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The model

• Rapid generation time

• Drosophila-sized 
genome

• Readily crossable, 
transformable, etc.
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The model au naturel...



Natural 
habitats 

(Sweden)









October 2013

• Seedlings have emerged, 
and are happily growing 
at temperatures very 
different from those in 
typical laboratories...

• They will overwinter as 
rosettes (under snow, if 
they are lucky), and 
flower early in spring



April 20th, 2014

• Snow is melting rapidly

• Plants in our “common 
garden” experiments are 
ready to flower...

 

 

 



April 20th, 2014

• Snow is melting rapidly

• Plants in our “common 
garden” experiments are 
ready to flower...

 

 

 

!



A week later...
 

 
 

 
 
 
 
 
 



Ground temperatures at a 
northern site

Svante Holm



Ground temperatures at a 
northern site

Svante Holm



1001 Genomes

• Full* sequences of 1135 accessions, coupled 
with transcriptomes and methylomes

• Genomes, seeds, and phenotypes

• Tools (http://gwas.gmi.oeaw.ac.at)

*caveat emptor
• 1001 Genomes Consortium, Cell, 2016
• Kawakatsu et al, Cell, 2016

http://gwas.gmi.oeaw.ac.at


GWAS for flowering
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Zoom-in on SVP region



A peculiar distribution of 
pairwise divergence
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A peculiar distribution of 
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A peculiar distribution of 
pairwise divergence
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Ice Age relicts
(aka Neanderthals)
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A possible scenario

 24 
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Figure 8. Possible demographic history creating the present-day pattern of 
spatial genetic variation in Arabidopsis thaliana. (A) During the last 
glaciation, populations in different refugia diverged into separate groups. (B) 
After ice age, each group expanded northward. (C) Some time later, one group 
from northern Balkan and eastern Europe (the non-relicts) quickly expanded 
east-west, generating the present-day pattern that (D) relict genomic regions 
are mainly found in the south and north of species range. 



Epigenetics…



from Kawashima & Berger Nature Rev Genet 2014
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(RdDM)

Endosperm
The product of the fertilized 
central cell. It protects the 
embryo, controls the transfer 
of nutrients from the mother 
and, in some species, stores 
seed nutrient reserves. The role 
of the endosperm can be 
compared to that of the 
placenta in mammals.

with gene activation and restricts histone H2A.Z to the 
5ʹ end of genes30,34,35. Two plant-specific DNA methyl-
transferases — CHROMOMETHYLASE 2 (CMT2) and 
CMT3 — methylate DNA in a non-CG context. CMT2 
methylates both CHG and CHH contexts de novo35, and 
CMT3 maintains CHG methylation36. Furthermore, 
a positive feedback loop enables the propagation of 
CHG methylation together with H3K9me2 through 
cell division33 (BOX 1). The feedback loop is based on 
the binding of the histone H3K9 methyltransferase 
SU(VAR) HOMOLOGUE 4 (SUVH4; also known as 
KRYPTONITE) to the hemimethylated DNA in a CHG 
context33, as well as on the binding of the chromodomain 
and the bromo adjacent homology (BAH) domain of 
CMT3 to H3K9me2 (REF. 37). An additional mechanism 

of DNA methylation is the RNA-directed DNA methylation 
(RdDM) pathway, which methylates DNA de novo in 
all sequence contexts, including CHH and CHG sites 
that are not methylated by CMT2 (REF. 29,38). RdDM 
involves small interfering RNAs (siRNAs), which tar-
get the de novo DNA methyltransferases DOMAINS 
REARRANGED METHYLTRANSFERASE 1 (DRM1) 
and DRM2 to genomic sites for DNA methylation38. 
Similar to CMT2 and CMT3, RdDM is also associated 
with H3K9me2 (REF. 39) (BOX 1); however, in addition to 
CHG and CHH methylation, DRM1 and DRM2 can also 
methylate DNA in CG contexts40. Finally, it has been 
shown that DNA methylation of TEs in heterochroma-
tin depends on DECREASED DNA METHYLATION 1 
(DDM1) — the SNF2 family nucleosome remodeller41 

Nature Reviews | Genetics
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Box 1 | Models of CG, CHG and CHH DNA methylation

Factors involved in the maintenance of DNA methylation in mammals 
are well characterized, and mutations in Arabidopsis thaliana 
homologues show the same defects in DNA methylation maintenance, 
which implies that the CG methylation mechanism is similar between 
mammals and plants28. In brief, the hemimethylated CG sites 
generated during DNA replication are thought to be recognized by 
A. thaliana VARIANT IN METHYLATION (VIM; also known as ORTHRUS) 
family proteins116,117. VIMs then recruit DNA METHYLTRANSFERASE 1 
(MET1) to accomplish the fully methylated CG state to maintain CG 
methylation patterns following DNA replication (see the figure, part a).

