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Abstract

Although clonal propagation is frequently used in commercial plant breeding and plant biotechnology
programs because it minimizes genetic variation, it is not uncommon to observe clonal plants with stable
phenotypic changes, a phenomenon known as somaclonal variation. Several studies have shown that
epigenetic modifications induced during regeneration are associated with this newly acquired phenotypic
variation. However, the factors that determine the extent of somaclonal variation and the molecular changes
associated with it remain poorly understood. To address this gap in our knowledge, we compared clonally
propagated Arabidopsis thaliana plants derived from somatic embryogenesis using two different embryonic
transcription factors- RWP-RK DOMAIN-CONTAINING 4 (RKD4) or LEAFY COTYLEDON?Z2 (LEC2) and
from two epigenetically distinct tissues. We found that both the epi(genetic) status of explant and the
regeneration protocol employed play critical roles in shaping the molecular and phenotypic state of clonal
plants. Phenotypic variation of regenerated plants can be largely explained by the inheritance of tissue-
specific DNA methylation imprints, which are associated with specific transcriptional and metabolic changes
in sexual progeny of clonal plants. Moreover, regenerants from roots were particularly affected by the
inheritance of epigenetic imprints, which resulted in increased accumulation of salicylic acid in leaves and
accelerated plant senescence. Collectively, our data reveal pathways for targeted manipulation of

phenotypic variation in clonal plants.
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Introduction

Many multicellular organisms can reproduce both sexually and asexually, but clonal reproduction is
especially common in plants, where it is prevalent in ferns, mosses and many angiosperms 2. Most plant
species can switch to asexual reproductive programs in response to environmental stimuli by forming
specialized structures such as rhizomes, stolons and bulbils 2. Such flexibility in reproductive strategies is
thought to be possible due to the high degree of plasticity and totipotency of plant cells. This property has
been traditionally exploited for the clonal propagation and genomic manipulation of many economically
important species 2. Clonal propagation can be achieved in different ways, from simple methods such as
grafting and cuttings to more advanced methods such as tissue culture-induced regeneration using
phytohormones or embryonic/meristematic transcription factors. In Arabidopsis thaliana (hereafter,
Arabidopsis), somatic embryogenesis (SE) and plant regeneration can be initiated through the ectopic
overexpression of embryonic transcription factors such as AGAMOUS- LIKE15 (AGL15) ¢, BABY BOOM
(BBM) °, LEAFY COTYLEDON2 (LEC2) 6, WUSCHEL (WUS) 7° and RWP-RK DOMAIN-CONTAINING 4
(RKD4) "°.

A key characteristic of asexual propagation is that the individuals produced are genetically identical
to their parents, except for a few spontaneous de novo mutations '. However, clonal plants often display
heritable phenotypic variation "', known as somaclonal variation, which is linked to genetic 3" and
epigenetic changes '2'%'6_ In a previous study we found that Arabidopsis plants regenerated through the
ectopic activation of an embryonic transcription factor, using above- and belowground organs, resulted in
clonal plants that inherited molecular signatures, DNA methylation and gene expression profiles,
characteristic of the tissue of origin 2. Whether this molecular and phenotypic variation is primarily caused
by the direct regeneration of clonal individuals from different organs, or driven by the organ-specific activity
of the embryonic transcription factor employed, has been unclear. To address this gap in our knowledge,
we used Arabidopsis to generate clonal progeny from roots and leaves through the ectopic activation of
two different embryonic transcription factors. We found that the organ employed for cloning makes indeed
an important contribution, with root regenerants inheriting tissue-specific DNA methylation imprints and
transcriptional states, independently of the regeneration methodology used. Collectively, our study has
revealed that the molecular changes and phenotypic variation stably inherited in clonal plants are a
consequence of tissue-specific imprints propagated during cloning. In natural clonal plant populations, this

phenotypic diversity could contribute to the adaptation to recurrent environmental challenges.

