32), only 2 QTLdna and no QTLepi

were detected. This chromosome may possess more hetero-
chromatin and/or functional genes in regions of reduced
polymorphism. Further interpretation of the QTLepi requires
establishing a direct causality between the epigenetic status
of any functional genes and the trait controlled by the
QTLepi.

Retrotransposons have been estimated by FISH and
sequence analysis to represent �30% of the B. rapa A ge-
nome (Lim et al. 2005; Hong et al. 2006). We found a similar
proportion in B. napus, on the basis of BAC end sequence
analysis (our unpublished data). This major contribution of
transposable elements may provide genomic loci for epi-
markers that then enable detection of additional QTL. More-
over, these QTLepi had equally as strong environment
interaction as those of QTLdna (Table S9). Artificial reduc-
tion of DNA methylation has demonstrated effects on a wide
range of phenotypic traits (King 1995; Finnegan et al. 1998;
Johannes et al. 2008). Our results suggest that naturally
occurring variation associated with DNA methylation may
also generate epiallelic variation, able to be detected as
marker polymorphism in regions where conventional ge-
netic markers are monomorphic. Similar conclusions have
been reached by recent selection studies in Brassica by
Hauben et al. (2009) and Ni et al. (2009).
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