CHG methylation in A. thaliana is maintained by a feedback loop 
that involves histone H3 lysine 9 dimethylation (H3K9me2)33 (see  
the figure, part b). A. thaliana CHROMOMETHYLASE 3 (CMT3),  
which is a CHG DNA methyltransferase, binds to H3K9me2 and 
methylates DNA at nearby CHG sites37. The methylated CHG  
DNA recruits SU(VAR) HOMOLOGUE 4 (SUVH4), which is one  
of the histone methyltransferases that is important for H3K9 
dimethylation118,119. SUVH4-mediated deposition of H3K9me2 marks 
on nucleosomes around the methylated CHG DNA creates a  
CHG–H3K9me2 positive feedback loop. The crystal structure of  
the maize CMT3 homologue showed that it can bind to two 
H3K9me2 peptides37. It is still unclear whether CMT3 binds to  
two H3K9me2 marks from two distinct nucleosomes or within the 
same nucleosome; however, this dual binding suggests that CMT3 
may not only increase its binding affinity towards H3K9me2-enriched 
loci for their preferential methylation but may also ‘walk’ along 
nucleosomes that contain H3K9me2, which is characteristic of a 
potential mechanism to spread chromatin status37.

There are several pathways that control de novo methylation in 
A. thaliana in all sequence contexts (CG, CHG and CHH; see the figure, 
part c). SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1) binds to 
H3K9me2 and recruits RNA polymerase IV (Pol IV)120. Pol IV and 
RNA-DEPENDENT RNA POLYMERASE 2 (RDR2), together with other 
components of the canonical RNA-directed DNA methylation (RdDM) 
pathway, then generate 24-nucleotide (nt) small interfering RNAs 
(siRNAs), which are recognized by Argonaute proteins to recruit to 
DOMAINS REARRANGED METHYLTRANSFERASE 1 (DRM1) and DRM2 
for de novo DNA methylation27,28. Conversely, in the absence of 
DECREASED DNA METHYLATION 1 (DDM1), a non-canonical RdDM 
pathway involving Pol II and RDR6 generates 21-nt siRNAs that guide 
DNA methylation55. Recently, CMT2 showed non-CG methylation 
ability through binding to H3K9me2 (REFS 29,35). Phylogenetic 
conservation of DNA methyltransferases and associated proteins among 
flowering plants suggests that the mechanisms described primarily in 
A. thaliana also control DNA methylation in other plant species.

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 15 | SEPTEMBER 2014 | 615
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CHH methylation is 
temperature-dependentFigures 

Figure 1 
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• Dubin et al, eLife 2015
• Meng et al, PLoS Genet 2016



Genotype or phenotype?

  

Supplemental Figure 4 
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From Becker et al, Nature 2011



Gene-body methylation 
(gbM)

• Sparse CG methylation of housekeeping 
genes

• Evolutionarily conserved

• Mechanism and function totally unknown

• Generally positively correlated with 
expression



“TE-like” methylation 
(TEM)

• Methylation in all contexts, CG, CHG, and 
CHH, mostly of TEs

• Associated with RdDM or CMT2 pathways

• Generally repressive



Effect on expression

gbM TEM



…but does it matter?

• Does knowing the epigenome help us 
explain expression variation if we already 
have the genome?

(Meng et al., PLoS Genet. 2016)



Expression and SNPs



Expression and methylation



Expression and methylation

AGO4





Methylation explains a tiny 
fraction of variation



GWAS of CHH DMRs

       12 

 

Figure 2 

 
Figure 2 | Genetic basis CHH methylation variation. a, Manhattan plot of GWAS results using 
average levels of CHH methylation at 10 C on large transposons as the phenotype. b, CHH 
methylation on large (over 4kb) transposons by CMT2 two-locus genotype. The values plotted 
are the Best Linear Unbiased Predictor (BLUP) estimates after correcting for population 
structure. Since accessions are homozygous, only four genotypes are possible, of which only 
three exist due to complete linkage disequilibrium between CMT2a and CMT2b. c, GWAS for 
CHH DMRs, defined using 200 bp sliding windows across the genome and selecting 105 most 
variable ones. For each DMR, SNPs significantly associated at the Bonferroni-corrected 0.05-
level are plotted. d, Variance-components analysis of the CHH DMRs. For each DMR, a mixed 
model with cis, CMT2, and genome-wide trans effects, plus environment and genetic 
interactions with environment was fitted (see Methods). DMRs were binned by the total variance 
explained by the model. The density of DMRs in each bin is shown at the top, and the bottom 
shows the average variance-decomposition for each bin.  

