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Significance

There are two main groups of land plants, flowering plants (also referred to as angiosperms)
and gymnosperms. Compared with angiosperms, gymnosperms have larger genomes, often
approximately 20 Gb, and have a higher abundance of transposons and other repetitive
elements that are silenced by DNA methylation. Here, we present a whole genome single-
base resolution DNA methylation analysis of the important conifer Norway spruce (Picea
abies), providing an important resource for the epigenetic study of this species. We show that
the Norway spruce genome is heavily methylated because of high transposon content. In
addition, we also show that somatic embryogenesis cultures used in the industry show altered
DNA methylation patterning.

Abstract

DNA methylation plays important roles in many biological processes, such as silencing of
transposable elements, imprinting, and regulating gene expression. Many studies of DNA
methylation have shown its essential roles in angiosperms (flowering plants). However, few
studies have examined the roles and patterns of DNA methylation in gymnosperms. Here, we
present genome-wide high coverage single-base resolution methylation maps of Norway
spruce (Picea abies) from both needles and somatic embryogenesis culture cells via whole
genome bisulfite sequencing. On average, DNA methylation levels of CG and CHG of Norway
spruce were higher than most other plants studied. CHH methylation was found at a relatively
low level; however, at least one copy of most of the RNA-directed DNA methylation pathway
genes was found in Norway spruce, and CHH methylation was correlated with levels of
siRNAs. In comparison with needles, somatic embryogenesis culture cells that are used for
clonally propagating spruce trees showed lower levels of CG and CHG methylation but higher
level of CHH methylation, suggesting that like in other species, these culture cells show
abnormal methylation patterns.

DNA methylation is the most studied stable and heritable epigenetic modification of
eukaryotes, and plays important roles in transcriptional regulation and silencing of repetitive
elements and transposons (1). In plants, DNA methylation occurs in three contexts, CG, CHG
(His A, T, or C), and CHH (2-4). In Arabidopsis, forward genetic screens have uncovered


https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con1
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con2
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con3
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con4
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con5
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con6
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con6
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con7
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con8
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con9
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con10
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con11
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con11
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con12
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#con13
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#core-r1
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#core-r2
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#core-r4

many components that are required for DNA methylation. For example, the maintenance of
CG, CHG, and a subset of CHH DNA methylation is mediated by METHYLTRANSFERASE 1
(MET1), CHROMOMETHYLASE (CMT) 3, and CMT2, respectively, whereas the de novo
establishment of DNA methylation in all three contexts and the maintenance of the rest of the
CHH methylation is mediated by the RNA-directed DNA methylation (RdDM) pathway that
employs DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) (5).

Genome-wide methylome studies have been performed in many plant species, such
as Arabidopsis, tomato, poplar, soybean, rice, and cassava (2, 3, 6—11). These studies
uncovered conserved DNA methylation patterns in genic regions and transposable element
regions across plant genomes. However, the DNA methylation landscapes of gymnosperm
species that have large genome sizes and high repeat content are relatively understudied.
Takuno et al. have demonstrated that genic CHG methylation was correlated with genome
size by studying gene body methylation in selected gymnosperm species (12). However,
genome-wide high coverage single-base resolution DNA methylation maps of any
gymnosperm are still lacking. It is known that transposable elements (TEs) are the main
targets of DNA methylation. However, the roles of DNA methylation in TE-abundant
gymnosperm species, for example Norway spruce (Picea abies), whose TEs comprise more
than 70% of the genome, have not been studied in detail. Using next generation sequencing
technology, the genome of Norway spruce was sequenced, and 12 billion bases of the 19.6-
Gbp genome were successfully assembled into approximately 10 million scaffolds.

To better understand the roles of DNA methylation in TE-abundant gymnosperms, we present
genome-wide high coverage single-base resolution DNA maps of the Norway spruce. Using
high throughput bisulfite sequencing, we characterized global DNA methylation patterns of
both genic and intergenic regions in needles and somatic embryogenic cultures, the material
used for clonal propagation, and found reduced methylation levels during somatic
embryogenesis. In addition, we also found that global DNA methylation levels are correlated
with genome size even when taking into account of the enormous size of Norway spruce.

Results
Methylation Pathway Genes Are Conserved in Gymnosperms.