Phenotypic variation present in clonal plants is underpinned by tissue of origin

In a previous study, we identified heritable molecular and phenotypic changes in plants propagated through

the induction of the embryonic transcription factor RKD4 2. To define how this somaclonal variation is
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created, we used Arabidopsis accession Ws-2 to generate clonal progeny from leaf and root tissues using
transgenic lines carrying transgenes that allow for controlled expression of LEC2 and RKD4, two
transcription factor genes necessary for the initiation of different stages of embryo development ¢'°. To
determine the stability of the phenotypes arising during cloning, we propagated seeds from each
regenerated individual by selfing over three consecutive generations (G1-G3) under similar growth
conditions, thus limiting possible effects caused by tissue culture. When we grew G2 and G3 clonal
progeny, we noticed that the morphology of plants regenerated from roots (RO) was noticeably different
from non-regenerated plants, while leaf regenerants (LO) were indistinguishable from the control plants
(Fig. 1A-B). The growth characteristic of RO-LEC2 plants resembled those found in regenerants created in
Col-0 using RKD4 2. Notably, most RO-LEC2 lines (4/5) had reduced biomass, smaller leaf area and
senesced early (Fig. 1C-D), with different growth conditions having no discernible effects on these
phenotypes (Fig. 1 Supplement 1). Collectively, our data suggest that the major factor contributing to
phenotypic diversity in clonal plants is the tissue of origin employed for regeneration, thus pointing to the

long-term inheritance of somatic epigenetic states in the sexual progeny of clonal plants.
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Fig. 1. Growth phenotypes of Arabidopsis plants cloned from roots (RO) and leaves (LO) through
LEC2/RKD4-induced regeneration and propagated by self-fertilization over three generations.

(A) Representative images of 28 day old Arabidopsis Ws-2 plants. Control (Ws-2/indLEC2), and clonal RO-
LEC2 and LO-LEC2 G3 progeny. Scale bars, 5 cm.

(B) Representative images of 28-day old Arabidopsis Ws-2 plants. Control (Ws-2/indRKD4), and clonal RO-
RKD4 and LO-RKD4 G3 progeny. Scale bars, 5 cm.
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(C) Boxplot showing variation in plant biomass for control (indLEC2/Ws-2) and independent G3 lines.
Asterisks represent significant differences, determined by Student’s t-test, ** p<0.01, *** p<0.001, sample
size n = 10.
(D) Violin plot and boxplot of leaf area for control (Ws-2/indLEC2) and independent G3 lines. Letters
represent groups of statistically significantly different samples (p<0.05), determined by Tukey's test, sample
size n = 20.
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Fig. 1 Supplement 1: Arabidopsis Ws-2 plants from clonal RO-LEC2 and LO-LEC2 G3 progeny
grown under different growth conditions.

Tissue of origin affects the activity of defense-related genes

To determine what molecular changes might underpin the observed morphological variation, we performed
whole-genome transcriptome analysis in leaves and roots from randomly selected, independent G3 lines.
Using stringent thresholds [false discovery rate (FDR) <0.05; absolute log-two fold change >1.5], we
obtained lists of Differentially Expressed Genes (DEGs) from comparing leaves and roots of regenerants
and control plants (Supplementary tables S1.1 (RKD4) and S1.2 (LEC2)). There were notable differences
between the regenerants induced by the two embryonic transcription factors; leaves of RKD4-induced
regenerants were the most affected independently of the tissue of origin (LO or RO). Notably, we found
more DEGs for LO than for RO plants (Fig. 2A and Fig. 2 Supplement 1), which resembled the effects found
in Col-0 plants cloned using RKD4 "2, LEC2 regenerants had the highest numbers of DEGs in the opposite
tissue from which the plant was regenerated, i.e., in roots of LO-LEC2 plants and in leaves of RO-LEC2
plants (Fig. 2B and Fig. 2 Supplement 2). Since gene expression was strongly dysregulated in the leaves
of both RO-RKD4 and RO-LEC2 regenerants, we looked for an overlap between the DEGs. We found more
shared dysregulated genes than expected by chance (p-value = 2.1x10"7), suggesting common effects
independently of the regeneration strategy.

