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Abstract  27 

Long-lived conifers are vulnerable to climate change because classical evolutionary processes are 28 

slow in developing adaptive responses. Therefore, the capacity of a genotype to adopt different 29 

phenotypes is important. Gene expression is the primary mechanism to convert genome-encoded 30 

information into phenotypes, and further, DNA methylation is employed in epigenetic regulation 31 

of gene expression. We investigated variation in global DNA methylation and gene expression 32 

between three Scots pine (Pinus sylvestris L.) populations located in northern and southern 33 

Finland using mature seeds. Gene expression levels were studied in six DNA methyltransferase 34 

(DNMT) genes, which were characterized in this study, and in 19 circadian clock genes regulating 35 

adaptive traits. In embryos, expression diversity was found from three DNMT genes, which 36 

maintain DNA methylation. Expression of two DNMT genes was strongly correlated with climate 37 

variables, which suggests a role for DNA methylation in local adaptation. In adaptation-related 38 

genes, expression levels showed among-population variation in 11 genes in megagametophytes 39 

and in eight genes in embryos, and many of these genes were linked to climate factors. 40 

Altogether, our results suggest that differential DNA methylation and gene expression contribute 41 

to local adaptation in Scots pine populations and may enhance the fitness of trees under rapidly 42 

changing climate.   43 
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Introduction  53 

The ongoing global climate change affects northern boreal forest ecosystems in many complex 54 

ways (Lindner et al., 2010). Conifers, as long-lived organisms with long generation time, are 55 

regarded vulnerable to rapid environmental changes because adaptation solely by changes in 56 

allele frequencies is too slow (Rehfeldt et al., 2002). To adapt, trees will rely on standing genetic 57 

variation and recombination (Aitken et al., 2008), but also on phenotypic plasticity. The capacity of 58 

a genotype to adopt different phenotypes depending on environmental conditions (Bradshaw, 59 

2006) is critical in predicting species’ responses to climate change (Rehfeldt et al., 2002). 60 

Scots pine (Pinus sylvestris L.) is one of the keystone species in the Eurasian boreal forest zone 61 

(Mirov, 1967). As a widely distributed wind-pollinated species, Scots pine has adapted to a wide 62 

range of environmental conditions and photoperiods (Oleksyn et al., 1992; Notivol et al., 2007). 63 

Studies with neutral markers have suggested low genetic differentiation between Scots pine 64 

populations (e.g. Kujala and Savolainen, 2012) but variation has been found in phenotypic traits 65 

related to cold tolerance and growth phenology (García-Gil et al., 2003; Andersson and Fedorkov, 66 

2004; Notivol et al., 2007). As an evidence for selection and adaptive variation, these traits form 67 

phenotypic clines along a latitudinal gradient (Savolainen et al., 2013). Furthermore, 68 

differentiation in the allele frequencies of genes underlying the adaptive traits has been found 69 

between geographical areas (Wachowiak et al., 2011; Kujala and Savolainen, 2012; Chen et al., 70 

2012, 2014; Källman et al., 2014). Many of these genes are related to circadian clock, which 71 

enhances plant growth and fitness by coordinating diverse physiological events with the 72 

environment so that they occur at the most appropriate season or time of day (Hsu and Harmer, 73 

2014). 74 

Epigenetic mechanisms may influence the adaptation of trees by creating a transmittable and 75 

reversible memory system, which enables rapid adaptation to changing environments (Yakovlev et 76 

al., 2012; Wibowo et al., 2016). The most studied epigenetic mechanism, DNA methylation, 77 

participates in shaping the structure of the genome and modulates gene expression by the 78 

addition of methyl groups to cytosine bases (Niederhuth and Schmitz, 2017).  Environmentally 79 

induced changes in DNA methylation vary by genotype (Yakovlev et al., 2014; Dubin et al., 2015) 80 

and they have been shown to be heritable for several generations (Feil and Fraga, 2012). These 81 
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stable epialleles may have a significant role in evolutionary processes because they can affect 82 

specific phenotypes (Bräutigam et al., 2013) and thus ecologically important traits.  83 

In plants, the establishment and maintenance of DNA methylation is carried out by DNA 84 

methyltransferases (DNMTs) (Law and Jacobsen, 2010). Based on their activity to methylate either 85 

previously unmethylated or hemimethylated residues, DNMTs can be classified into those of de 86 

novo and those of maintenance methylation activity. De novo methylation in all sequence contexts 87 

(CG, CHG and CHH) is catalysed by domains rearranged methyltransferase 2 (DRM2) (Matzke and 88 

Mosher, 2014). Methyltransferase 1 (MET1) is responsible for the maintenance methylation of CG-89 

sites. Chromomethylases (CMTs) are plant-specific methyltransferases, which catalyse the 90 

maintenance methylation of CHG sites (Law and Jacobsen, 2010). The asymmetric CHH sites 91 

cannot be maintenance-methylated after replication. Their maintenance equals de novo 92 

methylation by DRM2 and CMT2 (Chan et al., 2005; Stroud et al., 2014). 93 

As discussed above, Scots pine populations are genetically adapted to local climate and 94 

photoperiod at their habitats. In the present study, we hypothesize that Scots pine local 95 

adaptation is also associated with variation in DNA methylation and gene expression levels. 96 

Therefore, we compare the global DNA methylation (GDM) as well as the expression levels of 97 

adaptation-related genes between three Scots pine populations located in northern and southern 98 