A plethora of genes involved in DNA methylation have largely been studied in the model
plant Arabidopsis thaliana, such as the DNA methyltransferases MET1, CMT2, CMT3, and
DRM2, as well as other genes involved in different DNA methylation pathways. Although most
genes involved in DNA methylation are conserved across angiosperm species, these genes
have not been extensively studied in gymnosperms, and the existence of Pol V in
gymnosperms has been controversial (13). Previous studies showed that many subunits of
RNA POLYMERASE IV (Pol IV) were conserved across land plants. For example, DNA-
DIRECTED RNA POLYMERASE |V SUBUNIT 1 (NRPD1), NRPD2, and NRPD7 were
discovered in mosses. However, the largest subunit of Pol V, DNA-DIRECTED RNA
POLYMERASE V SUBUNIT 1 (NRPE1), was not found in gymnosperms or other land plants
(5). Recently, Huang et al. analyzed the transcriptome of four gymnosperms (Ginkgo biloba,
Cycas revoluta, Pinus canariensis, and Ephedra trifurca) and showed that two subunits of Pol
V were conserved from angiosperm to gymnosperms (NRPE5) and from angiosperm to
liverworts (NRPE1) (14).

To comprehensively investigate whether the various methylation pathway genes exist in
gymnosperm, we examined the whole genomic sequence and the annotation of protein-coding
genes of Norway spruce and other sequenced gymnosperm plants, including Pinus
sylvestris, Abies sibirica, Juniperus communis, Taxus baccata, and Gnetum gnemon. We also
studied transcriptome data from three other gymnosperm species, Picea glauca, Pinus taeda,
and Picea sitchensis, to accurately identify DNA methylation pathway genes in gymnosperms.
In Table 1, we present evidence for the existence of NRPD1, NRPE1, NRPE5, RNA-
DEPENDENT RNA POLYMERASE 2 (RDR2), DICER-LIKE ENDONUCLEASE 3 (DCL3), and
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ARGONAUTE 4 (AGO4) in Norway spruce, which are representative genes in the RdDM
pathway. This finding is consistent with the previous identification of RADM machinery in
nonflowering plants (14). In addition, we found at least one copy of most other known factors
involved in DNA methylation control (Table 1) (15-17). As shown in Table 1, neither CMT2
nor CMT3 was identified in Norway spruce by similarity searches. However, this result is likely
due to the incompleteness of the genome assembly, because we could detect CMT homology
in another gymnosperm, P. taeda (Table 1 and Fig. S1). Taken together, our data suggest that
DNA methylation pathways are likely to be functional and largely conserved in gymnosperms.

Table 1.

Putative DNA methylation pathway genes in Norway spruce

Norway spruce (P. abies)

Length,
Gene function Name aa* Copy 1 Copy 2
MET1 VIM1,2,3,4,5,6 645 MA_10432100g0020 —

MET1,2a,2b,3 1,534 MA_10436985g0010t MA_ 1043374690010

CMT3 SUVH4 624 MA_106068g0010 —
CMT2 1,295 NULL* —
CMT3 839 NULLZE —

Pol IV CLSY1/CLSY2 1,256 MA_3624490010t MA_15897g0010

recruit
SHH1/SHH2 258 MA 10426813g0010 MA 29066790010
Pol IV NRPD1 1,453 MA_10429268g001018 —

Pol IV+V NRPD2/NRPE2 1,172 MA_10434923g0010t —

Pol IV+V NRPD4/NRPE4 205 NULL —
Pol V NRPE1 1,976 MA_8720349g0010% —
Pol V NRPE5 222 MA_ 1043541890010t —
Pol V NRPE9B 114 MA_ 1042730290010t —
Pol V DRD1 888 MA_1657469g00101% —
recruit

DMS3 420 MA_10437097g0010T —
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Norway spruce (P. abies)

Length,

Gene function Name aa* Copy 1 Copy 2
RDM1 163 NULL1S —
SUVH2/9 650 MA_54295g0010t MA_7658g0020

RdDM RDR2 1,133 MA_10436273g0010t —
DCL1 1,910 MA_10437243g0020 —
DCL2 1,388 MA_104296789g0010 —
DCL3 1,580 MA_866468690010f —
DCL4 1,702 MA_10436812g0020 —
HENA1 942 MA_131583g0010t  —
AGO4 924 MA_118377g0010t  —
KTF1 1,493 NULL1S —
IDN2 647 MA_9285293g0010f —
IDL1/2 634 MA_14874g0010 MA_1921g0010
SUVR2 740 NULL? —
DMS4 346 MA_227360g0010f  —
UBP26 1,067 MA_2328g0010t —
DRM2 626 MA_637235g0010%% —
LDL1 844 MA_25928g0010t —
LDL2 746 MA_1921g0010t —
JMJ14 954 MA_10436538g0010t —
HDAG 471 MA_10427274g0010t —