CMT2



Figures 

Figure 1 
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Temperature adaptation?



Temperature adaptation?

• CHH methylation (and TE silencing?) is 
temperature sensitive



Temperature adaptation?

• CHH methylation (and TE silencing?) is 
temperature sensitive

• CMT2 plays a major role in CHH 
methylation variation in Sweden



Temperature adaptation?

• CHH methylation (and TE silencing?) is 
temperature sensitive

• CMT2 plays a major role in CHH 
methylation variation in Sweden

• CMT2 shows up in a global scan of SNPs 
associated with “temperature 
seasonality” (Shen et al. 2014)



Northern lines have more 
gene-body methylation

       13 

Figure 3 

 

Figure 3 | Northern accessions exhibit higher GBM. a, Global CG methylation levels at 10 C 

are strongly correlated with minimum temperature at the location of origin. Results for 16 C are 

similar. b, Genes with GBM are more highly expressed at 10 C in northern (blue) than in 

southern (red) accessions (wilcoxon rank sum test p = 2.1e-03), whereas genes without GBM 

show the opposite trend (p = 1.9e-02). At 16 C the difference for genes with GBM is more 

significant (p = 6.4e-05), whereas the difference for genes without GBM is insignificant (p = 0.49). 

 

  



Northern lines have higher 
gene expression

       13 

Figure 3 

 

Figure 3 | Northern accessions exhibit higher GBM. a, Global CG methylation levels at 10 C 

are strongly correlated with minimum temperature at the location of origin. Results for 16 C are 

similar. b, Genes with GBM are more highly expressed at 10 C in northern (blue) than in 

southern (red) accessions (wilcoxon rank sum test p = 2.1e-03), whereas genes without GBM 

show the opposite trend (p = 1.9e-02). At 16 C the difference for genes with GBM is more 

significant (p = 6.4e-05), whereas the difference for genes without GBM is insignificant (p = 0.49). 

 

  



GWAS of gene-body 
methylation

       14 

 

Figure 4 

 

Figure 4 | The genetic basis of GBM. a, Variance component analysis of GBM. b, GWAS on 

GMB of individual genes. For each DMR, SNPs significantly associated at the Bonferroni-

corrected 0.05-level are plotted.  c, Correlation between non-reference allele at associated 

SNPs and GBM. d, Correlation between non-reference allele at associated SNPs and latitude. 



At least some are real…

  

Figure 4 

  

Figure  4  |  The  genetic  basis  of  GBM.  a,  Variance  component  analysis  of  GBM.  b,  GWAS  on  GMB  of  

individual  genes.  For  each  DMR,  SNPs  significantly  associated  at  the  Bonferroni-­corrected  0.05-­level  are  

plotted.    c,  Correlation  between  non-­reference  allele  at  associated  SNPs  and  GBM.  d,  Correlation  

between  non-­reference  allele  at  associated  SNPs  and  latitude.  e,  QTL  plot  for  average  GBM  for  all  genes  

significantly  associated  with  the  trans-­SNPs  from  (b)  for  140  F2  progeny.  The  LOD  threshold  was  

calculated  using  a  1000  permutations  with  a  genome  wide  p-­value  of  0.05.  The  vertical  blue  bars  

delineates  the  mapping  interval  containing  the  trans  SNPs,  darker  bars  indicate  multiple  SNPs  are  

18  



Selection responsible for 
pattern in gbM?



Selection responsible for 
pattern in gbM?

• Non-reference allele found in north only, 
and associated with increased methylation
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• 9-fold increase in “selective sweep” regions



Selection responsible for 
pattern in gbM?

• Non-reference allele found in north only, 
and associated with increased methylation

• 9-fold increase in “selective sweep” regions

• 5-fold increase near temperature-
associated SNPs



Selection responsible for 
pattern in gbM?

• Non-reference allele found in north only, 
and associated with increased methylation

• 9-fold increase in “selective sweep” regions

• 5-fold increase near temperature-
associated SNPs

• Over-representation near genes involved in 
gene expression and/or chromatin 
accessibility, but not DNA methylation



1001 Methylomes
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Climate correlations
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Genotype or phenotype?
NRPE1



Comparison with mutant 
phenotypes



CMT2 & NRPE1 target different TEs
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Natural alleles have higher 
specificity?
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Summary

• The methylation pattern reflect 
temperature of origin — suggesting that 
plants remember their past environment

• Methylation variation has strong genetic 
basis — suggesting that the memory may 
simply be genetic



But…

• Why is pattern correlated with the 
environment?

• Why such an unusual genetic architecture?

• Both suggest selection — but what’s the 
phenotype?