To obtain further insight into the possible function of these DEGs, we performed Gene Ontology
(GO) analyses, finding that DEGs in leaves from both RO-LEC2 and RO-RKD4 lines were enriched for
stress and defense responses (FDR<0.05, Fig. 2C). In contrast, DEGs in roots from either LO-LEC2 or LO-
RKD4 lines were primarily associated with metabolic processes (Fig. 2C). Network analysis revealed that
genes related to pathogen responses and senescence were upregulated in RO plants, independently of

the embryonic transcription factor used for clonal propagation (Fig. 2D-E). As several of the genes
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upregulated in RO-LEC2 leaves were part of the salicylic acid (SA) biosynthesis pathway (Fig. 2F), we
measured the concentration of SA. Reduced biomass and early senescence in RO-LEC2 lines were
strongly associated with high levels of SA, indicating a causal relationship between transcriptional changes,
differences in production of a defense hormone known to negatively affect growth and to induce early
senescence '’, and morphological changes in the regenerants (Fig. 2G). Collectively, our analyses
revealed that the clonal propagation of plants using embryonic transcription factors results in the

transmission of organ-specific transcriptional states.
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Fig. 2. Differential expression of pathogen response and senescence genes in RO and LO plants.
(A) Number of DEGs for different comparisons split by FDR levels. Data from three randomly selected
regenerants for each tissue.

(B) Euler diagram of common DEGs found in RO plants regenerated using two different transcription
factors. p-value indicates results from Fisher’s exact test.
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(C) Gene Ontology analysis showing significant enrichment for stress-related genes among DEGs in RO-
LEC2 (left) and RO-RKD4 (right) leaves. Categories are sorted by decreasing FDR.

(D) Interaction network of DEGs found in leaves of RO-LEC2 plants. Orange, upregulated genes; blue,
downregulated genes; green, non-DEGs with significant interactions with the network. Diamond shaped
nodes, transcription factors. Main GO terms associated with clusters are highlighted.

(E) Interaction network of DEGs found in leaves of RO-RKD4 plants. Orange, upregulated genes; blue,
downregulated genes; green, non-DEGs with significant interactions with the network. Diamond shaped
nodes, transcription factors. Main GO terms associated with clusters are highlighted.

(F) Expression levels of genes associated with SA biosynthesis in LO-LEC2 and RO-LEC2 plants. WT, Ws-
2/indLEC2 parent.

(G) SA concentrations in leaves of LEC2 regenerants at the G3 generation. Asterisks represent significant
differences, determined by Student's t-test, ** p < 0.01, sample size of n = 10. Ws2 = Ws-2/indLEC2 parent.
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Fig. 2 Supplement 1: DEGs in LO-RKD4 and RO-RKD4 regenerants compared to Ws-2/indRKD4
control plants. Data from three randomly selected regenerants for each tissue.
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Fig. 2 Supplement 2: DEGs in LO-LEC2 and RO-LEC2 regenerants compared to Ws-2/indLECs
control plants. Data from three randomly selected regenerants for each tissue.
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Heritable DNA methylation imprints in LEC2-induced clonal progeny

We postulated that the phenotypic and transcriptional changes found in plants regenerated with embryonic
transcription factors may be caused by the inheritance of heritable tissue-specific epigenetic imprints. To
test this hypothesis, we studied the methylome of LEC2 regenerants that had been propagated for two
successive generations (G2 and G3). To map methylome data we generated a de novo assembly of the
Ws-2 genome (see methods). In an all-against-all comparison of RO-LEC2 and LO-LEC2 plants, we found
226, 120 and 386 Differentially Methylation Regions (DMRs) in CG, CHG and CHH contexts, respectively
(Supplementary Table 2- List of DMRs). Principal component analysis (PCA) of the 226 CG-DMRs showed
that the main source of variance in our dataset was the tissue analyzed (69% of variance), with methylome
profile of leaves of RO-LEC2 plants being slightly skewed towards root samples (Fig. 3A). Another 6% of
variance can be explained by the tissue of origin, separating RO-LEC2 and LO-LEC2 samples from each
other and from the controls, independently of the tissue sampled. Some of the remaining variance (3%)
comes from the regeneration process independently of tissue sampled or tissue used for cloning (Fig. 3A).
These data suggest that even though the methylome of regenerated plants mainly corresponds to the
characteristic methylome of the tissue sampled, a number of epigenetic imprints are maintained from the
tissue employed for cloning, even after plants had undergone three cycles of sexual reproduction. Our data
also show that regeneration by itself contributes to discrete methylation imprints that are stably inherited in
clonal plants (Fig. 3 Supplement 1). Similar, albeit weaker patterns were observed for non-CG DMRs (Fig.
3 Supplement 1). To define the potential impact of these epigenetic changes, we mapped DMRs to genome
features, which revealed that regions flanking protein coding genes were particularly likely to be associated
with methylation changes (Fig. 3 Supplement 2).