Finland. Moreover, Scots pine DNMT genes are characterized and their expression is studied. As 99 

research material, we use Scots pine seeds whose megagametophytes represent existing adult 100 

trees and embryos their progenies, which will contribute to the next generation, in the locally 101 

adapted populations. We demonstrate that DNA methylation and gene expression levels vary 102 

between Scots pine populations, and hence, have potential to contribute to the evolution of 103 

locally adapted phenotypes.   104 

Materials and methods  105 

Scots pine seeds 106 

The Scots pine seed material was provided by Natural Resources Institute Finland (LUKE). Mature 107 

seeds originated from three gene reserve forests located in southern and northern Finland: 108 
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Ruotsinpyhtää (RUO, 60°28,66’N; 26°17,22’E), Parkano (PAR, 61°59,54’N; 22°45,49’E) and Kolari 109 

(KOL, 67°4,17’N; 24°12,69’E) (Supplementary Fig. S1). Dry seeds were allowed to imbibe water for 110 

16h to retain the same physiological state and, at the same time, to switch on the transcriptional 111 

function of the circadian clock, which has been found to be arrested in dry seeds (Penfield and 112 

Hall, 2009). Thereafter, the seeds were dissected and the seed coat and nucellar layers were 113 

removed. Megagametophytes and embryos were excised, flash frozen in liquid nitrogen, and 114 

stored at −80 °C until use. Altogether, seeds from 30 trees (ten trees per population) were used for 115 

the experiments. From each tree, four samples were compiled: two of ten pooled 116 

megagametophytes and two of ten pooled embryos (see Supplementary Fig. S2 for experimental 117 

design). 118 

Microscopical observations 119 

For anatomical observations, three randomly selected seeds from each tree were fixed in paraffin 120 

as previously described in Vuosku et al. (2006). The preparates were stained with toluidine blue 121 

(0.05% toluidine blue in H2O) and photographed (Olympus camera, Mitutoyo M Plan Apo 5 x 0.14 122 

Microscope Objective Lens). TUNEL (terminal deoxyribonucleotidyl transferase (TdT)-mediated 123 

deoxyuridine triphosphate (dUTP) nick end labelling) assay was used to investigate nuclear DNA 124 

fragmentation as described in Vuosku et al. (2009 a). The seed sections were labelled with TMR 125 

red (red fluorescence) using In situ cell death detection kit (Roche) according to the 126 

manufacturer’s protocol. 127 

Global DNA methylation analysis  128 

The embryo and megagametophyte samples were homogenized using TissueLyser (Qiagen) and 129 

total DNA was extracted with E.Z.N.A.® SP Plant DNA Kit (Omega Bio-Tek) according to the 130 

manufacturer’s instructions. Global DNA methylation was analysed by following the method 131 

described in Rossella et al. (2009) with minor modifications. Altogether, we analysed 20 embryo 132 

samples and 30 megagametophyte samples. In brief, 3.4-4 µg of RNA-free DNA samples were 133 

hydrolyzed in 300 µL of 88% formic acid by heating at 140 °C for 90 min. Derivatization was carried 134 

out by adding 30 µL MBSTFA + 1% TMCS and 30 µL of pyridine to the residue for 40 min at 40 °C. A 135 

volume of 5 µL of derivatized solution was injected into Agilent 6890 GC-MS with a HP-5 column 136 
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(Agilent 19091J-433). The GC analysis was performed as follows: GC oven was programmed from 137 

150 °C to 300 °C at 15 °C/min and then a post run of 1.5 min at 325 °C. Samples were injected in 138 

splitless mode with the port at 230 °C and the column flow was set to 1 mL/min. MS detection was 139 

performed over the range of 50-500 m/z with a temperature of the transfer line and the source of 140 

250 °C. Ions (m/z) 282 (RT 6.55) and 296 (RT 6.78) were used to quantify cytosine and 5-141 

methylcytosine (meC), respectively. GDM was calculated as follows: meC × 100 / (meC + cytosine).  142 

RNA isolation, reverse transcription and cDNA cloning 143 

The embryo and megagametophyte samples were homogenized with TissueLyser (Qiagen), and 144 

total RNA was extracted with KingFisher Pure RNA Plant Kit using the KingFisherTM mL method 145 

(Thermo Fisher Scientific) according to the manufacturer’s instructions. Subsequently, 1 µg of total 146 

RNA from each sample was reverse transcribed using the SuperScript® IV Reverse Transcriptase 147 

(Thermo Fisher Scientific) according to the manufacturer’s instructions. PCR with the actin 148 

primers, which have been designed so that the amplicon contains an intron, was used to reveal 149 

possible genomic contamination in the cDNA samples (Jaakola et al., 2004).  150 

Identification, sequencing and phylogenetic analyses of DNMT genes  151 

To analyse DNMT genes of Scots pine, peptide sequences of nine Arabidopsis (Arabidopsis 152 

thaliana) and five maize (Zea mays L.) DNMT proteins were retrieved from NCBI (Supplementary 153 

Table S1) and used to identify putative DNMT genes from loblolly pine (Pinus taeda L.) and Norway 154 

spruce (Picea abies [L.] H. Karst.) genomes downloaded from ConGenIE (congenie.org/). DNMT 155 

homologs were identified by conducting a tblastn search against both genomes with the C-5 156 

cytosine-specific DNA methylase domains of the aforementioned proteins. Along with a 157 

subsequent blastp search, GonGenIE’s GBrowse was utilized to check whether the scaffolds 158 

containing complete intact homologous domains contained any matching full gene annotations. 159 

DNMT genes with full gene annotations were further sequenced and analysed with qPCR. 160 

The coding sequences of Scots pine DNMT genes were amplified with primers designed against the 161 

loblolly pine gene annotations (Supplementary Table S2). Megagametophyte RNA from the KOL 162 

population was reverse transcribed into cDNA. The PCR amplicons were produced with Phusion 163 
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DNA Polymerase (Thermo Fisher Scientific) and purified with Rapid PCR cleanup enzyme Set (New 164 

England Biolabs). cDNA sequencing was performed with Big Dye Terminator kit v3.1 (Applied 165 