Others RDR6 1,196 MA_20320g0020 —
MOM1 2,001 MA_10427682g0010 —
MORCG6 663 MA_91753g0010%8 —
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‘ Norway spruce (P. abies)

Length,
Gene function Name aa* Copy 1 Copy 2
‘ DDM1 764 MA_104034g0010t  —

EXPAND FOR MORE

For gene family, the length of protein indicates the length of one of the proteins in this gene
family.
h

Indicates consistent result with the Ma et al. study (16).
t

Indicates CMT2/3 could be found in P. taedav.

§

Indicates consistent result with the Matzke et al. study (15).

1

Indicates this gene could be found in the Yakovlev et al. study (17).

Fig. S1.
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protein sequences were extracted by reciprocal best hit of BLASTP, and then were aligned by

Muscle.

Single-Base Resolution Landscapes of DNA Methylation in Norway Spruce.

To explore DNA methylation in Norway spruce, we performed whole genome bisulfite
sequencing (BS-seq) of needles and somatic embryogenesis (SE) culture cells (both
originating from the genotype used to generate the genome assembly), each with two
replicates, generating a combined 8.6 billion (needles) and 7.5 billion (SE) single-end 100-bp
reads (Table S1). Reads were mapped to the P. abies genome to identify methylcytosines by
Bismark (18). More than 83% and 76% of total cytosines were covered by more than four
reads in needles and SE culture cells, respectively (Table S1 and Fig. S2), indicating good
library quality and high sequencing depth. To assess sequencing variability, we calculated a
Pearson correlation coefficient of the two replicates of both tissues and found it to be 0.92 and
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0.95 for SE culture and needle replicates, respectively (Fig. S3), indicating the high

reproducibility of our BS-seq results.

Table S1.

Summary of BS-seq results and estimation of methylation levels

Sampl

es Read no.

Needle (4,071,099,5
rep1 59

Needle | 4,538,423,6
rep2 78

Culture |3,776,335,4
rep1 06

Culture | 3,801,275,6

rep2 90
EXPAND FOR MORE

Fig. S2.

Uniquely
mapped
2,374,889,5
04
2,636,656,0
75
2,102,719,9
47

2,123,873,9
90

Mappe

58.1

55.7

55.9

%mC

74.7

74.4

68.6

66.3

%mCH

G

69.1

68.9

62.8

60.9

Sequenci

%mCH Conversi ng depth,

H

1.5

1.5

2.6

1.9

on rate, % Gb

94.91 118
95.43 131
94.49 105
95.00 106
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Percentage

4X 8x 10X

BS-seq coverage shown as the percentage of cytosines that are covered by at least “X” reads.

Both replicates of needle and SE culture cell were calculated separately first and then merged

together as Needle/Culture_merge. Approximately 83% and 76% of total cytosines were

covered by at least four reads in needle and SE culture cell, respectively.

Fig. S3.


https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig02
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig02

< ] <

T R=0.92 e R=0.95 sm high
0 o .
@ @
5 31 g 3
=y c
) 9
T © T ©
Ea o 7 E o §
@ @
= £ 2.
(o] ‘r - [q] ﬂ'_ | -
a O a O
o o
o o)
S N T ™
£ o] 3 o]
O z

2 ] e ow

< T T T T T T o T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Culture rep1 methylation levels Needle rep1 methylation levels

Correlation between replicates of needles (Right) and SE culture (Leff). Methylation levels
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To facilitate the analysis, we reconstructed the Norway spruce genome sequences into 234
supercontigs by connecting the approximately 10 million smaller contigs from the Norway
spruce genome assembly, with 200 “Ns” inserted between the connected smaller contigs
(Experimental _Procedures). Global DNA methylation landscapes of supercontigl to
supercontigb are shown in Fig. 1A for both needle and SE culture. The remaining supercontigs
are shown in Dataset S1. The global average methylation level of CG, CHG, and CHH in
needles was 74.7%, 69.1%, and 1.5%, respectively. In contrast to Arabidopsis, the majority of
not only CG sites, but also CHG sites, were either not methylated or highly methylated
(bimodal distribution of methylation status of each cytosine), suggesting a robust methylation
maintenance system for CHG sites. Conversely, CHH sites were either not methylated or
methylated at less than 20% (Fig. S4). Compared with needles, SE culture cells showed
similar patterns but with reduced methylation levels of CG and CHG sites and increased CHH
methylation across the supercontigs (Fig. 1 A and B and Dataset S1) (see details below).