When only considering DMRs distinguishing leaves and roots of non-regenerated plants, RO-LEC2
leaves, although distinct from other samples, resembled the methylation of root samples (Fig. 3B). Most
DMRs in leaves of RO-LEC2 regenerants were primarily hypomethylated compared to leaves of control
plants, resembling the methylation profile of these regions in control roots, and they were stably inherited
(Fig. 3C and Fig. 3 Supplement 1). Similar to roots of control plants, these DMRs were also hypomethylated
in roots of LO-LEC2 regenerants, thus pointing to active DNA demethylation in Arabidopsis roots.
Collectively, our analyses demonstrate that induction of somatic embryogenesis and subsequent

regeneration results in tissue-specific epigenetic imprints that are stable during sexual reproduction.
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Fig. 3. DNA methylomes of LEC2 regenerants.

(A) PCAs of CG DNA methylation levels at 226 CG-DMRs identified in all-against-all comparison and
histograms of the distribution of samples across each principal component. Probability ellipses (95%
distribution) for each group are shown. Gray, control; Blue, LO-LEC2; Red, RO-LEC2. Data from three
randomly selected regenerants for each tissue.

(B) PCA of CG methylation levels at 511 CG-DMRs identified in the comparison of control leaves and roots.
Probability ellipses (95% distribution) for each group are shown. Gray, control; Blue, LO-LEC2; Red, RO-
LEC2. Data from three randomly selected regenerants for each tissue.

(C) Heatmap of CG methylation levels in leaves and roots of control plants and LEC2 regenerants. Each
column corresponds to an independently regenerated line. Ws-2 = Ws-2/indLEC2. Data from three
randomly selected regenerants for each tissue.
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Fig 3. Supplement 1. DNA methylation variation in LEC2 regenerants.

(A) CG methylation levels at 226 CG-DMRs identified in an all-against-all comparison.
(B) CHG methylation levels at 120 CHG-DMRs identified in an all-against-all comparison.
(C) CHH methylation levels at 386 CHH-DMRs identified in an all-against-all comparison.
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Fig.3 Supplement 2. DNA methylation variation in LEC2 regenerants affects all contexts and appears
mainly in proximity to genes.

(A) PCAs of CHG DNA methylation levels at 120 CHG-DMRs identified in all-against-all comparison
(left two panels) and PCAs of CHH methylation levels at 386 CHH-DMRs identified in all-against-all
comparison (right two panels). Percentages in brackets indicate the proportion of variance explained by
each principal component (PC).

(B) Distribution of different genetic features in DMRs identified in all-against-all comparison for all three
contexts, in methylated regions of different samples, and in the whole genome. Intergenic is defined as all
sequences more than 2 kb away from a gene.
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Precocious leaf senescence in root-regenerants caused by epigenetic deregulation of the salicylic

acid pathway

To determine the molecular basis for the early senescence phenotype observed in RO regenerants, we
performed reciprocal crosses between Ws-2 and RO-LEC2 plants. Five reciprocal F1 hybrids were self-
pollinated to generate F2 seed progeny (Fig. 4A). In the F2 generation, some plants were early senescing,
characteristic of RO-LEC2 plants, while others were not. The fraction of early-senescing plants was around
one quarter, with 16% (13 in 80) early-senescing F2 progeny derived from Ws-2/indLEC2 x RO-LEC2
hybrids, and 23% (28 in 120) early-senescing F2 progeny derived from RO-LEC2 x Ws-2/indLEC2 hybrids
(p>0.05, Fisher’s Exact test). These data suggest that early senescence in RO-LEC2 regenerants may be
under the control of a single recessively acting locus. To determine whether this was due to a genetic
mutation, we whole-genome shotgun sequenced 10 phenotypically normal and 10 early-senescing
individuals from five different segregating F2 populations (Fig. 4A). We could not identify genetic variants
linked to this phenotype (Fig. 4 Supplement 1), suggesting that the phenotypes were caused by an
epigenetic change.