Biosystems) and 3730 DNA Analyzer (Applied Biosystems). The sequences were checked and 166 

edited in Sequencher 4.7 (Gene Codes Corp.) and submitted to GenBank with accession numbers 167 

from MG407584 to MG407589. 168 

The coding sequences of putative Scots pine DNMTs were used to revise the annotations of 169 

loblolly pine and Norway spruce DNMTs. A subsequent blastn search using the revised sequences 170 

was conducted to identify every potential homolog in the loblolly pine and Norway spruce 171 

genomes. All putative DNMTs were structurally analysed for the typical domains and motifs found 172 

in DNMT proteins. A preliminary analysis was done using the hmmer software (hmmer.org/) with 173 

the Pfam database (pfam.xfam.org/) after which a manual identification was done by a sequence 174 

alignment with the corresponding protein sequences of Arabidopsis and maize used as reference. 175 

Sequence alignment was done with Clustal Omega (clustal.org/omega/). On the methyltransferase 176 

catalytic domain, identification was focused on the six most highly conserved motifs described in 177 

Pavlopoulou and Kossida (2007). A phylogenetic analysis for the DNMT genes was conducted using 178 

a total of 49 DNMT peptide sequences from seed plants (Supplementary Table S1). The sequences 179 

were aligned using Clustal Omega and a maximum-likelihood (ML) tree with 1,000 bootstrap 180 

iterations was generated using MEGA7 software (Kumar et al., 2016 b). 181 

Quantitative PCR 182 

Quantitative PCR (qPCR) was performed according to MIQE guidelines (Bustin et al., 2009). The 183 

selection of adaptation-related genes was based on literature (Table 1). The qPCR amplifications 184 

were done with the LightCycler® 480 instrument (Roche) using LightCycler® 480 SYBR Green I 185 

Master mix (Roche), 0.5 µM gene-specific primers (see Supplementary Tables S3, S4, and S5) and 2 186 

µl cDNA (1/10 dilution) Amplification was initiated by incubation at 95 °C for 10 min, followed by 187 

45 cycles of 10 s at 95 °C, 10 s at 58 °C, and 20 s at 72 °C. The arithmetic mean of two technical 188 

replicates was used in data analysis. The combined average expression of three reference genes 189 

actin, glyceraldehyde-3-phosphate dehydrogenase and ubiquitin was used for the normalization of 190 

gene expression data. Relative expression of the target genes was calculated with the LightCycler® 191 
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480 software version 1.5.1.62 using the efficiency adjusted advanced relative quantification -192 

method (E-method). 193 

Statistical analyses  194 

Gene expression heatmaps with hierarchical clustering option were created with the heatmap.2 195 

function in the gplots package (Warnes et al., 2016) using R version 3.4.2 (R core team, 2013). 196 

Pearson’s Chi-squared test was utilized to determine differences between the observed and 197 

expected frequencies in low and high gene expression groups of DNMT genes. For Chi-squared 198 

test, the southern populations RUO and PAR were combined into one group. Mean expression 199 

heatmaps were made in Excel with Conditional Formatting feature (color scales). Supplementary 200 

Fig. S1C (daylength in the locations of the gene reserve forests) was made in R version 3.4.2 (R 201 

core team, 2013) with the geosphere package (Hijmans, 2014). 202 

One-way ANOVA was used to determine whether the GDM levels differed between the 203 

populations. Moreover, ANOVA and nonparametric Kruskal-Wallis test were employed to discover 204 

if the gene expression levels were different between the populations. Square root, exponential or 205 

logarithmic transformation was used for the normalization of the expression data for each gene, if 206 

needed. Post hoc comparisons were done with SPSS software version 24.0 (SPSS). Following 207 

ANOVA, Tukey’s HSD was selected for method of post hoc analysis. Pearson's correlation tests 208 

were performed to determine correlations between embryos and megagametophytes in both 209 

GDM and gene expression data. Furthermore, independent samples t-test was used to test the 210 

GDM data. The statistical tests were conducted in SPSS with a significance level of 0.05.  211 

Ten climate variables were employed in the sparse partial least squares (sPLS) analyses: rainfall 212 

from May to September, accumulation of growing degree-days (GDD) from April to October, 213 

length of growing season (GS) and daylength during GS.  All variables were presented as averages 214 

from 1977 to 2007. GDD was calculated using the following equation: (Maximum Air Temperature 215 

+ Minimum Air Temperature) / 2 - 5 °C. The GDD value from October was equivalent to the GDD of 216 

the year because the average day temperature seldom exceeds 5 °C in November and December 217 

in Finland. Previously, it has been shown that embryo development occurs along with the 218 

increasing GDD in conifers (Sirois et al., 1999; Vuosku et al., 2006). To integrate the gene 219 
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expression data with the climate variables, sPLS analysis was performed over two matrices 220 

corresponding to average climate values and relative changes in gene expression in R environment 221 

employing mixOmics package (Rohart et al., 2017). The generated correlation networks were 222 

further edited in Cytoscape v.3.3.0 (Cline et al., 2007). 223 

Results  224 

Fragmentation and high global methylation levels in megagametophyte DNA  225 

In a mature Scots pine seed, the embryo lies within the corrosion cavity of the megagametophyte, 226 

a maternally derived haploid tissue, which houses the majority of the storage reserves of the seed 227 

(Fig. 1A). In the present study, no signs of nuclear DNA fragmentation were found in the embryo of 228 

a mature seed in the TUNEL assay (Fig. 1B). However, TUNEL-positive nuclei, i.e. accumulation of 229 

DNA strand breaks leaving free 3′-OH termini, could be detected in the megagametophyte (Fig. 230 

1C). In the TUNEL assay, the seed sections with DNase treatment and omission of terminal 231 

deoxynucleotidyl transferase (TdT) were used as positive and negative controls, respectively (see 232 