Fig. 1.
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The DNA methylation landscape of Norway spruce and comparison with other species
previously studied. (A) The landscape of DNA methylation in the first five supercontigs in SE
culture and needles of Norway spruce. TEs and genes are indicated by gray bars in the first
two circles; methylation levels of SE culture (outer) and needles (inner) are shown by circles
of CG, CHG, and CHH. Maximum methylation levels are 0.97 (CG), 0.90 (CHG), and 0.16

(CHH). (B) Global average DNA methylation levels of CG, CHG, and CHH in different
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replicates of needles and SE culture. (C) Correlation of methylation levels and TE abundance.
CG and CHG methylation is positively correlated with TE abundance, but not CHH
methylation. (D and E) DNA methylation patterns and levels in protein-coding genes (D) and

transposons (E) of needles and SE culture.
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The genome-wide average DNA methylation levels at CHG sites of Norway spruce was much
higher than most previously studied plant species, being only moderately lower than that of
maize (Fig. 1C). A comparison of the proportion of TEs in different plant genomes with
methylation levels in all three cytosine contexts showed that they are positively correlated (Fig.
1C), consistent with transposons being a major target of DNA methylation. We separately
investigated the patterns and levels of methylation in genic regions and transposable element
regions. The methylation patterns of genic regions were similar to those of other plant species,
showing increased CG methylation in gene body and flanking regions but reduced methylation
in transcriptional start/end sites (Fig. 1D). Meanwhile, CHH methylation was relatively
depleted in gene bodies but elevated in upstream or downstream regions of gene bodies.
Nevertheless, for all three cytosine contexts, gene body methylation levels in Norway spruce
were much higher than most of other plant species, such as Arabidopsis, rice, and cassava
(2, 9, 19). In most plant species, gene bodies are exclusively methylated in the CG context;
however, we found moderate but significant levels of gene-body CHG methylation in Norway
spruce (Fig. 1D). This result is consistent, however, with a recent study of genic DNA
methylation across land plants by Takuno et al. using low coverage sequencing, which showed
that non-CG methylation was much higher in gymnosperms, such as P. taeda and P. glauca,
than in other plant species (12). Our previous work showed that gene body methylation level
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estimates were lowered by excluding intronic TEs (9). We also performed this analysis in
Norway spruce but found that excluding intronic TEs had little impact on the estimates of
methylation in any sequence context (Fig. S5A). From a cluster analysis, it was also clear that
some genes have much more CHG methylation in the gene body than other genes (Fig. S5B).
To further examine whether non-CG body methylation is correlated with repressed gene
expression, we rank ordered genes from high to low by expression levels and examined the
methylation levels of all three cytosine contexts across gene bodies and flanking regions. As
shown in Fig. S6, both highly and moderately expressed genes could be methylated in CHG
and CHH contexts in gene bodies. This analysis indicated that non-CG methylation in gene
body regions may not negatively regulate gene expression as was previously suggested for P.
taeda (12). Similar to studies in angiosperms, the moderately highly expressed genes (the
genes in second, third, and fourth expression groups) showed the highest CG gene body
methylation levels (Fig. S7). Taken together, Norway spruce shows both CG and non-CG
genic methylation, but this methylation is unlikely to repress gene expression.
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As expected from the presence of most known components of the RNA-directed DNA
methylation pathway, we found a correlation between the presence of siRNAs and the
presence of CHH methylation. First, the higher level of CHH methylation in SE culture cells
correlated with a much higher levels of 24-nt siRNAs in this tissue compared with needle,
which showed almost exclusively 21-nt siRNAs (Fig. S8A). In addition, within 500-bp bins
throughout the genome in SE culture cells, we observed a correlation between the presence
of 24-nt siRNA and CHH DNA methylation (Fig. S8B).
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Correlation between 24-nt siRNA abundance and CHH methylation levels. (A) Comparison of
the length distributions of siRNA between needle and SE culture. (B) The correlation between
CHH methylation and 24-nt siRNA abundance of supercontig1 in SE culture. Each bin
represents a 500-bp window. Red line represents a fitted line from a linear model (Im function
in R software) for SE culture.