We investigated the mode of inheritance of RO imprints by generating DNA methylation profiles of
leaves from F2 progeny derived from Ws-2/indLEC2 x RO-LEC2 hybrids. If differences in DNA methylation
were the cause for the growth phenotypes characteristic of RO plants, the methylation imprints must be
already present in the parents. We therefore focused on DMRs between leaves of Ws-2/indLEC2 and RO-
LEC2 plants. Most regions that are hypomethylated in RO-LEC2 regenerants were stably inherited both
mitotically and meiotically (Fig. 4B). On the other hand, most hypermethylated DMRs had disappeared after
two generations of paternal transmission, although they were faithfully inherited maternally (Fig. 4A). This
was observed for both CG- and CHG-hypermethylated DMRs, while CHH-hypermethylation was reset both
paternally and maternally (Fig. 4 Supplement 2). These data suggest that the early senescence phenotype
observed in RO-LEC2 plants may be caused by an epimutation associated with a reduction in DNA
methylation, as plants with early senescence appeared in both directions of the cross. After clustering
samples based on the levels of methylation for DMRs, we found that CHH-hypomethylated DMRs as a
class predicted phenotype, (Fig. 4C), and this was clearest for RO-LEC2 x Ws-2/indLEC2 progeny. Thirty-
six DMRs co-segregated with the growth phenotype. Normal plants were highly methylated, as in the Ws-
2/indLEC2 control, and early senescing plants had low methylation at these 36 DMRs (Fig. 4D). These
phenotype-associated DMRs were strongly enriched in transposable elements (TEs) (Fig. 4E). Collectively,
these data suggest that demethylation of TEs is associated with early senescence of RO-LEC2 plants.

To understand how losses of DNA methylation at specific loci could cause the phenotype, we
searched for deregulated genes in the proximity of the 36 DMRs. We found two genomic regions where
methylation status co-segregated with the phenotype for both directions of the crosses (Fig. 4G [will change
to F]). One region included three genes in its proximity that are upregulated in leaves of RO-LEC2
regenerants (Fig. 4F [will change to G]). The DMR is located in a TE of the AtSINE4 family, between two
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of the genes found to be misregulated in RO-LEC2 plants when compared to Ws-2/indLEC2 control (Fig.
4H). We investigated the chromatin conformation of these regions in leaves and roots of wild-type plants,
and found notable differences, thus suggesting it may act as a long-distance regulatory element for flanking
genes (Fig. 4 Supplement 3). Another DMR associated with early senescence in RO-LEC2 plants was
located in an AtMUNX1 TE upstream of the PRE1/BNQ1 locus (Fig. 4 Supplement 4), in a region flanking
a CarG box known to be a target of MADS box containing transcription factors '8 and negatively regulated
by the transcription factor pair APETALA3 (AP3) and PISTILLATA (PI) *°,
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Fig. 4. Leaf senescence and TE hypomethylation in RO-LEC2 root regenerants.

(A) Experimental design to identify epi- and DNA mutations linked to RO-LEC2 phenotypes. Green indicates
phenotypically normal plants (n=10) and brown early senescing ones (n=10). Analysis was carried out using
five independent F2 progeny.

(A) Heatmap showing gains and losses of CG methylation for RO-LEC2-leaf DMRs in F2 progeny from
reciprocal backcrosses between control (Ws-2/indLEC2) and RO-LEC2 plants. Each column represents an
independent F2 progeny individual.

(C) Dendrogram of F2 progeny and parents at parental CHH-hypo-DMRs.

(D) Heatmap of Z-scores in CHH methylation for highly methylated (Ws-2/indLEC2 %mC > 50) parental
CHH-DMRs, showing clustering of parents and RO x Ws-2/indLEC2 F2 progeny.
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(E) Distribution across features of different subsets of parental CHH DMRs.

(F) Expression levels for genes proximal to Chr5:892411-894943 (AtSINE4) DMR in leaves of control (Ws-
2/indLEC2) and regenerants.

(G) CHH methylation levels for Chr5:892411-894943 (AtSINE4) DMR in Ws-2/indLEC2, RO-LEC2, and F2
reciprocal crosses, showing association between demethylation and morphological phenotype.

(H) Genomic view around Chr5:892411-894943 (AtSINE4) DMR. Yellow box represents RO-LEC2 CHH-
DMR.
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Fig. 4 Supplement 1. Distribution of SNPs associated with early senescence of RO-LEC2 plants.
Allelic frequencies across chromosomes of foreground markers derived from comparing phenotypically
positive (foreground) against phenotypically negative (background) plants.
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Fig. 4 Supplement 2. Hypermethylated RO-LEC2 DMRs revert to normal methylation levels after
backcrossing.