Supplementary Fig. S3A, B). 233 

Variation in whole genome methylation profiles in embryos and megagametophytes between the 234 

KOL, PAR and RUO populations was studied with GDM analysis (Fig. 1D). Only cytosine methylation 235 

was found in the samples, whereas no traces of hydroxymethylcytosine were detected. The meC 236 

levels were significantly higher in megagametophytes than in embryos (p<0.001). The meC levels 237 

varied from 28.9% to 38.8% in megagametophytes and from 21.3% to 33.1% in embryos. No 238 

correlation was detected in the meC levels between megagametophyte and embryos samples 239 

(Pearson’s r=-0.066, p=0.783). However, the meC levels tended to vary between the populations in 240 

both embryos (p=0.060) and megagametophytes (p=0.071), but the differences were not 241 

significant. 242 

Characterization and expression analysis of Scots pine DNA methyltransferase genes  243 

Ten DNMT homologs with a complete C-5 cytosine-specific DNA methylase domain (three MET1, 244 

one CMT and six DRM) were detected in both loblolly pine and Norway spruce genomes with 245 
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tblastn searches. In loblolly pine, six of the homology-containing scaffolds contained a full gene 246 

annotation (two MET1, one CMT and three DRM). The number of loblolly pine annotations was 247 

consistent with Ma et al. (2015). Norway spruce contained annotations for all ten homologs. 248 

However, CMT was annotated in two parts and neither of them was complete. With the 249 

subsequent blastn searches, putative full gene sequences were retrieved for five loblolly pine 250 

genes (three MET1, one CMT and one DRM) and four Norway spruce genes (three MET1 and one 251 

CMT). The genes were named with an abbreviated species name, followed by gene name, and a 252 

running number for the multiple copies if necessary, e.g. PsMET1-1. 253 

The sequenced Scots pine DNMT genes shared 98 to 99% similarity with the corresponding 254 

sequences of loblolly pine. Structural and phylogenetic analyses (Supplementary Fig. S4-S9) 255 

showed that each of the identified homologs belonged to one of three distinct groups of DNMTs: 256 

MET1, CMT, or DRM. All the putative DNMT genes of Scots pine, loblolly pine and Norway spruce 257 

contained a C-5 cytosine-specific DNA methylase domain (PF00145) at their C-terminal part, 258 

including the six highly conserved motifs, which were, as expected, in rearranged order in the 259 

DRM genes. Besides the C-5 cytosine-specific DNA methylase domain, the genes also contained 260 

other domains respective for the different types of DNMTs. In the phylogenetic analysis, three 261 

major monophyletic groups were clearly distinguishable and corresponded to the three DNMT 262 

gene families MET1, CMT and DRM.  263 

Heatmap analysis of megagametophyte DNMT expression (Fig. 2A) clustered Scots pine trees into 264 

two groups: trees showing high and trees showing low expression. A significant difference was 265 

detected in the expression level of each individual DNMT gene between the groups (p<0.005), 266 

whereas no significant differences were found between the KOL, PAR and RUO populations 267 

(Supplementary Fig. S11A). In the high expression group, 13 trees originated from either PAR or 268 

RUO, whereas only three trees belonged to the KOL population. In the low expression group, half 269 

of the 14 trees were from KOL and half from the southern populations (Fig. 2A). However, no 270 

significant difference was found between the observed frequencies and those expected by chance 271 

probably due to the relatively low number of trees per population (Chi-squared test, p=0.07). In 272 

addition, the clustering of DNMT expression profiles revealed two groups of genes showing high 273 

and low expression in megagametophytes (Fig. 2A). DNMT genes belonging to the same 274 
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phylogenetic clade (Supplementary Fig. S9) were clustered into different groups, thus separating 275 

MET1-1 from MET1-2, and DRM-1 from DRM-2 and DRM-3. 276 

The expression levels of CMT, DRM-1, DRM-2, DRM-3 and MET1-2 showed significant positive 277 

correlation between megagametophytes and embryos (Supplementary Fig. S10). However, 278 

embryos did not display similar high and low expression profiles as megagametophytes in the 279 

cluster heatmap (Fig. 2). Based on their DNMT expression profiles, embryos originating from the 280 

KOL population differed from the PAR and RUO populations (Fig. 2B). This observation was in 281 

agreement with the significant differences detected in the expression levels of three individual 282 

DNMT genes (Supplementary Fig. S11B). MET1-1 was expressed in the highest rate in KOL, where 283 

it was upregulated compared to PAR and RUO and, moreover, MET1-1 was more expressed in PAR 284 

than RUO. Very similar expression pattern with significant differences between the populations 285 

was observed with CMT, whereas MET1-2 showed the highest expression in PAR (Fig. 3B).    286 

Variation in expression levels of adaptation-related genes among Scots pine populations 287 

To demonstrate the differences between the Scots pine populations in the expression profiles of 288 

19 adaptation-related genes, mean relative gene expression levels in PAR and RUO populations 289 

were presented in relation to KOL population (Supplementary Fig. S11). This heatmap showed that 290 

the gene expression profiles varied between the populations in both megagametophytes and 291 

embryos.  292 

In megagametophytes, a significant difference was detected in the expression levels of 11 293 

adaptation-related genes between the populations (Fig. 3A). Photoreceptor gene PHYO was 294 

upregulated in RUO compared to KOL and PAR, whereas another photoreceptor gene ZTL was 295 

downregulated in KOL compared to PAR.  In core clock component genes, CCA1 was 296 

downregulated in KOL compared to both PAR and RUO, whereas GI expression differed between 297 

PAR and the other two populations. Flowering regulator genes COL1, COL2 and FTL2 were 298 

expressed more in KOL than RUO. Moreover, A3IP2 was expressed more in KOL than PAR, and 299 