Transposons were highly methylated in both CG and CHG contexts and showed a higher level
of CHH methylation than in genes (Fig. 1E). There was also high methylation upstream and
downstream of annotated TEs, which is likely because of the high TE content and the
frequency of nested or adjacent TEs (Fig. 1E).

DNA Methylation Differences Between Needle and SE Culture.

A comparison of needles and SE culture cells showed lower CG and CHG methylation levels
and higher CHH methylation levels in SE culture cells (Fig. 1 A and B and Fig. S9). These
changes were genomewide, found in both genes and transposons, and were much more
dramatic than differences found in previous studies of tissue culture cells or in plants
regenerated from tissue culture cells in rice or maize (Fig. 1 D and E) (20, 21). In addition, the
TEs were more enriched in CHH methylation relative to flanking regions in needles than they
were in SE culture cells (Fig. 1E). To examine local DNA methylation differences between
needles and SE culture, we compared these two types of tissues and identified differential
methylation regions (DMRs) by stringent criteria (Experimental Procedures). We observed
loss of DNA methylation in CG and CHG contexts and increased CHH methylation at many
sites in SE culture compared with needles (Fig. 2), and a validation of seven specific sites by



https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig08
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig08
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig08
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#fig01
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#fig01
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#fig01
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig09
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#fig01
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#core-r20
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#core-r21
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#fig01
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sec-3
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#fig02
https://www.pnas.org/doi/full/10.1073/pnas.1618019113#sfig08

traditional bisulfite sequencing confirmed these differences and suggested that the whole
genome bisulfite data are highly accurate (Fig. S9 and Table S2). We also used DNA from a
third tissue, flower buds, to confirm methylation at these seven sites, and found that the
patterns were quite similar in flower buds and needles (Fig. S9). This result suggests that the
differences in methylation observed could be specific to SE culture cells, although we cannot
exclude the possibility that there are other cell types, which we have not examined, with similar
methylation patterns as SE culture cells. We found that 84.3% of the total DMRs were in the
CHG context, and the number of CG DMRs was similar to that of CHH DMRs (Fig. 2A).
Consistent with a previous study of plants regenerated from rice tissue culture (20), the
majority of DMRs were hypo-DMRs in the CG and CHG contexts, but not in CHH context (Fig.
2B). Interestingly, most of the three types of DMRs were not overlapping with each other,
suggesting that the majority of the differentially methylated regions do not have more than one
type of DMR (Fig. 2C) (but see exceptions below). By examination of hypo-DMRs in the CG
context, we found that loss of CG methylation in those regions was almost always
accompanied with loss of CHG methylation and gain of CHH methylation (Fig. 2D). We also
found that hyper-CHH DMRs were not usually accompanied by changes in methylation in
other sequence contexts (Fig. 2E), consistent with the trends seen in Fig. 2C. We assigned
DMRs in all three cytosine contexts to different genomic elements, and found that DMRs in all
three contexts were most abundantly located in TE regions, whereas CG was the main form
of DMRs that was enriched in non-TE and intergenic regions (Fig. 2F). Taken together, DMRs
of the three cytosine contexts were not evenly distributed within genic and intergenic genomic
features, and CHG was the major form of differentially methylated regions between needles
and SE culture of Norway spruce.
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DNA methylation differences between needles and SE culture. (A) DMR numbers of each

cytosine context. (B) Proportions of hypo- and hyper-DMRs in CG, CHG, and CHH contexts.
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(C) Overlap of three types of DMRs. (D and E) Heatmaps of all CG hypo-DMRs and CHH-
hyper-DMRs between SE culture and needles. DMRs were binned by 2-kbp window for this
analysis. N, needle; SE, somatic embryogenesis. (F) Observed overlap of DMRs with different
types of genomic elements compared with their expected overlaps. Inset shows a scaled view

of exon, intron, upstream, and downstream elements.
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Detection of methylation differences between needles and SE culture by BS-seq and
validation of BS-seq data by traditional bisulfite sequencing. BS-seq data [screenshot from
Integrated Genome Browser (IGB) browser] from selected regions in supercontig 1

(see Experimental Procedures for supercontigs) are shown on the left and traditional bisulfite

data (see Table S2 for PCR primers used) are shown on the right. In BS-seq data, CG, CHG,
and CHH are shown in blue, red, and green, respectively. Regions in A—C lose CHG
methylation in SE culture; regions in D and E gain CHH methylation in SE culture; region
in F gains CHG and CHH methylation in SE culture; and region in G loses all three types of
methylation in SE culture. Traditional bisulfite sequencing data obtained from buds is also

included for comparison purpose.