MFT1 was upregulated in RUO compared to PAR. FTL1 deviated from the other flowering 300 

regulators as it was expressed less in KOL than RUO.  301 
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In embryos, gene expression levels differed significantly in eight adaptation-related genes 302 

between the populations (Fig. 3B). Photoreceptor genes ZTL and PHYN were downregulated in KOL 303 

compared to RUO. The expression profiles of core clock components CCA1 and TOC1 were very 304 

much alike. A significant difference was observed between RUO and KOL as the genes were 305 

downregulated in KOL. Flowering regulator genes COL2, FTL2 and MFT1 were upregulated in KOL 306 

compared to RUO, whereas COL1 was downregulated in KOL.  307 

In CCA1, FTL2, GI, MFT2, PHYN and ZTL genes, expression levels were positively correlated 308 

between megagametophytes and embryos (Supplementary Fig. S12). The expression levels of 309 

PHYO and PHYP resembled each other in both megagametophyte and embryo samples, whereas 310 

the expression levels of the third phytochrome gene PHYN differed from them (Supplementary Fig. 311 

S11, Supplementary Fig. S13). 312 

Connection between gene expression variation and climate factors  313 

The sPLS model clustered the samples based on the gene expression data from the Scots pine 314 

populations into three corresponding groups, defined by the scores of sPLS components 1 and 2. 315 

In megagametophytes, all populations were distinguishable from each other with some overlap 316 

(Supplementary Fig. S14A). In embryos, RUO was clearly distinguishable from PAR and KOL, which 317 

in turn were distinguishable from each other with some overlap (Supplementary Fig. S14B).  318 

The sPLS models integrating the gene expression and climate data clustered samples into three 319 

groups corresponding the KOL, PAR and RUO populations in both megagametophytes (Fig. 4A) and 320 

embryos (Fig. 4B). By plotting sPLS model correlations, very similar patterns were discovered in 321 

both megagametophytes (Supplementary Fig. S15A) and embryos (Supplementary Fig. S15B). In 322 

both tissues, GDD values were grouped together and they appeared in the same sector of the plot 323 

as average rainfall from May to September and GS length. This indicates that these climate 324 

variables have similar correlation pattern with the genes. Daylength during GS appeared in the 325 

opposite sector to the other climate variables, indicating its opposite correlation on the gene 326 

expression. This computes, since in the Northern hemisphere, GDD accumulates more rapidly in 327 

the south than in the north, and also, growing season gets longer towards the south. At the same 328 
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time, days are shorter during the growing season in the south compared to the north. 329 

(Supplementary Fig. S1). 330 

The interaction networks revealed that the genes showing the strongest correlation with climate 331 

variables were mostly the same genes whose expression varied significantly between the 332 

populations. In megagametophytes (Fig. 4C), COL1 seemed to have the strongest correlation with 333 

climate variables. It had a strong negative correlation (r<-0.6) with GDD variables and GS length, 334 

and a strong positive correlation (r>0.6) with daylength during GS. In embryos (Fig. 4D), FTL2, 335 

MET1-1 and CMT had a strong positive correlation (r>0.6) with daylength during GS and a strong 336 

negative correlation (r<-0.6) with GS length. FTL2 and MET1-1 were the only genes, which 337 

correlated with average rainfall from May to September. MET1-1 and CMT indicated a strong 338 

negative correlation (r<-0.6) with GDD variables, but then again, a strong positive correlation 339 

(r>0.6) was detected with GDD variables and PHYN.  340 

Discussion 341 

In the present study, we investigated variation in DNA methylation and gene expression levels 342 

between Scots pine populations using embryos and megagametophytes – two tissues with 343 

different function and inheritance in the Scots pine seed. In gymnosperm seeds, the 344 

megagametophyte develops from a haploid megaspore before the fertilization occurs (Singh, 345 

1978). Hence, the megagametophyte is derived entirely from maternal resources. It is a primary 346 

nutrition resource of an embryo during seed development and germination and, thus, directly 347 

affects embryo viability and substantially contributes to the fitness of the progeny.  348 

DNA fragmentation and high GDM levels were detected in the megagametophytes of all three 349 

populations studied. Generally, the degradation of nuclear DNA into nucleosomal units is 350 

associated with programmed cell death (PCD) (Nagata, 2000). For instance, PCD has been 351 

connected to increased GDM levels in tapetum cells of oilseed rape (Brassica napus L.) and 352 

tobacco (Nicotiana tabacum L.) (Solís et al., 2014). However, Scots pine megagametophyte DNA 353 

remains intact during seed imbibition, and the megagametophyte stays alive even until the 354 

completion of germination (Tillman-Sutela and Kauppi, 2000; Vuosku et al., 2009 a, b). Therefore, 355 

it is unlikely that DNA fragmentation and high GDM levels in megagametophyte cells were signs 356 
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from incipient PCD. More likely, the detected DNA breaks were caused by maturation drying, 357 

which can be damaging to the genome (Rajjou and Debeaujon, 2008).  358 

The GDM levels were significantly higher in megagametophytes than in embryos, and 359 

interestingly, GDM levels showed tendency to vary between Scots pine populations in both 360 

tissues. In plants, genome-wide methylation contents vary widely across species, organs, and 361 

developmental stages (Valledor et al., 2007). By considering the different functions of the embryo 362 

and megagametophyte, our results agree with the previous reports on pine tissues. DNA is 363 

methylated at a higher level in adult and differentiated pine tissues than in juvenile ones, and 364 

moreover, high methylation levels have been associated with a decrease in organogenic capability 365 

(Fraga et al., 2002; Valledor et al., 2010, 2015; Bravo et al., 2017). Thus, it computes that the 366 

megagametophyte as a fully differentiated storage tissue consisting of non-dividing cells had 367 

higher GDM level than the embryo carrying undifferentiated meristem cells and showing vigorous 368 

cell division.  369 

Ten DNMT homologs were identified in loblolly pine and Norway spruce genomes. Each of the 370 

identified DNMT homologs belonged to one of the three groups of DNMTs (MET, CMT, or DRM) 371 

and the number and the length of their exons were consistent with their Arabidopsis and maize 372 

homologs. Due to the lack of a complete Scots pine genome and the incomplete and fragmented 373 

state of the sequenced conifer genome drafts, drawing conclusions on the exact number of DNMT 374 

genes present in the studied species is uncertain. However, the high number of MET1 and DRM 375 

homologs found in the loblolly pine and Norway spruce genomes, compared to the monocot 376 

species rice (Oryza sativa L.) (Sharma et al., 2009) and maize (Qian et al., 2014), support the 377 

possible expansion of epigenetic regulator gene families in gymnosperms as suggested by Yakovlev 378 

et al. (2016). 379 

The three conifer MET1 homologs showed slight structural differences and belonged to two 380 

separate branches within the DNMT phylogeny. This suggests a duplication event within the 381 

conifer group since only two genes have been found in the rice and maize genomes (Sharma et al., 382 

2009; Qian et al., 2014). So far, no CMT had been reported in Norway spruce (Ausin et al., 2016). 383 

In our study, one CMT homolog was detected in both loblolly pine and Norway spruce genomes. 384 

As suggested by Bewick et al. (2017), these conifer CMTs are likely to represent single functional 385 
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and ancestral genes from which angiosperm CMT genes have evolved through series of 386 

duplications. However, the phylogenetic relationship among conifer CMTs found in the present 387 

study was not consistent with Bewick et al. (2017). Most of the numerous DRM homologs 388 

contained only the DNA methylase domain. Considering the very long introns of PtDRM-1 389 

(Supplementary Fig. S16), it is likely that this incompleteness results from assembly quality, e.g. 390 

short scaffolds. 391 

The slight differences in the protein structure of conifer MET1 and DRM catalytic domains and 392 

their phylogenetic division into two groups suggest different functionalities. However, the uneven 393 

number of DRM genes between loblolly pine and Norway spruce hints that there may be even 394 

more DRM genes to be found in conifers, including the possibility of a larger number of other 395 

DNMT genes as well. Altogether, the results showed that plant DNMT genes originated prior to the 396 

divergence of gymno- and angiosperms, and that there may have been gene duplications within 397 

conifer MET1 and DRM gene families.  398 

The clustering of DNMT genes into high and low expression groups in megagametophytes 399 

corresponded to the phylogenetic relationships of these genes, suggesting different and possibly 400 

tissue-related functions for different DNMT genes from the same gene family. These functional 401 

differences could be related to the differences observed in the genes’ protein structure that 402 

separated both MET1 and DRM genes into two groups. 403 

A few studies have connected altered gene expression patterns of DNMTs to stress responses and 404 

developmental phase transitions in plants (Yong-Villalobos et al., 2015; Kumar et al., 2016 a; Wang 405 

et al., 2015; Wang et al., 2016). No significant differences were found between the Scots pine 406 

populations in the expression rates of DRM genes, which control de novo methylation events. 407 

Instead, there seemed to be differences in the maintenance of methylation states between the 408 

populations in embryos, since the expression rates of CMT, MET1-1 and MET1-2 genes varied. 409 

While MET1 is responsible for the maintenance methylation of CG sites, the single conifer CMT 410 

detected is likely to represent a functional homolog of the Arabidopsis CMT3 which is responsible 411 

for the maintenance methylation of CHG sites, like its maize homolog ZMET2 (Papa et al., 2001). 412 

Moreover, the expression of these genes correlated strongly with the climate variables in 413 
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embryos. Both genes correlated positively with daylength during GS and negatively with GDD 414 

values and GS length.  415 

The expression levels of five DNMT genes showed significant positive correlation between 416 

megagametophytes and embryos. However, embryos did not display similar high and low 417 

expression profiles as megagametophytes. Because of the different expression profiles between 418 

the two tissues and the strong correlation between methylation maintenance genes and climate 419 

variables in embryos, the differences in gene expression levels could originate from the time of 420 

embryo development. The maintenance of methylation may be pronounced in embryos because 421 

they represent the future generation, which have to adapt to the surrounding environment. Our 422 

results agree with Yakovlev et al. (2016), who suggested that the differential expression of 423 

epigenetic regulators is involved in the formation of epigenetic memory, which allows rapid 424 

adaptation of Norway spruce to changing environment. All in all, our results show that 425 

methylation maintenance may have an important role in Scots pine adaptation, especially in the 426 

harsh northern conditions.  427 

Considering the high GDM levels detected in megagametophytes, it seems that DNA methylation 428 

not necessarily suppresses gene expression in pine tissues as previously reported also by Takuno 429 

et al. (2016). Our results were consistent with the view that megagametophytes allow expression 430 

variation to be analysed in most genes (Verta et al., 2013). In a survey of white spruce (Picea 431 

glauca [Moench] Voss) tissues, Raherison et al. (2012) reported that actually the largest number of 432 

genes was expressed in megagametophytes. 433 

The expression levels of the well-known adaptation-related genes varied significantly between the 434 

three Scots pine populations, which are located in southern and northern Finland and represent 435 

local genetic resources. Previously, several studies have focused on changes in gene expression 436 

linked to physiological plasticity during development, differentiation, and biotic and abiotic stress 437 

responses in conifers (Prunier et al., 2016). In Norway spruce, the temperature and photoperiod 438 

prevailing during zygotic embryogenesis were shown to adjust the adaptive epigenetic memory in 439 

the progeny involving differential expression of genes regulating adaptive traits (Johnsen et al., 440 