Table S2.

PCR primers used in traditional bisulfite sequencing

Regions Primer sequences
Supercontig1 | 5-TTGAGTGAAAAAATTYGAATATTATAAATTGTTTGGA-3

+ 26,345,393~ 5 TTTTAAACTTTTAACACRTTTCCATACCCT-3'
26,345,542

Supercontig? [5-YTTTTTTGAGTGTTTTTGGGTTAAATTTGAG-3'

+ 31,001,585~ 5. CTAAAATAATCATTTAAAATACTTTTTCATATTCATAAATTTTATTTTTA-
31,001,748 |5,

Supercontig1 | 5-TATATTATAATTTTTTTTGTTTTATATTATGTTTTTTATTTTGYTTGAA-3'

+ 43,316,225~ 5 CATCAAACAAAAATTCTCTTTRCAAAATATATAAAAAAATAC-3'
43,316,367

Supercontig1 | 5-ATTTGAGTGATTGTTTTTTTTTTTTTYAGTATAYTGA-3'

5,502,827-| 5. CACACTARACCTATCATACCACATAATATTTC-3'
5,502,968

5-TGTGYAATAATATAAYGAAATTGTGTGYGAATA-3'
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Regions Primer sequences

Supercontig1 | 5-TCTTATTTCTTAAAAATTTTAATTAAAACTCTCACTCCATA-3'
: 22,943,274~

22,943,415

Supercontig1 | 5-TTATTATTGTTAATTTTTTAATTGAYGAGATTTTAATTTTTTTAATATAA-
. 27,562,572 3’

27,562,721 | 5 AAATTCTTCCTTCAAATACAAATARARTTAAAAATTTCTTA-3'

Supercontig1 | 5-AGAGAGGATGAAGGGAATGATTGA-3'
: 39,709,799 5.

39,709,973 | CAATAAAAATAAAAATATAAATATTAACTAAAAATCAATACCAAAAATAAT

-3
EXPAND FOR MORE

Global Methylation Levels Are Correlated with Genome Size.

Norway spruce is the largest completely sequenced genome. The reason why this genome is
so large is still unknown. From DNA methylation studies of other plants, DNA methylation is
often concentrated in pericentromeric heterochromatin regions, which consist of heavily
methylated transposable elements and other repetitive elements (2, 9, 22). In the Norway
spruce genome, there are abundant TEs and other repetitive elements throughout the genome
with approximately 70% of the Norway spruce genome being composed of these elements
(23).

Compared with other plants, Norway spruce was one of the most heavily methylated species.
We noticed that some of the other densely methylated species, like maize and tomato, had
similar TE contents (84.2% and 64.2%, respectively) to Norway spruce (70%) (Fig. 3A) (24).
Recently, Takuno et al. showed that gene body CG and CHG methylation levels were
correlated with genome sizes by sampling more than 14 species. However, when they
excluded nonvascular species, they found that only CHG methylation level was correlated with
genome sizes (12). To further investigate the correlation between DNA methylation levels and
genome sizes, we compared the DNA methylation levels of several angiosperms and three
nonvascular species together with Norway spruce. We found that methylation levels of CG
and CHG were correlated with genome sizes but CHH was not (Fig. 3 B-D). Intriguingly, this
correlation was also related to TE abundance (Fig. 1C), indicating that the number of heavily
methylated TEs was correlated with genome sizes. We sampled 33 species and found that
the abundance of TEs in these species had a strong positive correlation with genome sizes
(Fig. S10A). This correlation was much more apparent after excluding Norway spruce as an
outlier (Fig. S10B). Similarly, a recent study by Niederhuth et al. has also shown a correlation
between genome-wide DNA methylation levels and genome size, and they noted that this
positive correlation was significantly affected by one large genome (Zea mays) (11). In the
future, additional studies of large genomes like Norway spruce should help to clarify the
relationship between DNA methylation and genome size.
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Genomic sizes of different plant species and their correlation with DNA methylation. (A)

Phylogenetic tree showing the evolutionary relationship of 13 plant species and their genomic

components and genome sizes. Orange lines indicate eudicots, green lines indicate

monocots, and the purple line indicates gymnosperm (Norway spruce), which is an out-group.

(B-D) Correlation between genome sizes and the levels of CG (B), CHG (C), and CHH (D)

methylation.
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Taken together, both TE abundance and DNA methylation are positively correlated with
genome sizes in plants, and these findings are consistent with studies in metazoans (25).

Discussion

Gymnosperms have more than 1,000 extant species and are important ecological and
economic resources, providing humans with lumber, soap, varnish, and perfumes. Norway
spruce belongs to conifers that are the predominant gymnosperm (comprising approximately
two-thirds of all of the gymnosperms) and mainly occupy the forests of the Northern
Hemisphere. In recent years, sequence analyses in conifers have led to identification of conifer
genes and sequencing of conifer genomes (23, 26—31). Because their genomes are so large
(often more than 20 Gbp) compared with other eukaryotes, and because of their high content
of transposons together with the role of DNA methylation in transposon silencing, it is of
interest to study DNA methylation in gymnosperm genomes.

Our comprehensive analysis of DNA methylation pathway genes identified genes such as
NRPD1, NRPE1, NRPE5, RDR2, DCL3, and AGO4, all of which are important for the RdDM
pathway in Arabidopsis, suggesting an intact RADM pathway in Norway spruce. Consistent
with this hypothesis, siRNAs were correlated with CHH methylation throughout the genome.
Our analysis of the methylome of Norway spruce showed that whereas the general DNA
methylation patterns of genic and intergenic regions are similar to other plants (2, 3, 9, 32),
global average CHG methylation levels are much higher in Norway spruce than in most other
plant species. In contrast to other plants that have exclusive CG gene body methylation,
Norway spruce gene body regions are also moderately methylated in CHG context, although
this methylation does not correlate with gene silencing. This result is consistent with a recent
study that focused only on genic methylation (12). From the collection of available data on
DNA methylation levels and genome sizes from land plants, we found that genome sizes are
generally positively correlated with methylation levels in CG and CHG contexts but not in the
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CHH context. The likely reason for this correlation is that species with larger genomes
generally contain higher numbers of TEs.

Tissue culturing is one of the most common methods used in the production of transgenic
crops, and in the clonal propagation of many species. In Norway spruce, several studies have
shown that somatic embryos developed from callus can be used to generate plantlets for tree
propagation (33, 34). Environmental factors such as temperature can affect this
embryogenesis process, and it has been suggested that epigenetic gene regulation plays a
role (17, 35). Consistent with studies of rice tissue culture or tissue culture-derived plants (20),
we found that CG and CHG methylation were reduced at specific regions of the genome in SE
culture cells compared with needles. Although it is not clear whether these methylation
changes are occurring on one or both alleles of genes, and whether these methylation
changes are heritable and would be transmitted to clones derived from culture cells, these
points remain interesting questions for future studies. Regardless, our results suggest that
methylation reprogramming during tissue culture growth may be a common phenomenon in
both gymnosperms and angiosperms. Studies of rice and maize methylation patterns have
suggested that losses of methylation may be a significant source of somaclonal variation, a
phenomenon in which phenotypically abnormal plants, or “off types,” arise in the process of
deriving plants from tissue culture (20, 21, 36). An example of an important somaclonal variant
that is important in agriculture is the recently described mantled allele of oil palm that
drastically reduces yield and is due to a methylation change at a single gene (36). Thus, our
finding of significant changes of methylation patterns of Norway spruce somatic
embryogenesis cultures suggests that epialleles might arise during the derivation of plants
from these cultures that might affect the expression of important genes and, thus, influence
specific forestry traits.

Experimental Procedures
Plant Material and DNA Extraction.

DNA was extracted from needles of the sequenced Z4006 P. abies genotype, as described in
Nystedt et al. (23). For the SE culture sample, material was collected at the proliferation stage,
as described in Businge et al. (37), and DNA extracted as for the needle samples. The culture
was generated from seeds obtained from the sequenced “Z4006” genotype.