2005 a, b; Yakovlev et al., 2011). However, there are only a few reports on expression variation at 441 

the population level from the adaptation point of view (e.g. Holliday et al., 2008). We found 442 
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expression differences from 11 genes in megagametophytes and eight genes in embryos between 443 

the populations. Overall, in the adaptation related genes, the range of expression levels was 444 

narrow, which emphasizes the fundamental role of the circadian clock genes. Recent studies have 445 

proposed that expression levels are evolutionary stable in genes involved in growth and 446 

development because both highly increased and decreased expression can impose a fitness 447 

burden (Shi et al., 2012; Verta et al., 2016). 448 

Photoreceptors are responsible for perceiving and transducing the knowledge of light conditions, 449 

which are involved in setting the pace of the circadian clock (Nohales and Kay, 2016). The 450 

photoreceptor gene ZTL is sensitive to blue light (Somers et al., 2000), and it has been suggested 451 

that Scots pine trees of northern origins may be more sensitive to blue light than those of 452 

southern origins (Sarala et al., 2011). In our study, the expression level of ZTL varied significantly 453 

between the Scots pine populations as it was expressed differently between the northern and 454 

southern populations in both tissues. Moreover, ZTL expression showed positive correlation with 455 

GS length in both megagametophytes and embryos, and with GDD in embryos, which emphasize 456 

the central role of ZTL in circadian clock regulation and adaptation.  457 

Phytochromes are used to capture red and far-red light (Clack et al., 1994). The expression profile 458 

of PHYN was different from those of PHYP and PHYO. Furthermore, the expression level of PHYN 459 

varied significantly between the populations in embryos, whereas PHYO and PHYP expression 460 

showed significant variation in megagametophytes. In embryos, PHYN expression showed strong 461 

positive correlation with the GDD values from June to October, but in megagametophytes, PHYO 462 

expression correlated positively with the same GDD values. Likewise, in Populus (Populus tremula 463 

× P. tremuloides), PHYN and PHYP have been connected to different functions. The expression 464 

level of PHYA (PHYN-like) is strongly affected by the seasonally regulated growth (Kozarewa et al., 465 

2010), whereas PHYB1 (PHYP-like 1) and PHYB2 (PHYP-like 2) regulate shade avoidance responses 466 

(Karve et al., 2012). Moreover, Johnsen et al. (2015 b) previously suggested that the differential 467 

expression of PHY genes is related to the regulation of epigenetic memory. Altogether, our 468 

findings suggest that PHYN plays a different role than PHYO and PHYP in the adaptive responses of 469 

trees to differing light conditions and that the roles of these genes may be tissue specific.  470 
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Although circadian rhythm is self-sustained, daily light-dark cycles and temperature oscillations are 471 

needed to synchronize the clock with the surrounding environment. These external factors 472 

regulate the transcription of several core clock genes. We found significant among-population 473 

variation in the expression levels of the core circadian clock genes CCA1, GI and TOC1, which form 474 

interlocked feedback loops with other core clock components. In megagametophytes, CCA1 475 

showed positive correlation with all climate variables except daylength during GS, which showed 476 

negative correlation. In embryos, CCA1 correlated positively with GDD values from July to 477 

September. The results emphasize the role of CCA1 in the regulation of circadian clock with local 478 

climate.  479 

The pace of the circadian clock is adjusted by environmental signals to regulate multiple 480 

physiological processes. Even subtle variation in the expression of core circadian clock genes may 481 

cause considerable expression changes in downstream genes (Nohales and Kay, 2016). We found 482 

significant differences in the expression levels of several downstream genes between the Scots 483 

pine populations. The expression levels of COL1, COL2 and FTL2 varied in both embryos and 484 

megagametophytes, and COL1 and FTL2 also correlated with most climate variables in both 485 

tissues. In megagametophytes, COL1 showed the strongest correlation with climate variables. Our 486 

results confirm the influence of FTL2 and COL genes on Scots pine adaptation. In previous studies, 487 

these genes have been shown to be involved in the timing of bud set, which is an important trait in 488 

local adaptation of conifers (Lagercrantz, 2009). Moreover, the expression of FTL2 has been shown 489 

to form latitudinal clines associated with bud set responses in conifers (Gyllenstrand et al., 2007; 490 

Chen et al., 2012; Karlgren et al., 2013 a; Avia et al., 2014).   491 

Both, expression differences and correlation with the climate factors, were detected with A3IP2 in 492 

megagametophytes and MFT1 in embryos. A3IP2 correlated positively with day length during GS 493 

and negatively with GS length and average rainfall from May to September. As for MFT1, a 494 

negative correlation was detected with GDD values from June to September. Both genes have 495 

fundamental roles in seed development and germination (Karlgren et al., 2011; Zeng et al., 2013) 496 

and thus the observed expression variation of A3IP2 and MFT1 may reflect differences in the 497 

dormancy break in the imbibed seeds. The timing of seed dormancy is controlled by photoperiod 498 

and is well documented as a crucial component of the plant life cycle that significantly contribute 499 

to fitness and adaptation (Donohue, 2002; Cooke et al., 2012; Footitt et al., 2013)   500 
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In conclusion, we show the existence of expression variation in both DNA methylation and 501 

adaptation-related genes between Scots pine populations. Scots pine trees were divided into two 502 

different groups on the base of their expression profiles in the DNMT genes. The expression of 503 

genes responsible for methylation maintenance correlated strongly with climate factors in 504 

embryos. This suggests that environmental conditions during embryogenesis can alter the 505 

expression of DNMT genes. From the 19 adaptation-related genes, expression levels varied in 11 506 

genes in megagametophytes and in eight genes in embryos among the populations. Moreover, in 507 

many of these genes, the expression levels correlated with the climate factors. Altogether, our 508 

results suggest that diversity in DNA methylation and gene expression levels contribute to local 509 

adaptation in Scots pine and may increase adaptability under rapidly changing climate. Future 510 

studies will shed light on how the DNA methylation and gene expression variation observed in the 511 

seed tissues transfers to seedlings and contributes to their phenotypes. 512 
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Table 

Table 1. Adaptation-related genes controlling adaptive traits and relating to circadian rhythm. Most of 

the genes are putative orthologs of genes known to be involved in the regulation of flowering time in 

the model species Arabidopsis. 