Library Construction and Sequencing.

BS-seq libraries were prepared by using TruSeq Nano DNA LT kit (lllumina), as described
(38), except that EZ DNA Methylation-Lighting Kit (Zymo) was used for bisulfite conversion of
genomic DNA. BS-seq libraries were sequenced on a HiSeq 2500 system (lllumina) to obtain
single-end 100-bp reads. Traditional bisulfite sequencing of selected regions was performed
as described (39), except that EZ DNA Methylation-Lightning Kit (Zymo) was used for bisulfite
conversion of genomic DNA. Furthermore, instead of Sanger sequencing, the PCR products
amplified from bisulfite converted DNA were used for library preparation by Ovation Ultralow
V2 kit (Nugen) and TruSeq Nano DNA LT kit (lllumina), and the libraries were sequenced on
a HiSeq 2000 system (lllumina) to obtain single-end 100-bp reads. The PCR primers are listed
in Table S2.

Supercontig Reconstruction.

Because there are more than 10 million small contigs in the draft genome of Norway spruce,
it makes it difficult to detect methylated cytosines and calculate methylation levels using
available software. Therefore, we merged these small contigs into 234 supercontigs with an
average length of 60 Mbp by insertion of 200 “N” letters between adjacent contigs.
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BS-seq Data Alignment.

All BS-seq reads were aligned against the Norway spruce reference genome, as well as the
chloroplast genome, using Bismark v0.13.0 (18). BS-seq reads of each replicate were aligned
independently with the following parameters: -g—score_min L,0,-0.3 -most_valid_alignments
1-bowtie2. Only uniquely mapped reads were kept to estimate methylation ratio. Methylation
ratios of each cytosine were calculated as the number of Cs divided by Cs plus Ts. Conversion
rates were estimated from chloroplast genome methylation levels, and each sample was
calculated independently as shown in Table S1.

Correlation Analysis of Methylation Data.

Reproducibility between replicates of BS-seq was calculated as methylation levels of total Cs
in 2-kbp regions. First, the Norway spruce genome was split into 2-kbp bins, and methylation
levels were calculated as the average #C/(#C+#T) for all cytosines in each bin. Then, Pearson
correlation coefficients were calculated between the two replicates (Fig. S2).

Differential Methylation Analysis.

DMRs were defined as described (40) by dividing the genome into 100-bp bins and comparing
between needle and SE culture by the number of called Cs and Ts (from the positions covered
by at least four sequencing reads) using Fisher's exact test and correction by Benjamini-
Hochberg FDR <0.01. In addition, the absolute methylation difference of each bin had to be
bigger than 0.4, 0.2, and 0.1 for CG, CHG, and CHH context, respectively.

Metaplot Analysis.

For metagene plot, gene body regions were divided proportionally into 20 bins. Upstream 2-
kbp or downstream 2-kbp regions were divided into 20 bins (100-bp in each bin). The average
methylation level of each bin was calculated for each gene and plotted by R software.

RNA-seq Data Analysis.

Needle RNA-seq data were downloaded from ERP002475. The needle samples were
described in the Norway spruce genome paper (23), and samples of needles from 2008 and
2009 were combined and used to estimate the expression level of each gene. Tophat and
Cufflinks were used to map sequencing reads and expression values were estimated as FPKM
(fragments per kilobase per million mapped reads) (41, 42).

sRNA-seq Data Analysis.

We used publicly available sSRNA-seq data from needles of Norway spruce (ERR260432). For
SE culture, sRNA-seq library was generated as described (23), and a total number of ~2.2
million nonredundant single-end 50-bp reads were obtained. After removing the adapter by
Cutadapt v1.3 (43), all sSRNA-seq reads were mapped to the genome of Norway spruce by
using Bowtie (44) allowing no mismatches (Table S3). Only uniquely mapped reads were kept
to calculate the distribution of length of sSRNA and abundance across gene regions.
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Table S3.

Summary of sRNA-seq read alignment

Samples Total reads* Uniquely mapped Mapped ratio, %
Needle 2,061,322 1,494,660 72.51

SE culture| 2,261,492 2,027,354 89.65

*

Nonredundant reads.

Data Availability

Data deposition: The data reported in this paper have been deposited in the Gene Expression
Omnibus (GEO) database, www.ncbi.nIm.nih.gov/geo (accession no. GSE86983).
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