Group Gene Definition Accession number Reference(s) 

P
h

o
to

re
ce

p
to

rs
 

CRY1 cryptochrome 1 JQ969971 Kujala and Savolainen, 2012; 
Ozturk, 2017  

CRY2 cryptochrome 2 UCPtaeda_isotig18035 Ozturk, 2017 
PHYN phytochrome N JQ970314, 

PITA_000004029  
Kozarewa et al., 2010; Chen et al., 
2012; Wang and Wang, 2015 

PHYO phytochrome O EU120555, 
PITA_000008475  

Wang and Wang, 2015 

PHYP phytochrome P UCPtaeda_isotig19816 Frewen et al., 2000; Chen et al., 
2012; Wang and Wang, 2015 

ZTL   zeitlupe JQ969294 Karlgren et al., 2013 b; Källman et 
al., 2014  
 

C
o

re
 c

lo
ck

 c
o

m
p

o
n

e
n

ts
 

CCA1 circadian clock 
associated 1-like 

PITA_000030683  Kujala and Savolainen, 2012; 
Karlgren et al., 2013 b; Nose and 
Watanabe, 2014  

ELF4 
 

early flowering 4 EU916973 Doyle et al., 2002 

GI gigantean  JQ969158 Chen et al., 2012; Karlgren et al., 
2013 b; Chen et al., 2014 

LUX   
 

lux arrhythmo, also 
known as PCL1 

AB219072 Onai and Ishiura, 2005 

PRR7 pseudo-response 
regulator 7 

PgdbPtadea_32903 Salome and McClung, 2005; Chen 
et al., 2012 

TOC1 timing of CAB expression 
1, also known as PRR1 

JQ969596 Alabadi et al., 2001; Kujala and 
Savolainen, 2012 

F
lo

w
e

ri
n

g
 r

e
g

u
la

to
rs

 

A3IP2 abscisic acid insensitive 
3 (ABI3)-interacting 2 

HQ10948, 
PITA_000042411  

Ruttink et al., 2007; Wachoviak et 
al., 2011; Sano et al., 2016 

COL1 constans like 1 PITA_000035352  Böhlenius et al. 2006; Holefors et 
al., 2009 

COL2 constans like 2 PITA_000030246  Böhlenius et al., 2006; Holefors et 
al., 2009 

FTL1  flowering locus 
T/terminal flower 1 
(FT/TFL1)-like 1 

scaffold894871 Gyllenstrand et al., 2007; Asante 
et al., 2011; Karlgren et al., 
2013 a; Avia et al., 2014 

FTL2 flowering locus 
T/terminal flower 1 
(FT/TFL1)-like 2 

KJ809140, 
PITA_000034759  

Gyllenstrand et al., 2007; Kujala 
and Savolainen, 2012; Karlgren et 
al., 2013 a; Avia et al., 2014; Chen 
et al., 2012, 2014 

MFT1 mother of flowering 
locus T/terminal flower 
1 (FT and TFL1)-like 1 

KJ809134 Karlgren et al., 2011; Chen et al., 
2012; Klintenäs et al., 2012; Avia 
et al., 2014  

MFT2 mother of flowering 
locus T/terminal flower 
1 (FT and TFL1)-like 2 

KJ809138 Karlgren et al., 2011; Klintenäs et 
al., 2012; Avia et al., 2014  
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Figure legends 

Figure 1. Nuclear DNA fragmentation and global DNA methylation levels in embryo and 

megagametophyte tissues of mature Scots pine seed. (A) An embryo (e) in the corrosion cavity (cc) 

surrounded by the megagametophyte (m) in a toluidine stained section of a mature Scots pine 

seed. (B) Lack of DNA fragmentation i.e. no TUNEL-positive signals in the embryo. (C) TUNEL-

positive nuclei (red signal) in the megagametophyte. (D) The global cytosine methylation 

percentages (meC %) in megagametophytes (n=30) and embryos (n=20) in the Kolari (KOL), 

Parkano (PAR) and Ruotsinpyhtää (RUO) populations.  

Figure 2. Cluster heatmap analyses of DNA methyltransferase (DNMT) gene expression in 

megagametophytes and embryos.  In the heatmaps, the genes and samples were grouped on the 

grounds of mean relative gene expression using hierarchical clustering.  In both diagrams, Scots 

pine trees are presented horizontally and DNMT genes vertically. (A) Scots pine trees separated 

into high and low expression groups in the DNMT genes in megagametophytes. In addition, the 

DNMT genes divided into the high and low expression groups. (B) Embryos originating from the 

northern (KOL) population were different compared to embryos from the southern (PAR and RUO) 

populations based on their DNMT expression profiles.  

Figure 3. Relative expression levels of the adaptation-related and DNA methyltransferase (DNMT) 

genes in Scots pine megagametophytes (A, n=30) and embryos (B, n=30). Different letters within 

plots indicate significant differences (ANOVA followed by a TukeyHSD, p < 0.05). Only genes whose 

expression significantly differed between KOL, PAR and/or RUO populations are shown. 

Figure 4. sPLS-based classification of the different samples corresponding to KOL, PAR, and RUO 

populations considering the changes in gene expression and environmental variables (averages 

from 1977 to 2007) in megagametophytes (A) and embryos (B). Components 1 and 2 

corresponding to the XY space are represented. Ellipses represent a confidence interval of 0.9. 

sPLS-network was constructed using relative gene expressions and environmental variables in 

megagametophytes (C) and embryos (D). Color key represent the value of the correlation between 

gene expression and environmental variables. 