Heatmaps showing gains and losses of CHG (A) and CHH (B) DNA methylation levels for RO-LEC2 leaf
DMRs in F2 progeny from reciprocal backcrosses between control (Ws-2/indLEC2) and RO-LEC2 plants.
Each column represents plants from independent F2 progenies.

16


https://doi.org/10.1101/2022.03.15.484412

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.15.484412; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

AtSINE4
TAIR10Genes AT5G25450 AT5G25460 st S
AT5G25440 DMR
ang AT5G25450 I
Rul
8857000 8858000 8859000 8860000 8861000 8862000 8863000 8864000
Chr5
milin .
Jl "t
Y 'y TS 5
———— S A

“h

||| I" ki,

Sp——— B P ————— .
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DISCUSSION

Previous studies have shown that clonal plants regenerated through tissue culture can have new
phenotypes that may be an indirect consequence of the methodology employed for regeneration. For
instance, plant regeneration using phytohormones induces stochastic changes in DNA methylation,
primarily hypomethylation, that are associated with changes in gene expression 113162021 On the other
hand, regeneration after the induction of somatic embryos using embryonic transcription factors results in
nonrandom changes in DNA methylation, which are heritable and associated with transcriptional and
phenotypic variation 2. To define the factor(s) that may contribute to the molecular and phenotypic diversity
found in plants propagated through somatic embryogenesis, we conducted a detailed analysis on
regenerants created by the ectopic expression of LEC2 and RKD4, two transcription factors that are part
of distinct embryonic transcriptional networks '%2%22, We found tissue-specific epigenetic imprints in these

regenerants that were associated with gene expression and phenotypic variation.

The molecular mechanism(s) underpinning the inheritance of the tissue-specific epigenetic imprints
that accumulate in these clonal plants are yet unknown, but they may be linked to the capacity of these two
transcription factors to reprogram the development of somatic cells to adopt an embryonic program without
altering their epigenomic configuration. We postulate that the tissue-specific imprints arising during cloning
may be developmentally programmed, since leaves and roots have distinct epigenetic characteristics 23-21,
The tissue-specific imprints found in clonal plants may be linked to the distinct chromatin architecture found
in root and shoot cells, which is largely influenced by chromatin loops associated with histone 3 lysine 27
trimethylation 2. Chromatin interactions likely contribute to the developmental differentiation of specific cell
types in plants, as it is the case in animals 2%, and may contribute to the stability of epigenetic imprints in

clonal plants.

In our system, plants regenerated from roots senesced early, a phenotype that was inherited by
sexual progeny either after selfing or outcrossing. This early leaf senescence strongly correlated with DNA
hypomethylation of specific TEs flanking genes associated with the SA pathway. Several studies have
shown that the long-distance regulatory action of TEs in Arabidopsis is associated with changes in DNA
methylation 3'. Moreover, transposon mobilization and variation in TE methylation have been linked to
environmental adaptation in Arabidopsis populations 2. Our data suggest that epimutations at TEs could
accumulate in populations of species that reproduce asexually, and that these epimutations could confer

an adaptive advantage under fluctuating environments.

The SA pathway may be an important target for the accumulation of epimutations as it si critical for plant
defense 23 and it is strongly correlated with plant biomass, a characteristic that has traditionally been
selected by breeders to increase yield in various crops, including maize **, rice *°, and wheat . Notably,
mutants that cause a global change of chromatin organization, such as CROWDED NUCLEI (CRWN),
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display constitutive activity of the salicylic acid-dependent pathway of immunity and crwn plants display

dwarfism and premature senescence 37:38,

Epigenetic imprints generated during cloning can be inherited over multiple cycles of sexual
reproduction, suggesting that the epigenetic machinery in plants is unable to repair these epimutations
1121622 That stable epimutations accumulate has been also documented in crosses between wild-type
plants and mutants defective in DNA methylation 3°43 and histone demethylation 4. Notably, the tissue-
specific DNA hypomethylation imprints arising in plants cloned using ectopic induction of LEC2 are
transmitted through both the maternal and paternal germline to the offspring. However, DNA
hypermethylation imprints in these plants are transmitted only maternally. The molecular mechanisms
implicated in the resetting of these DNA hypermethylated imprints are not yet known but they may be linked
to an active epigenomic reprogramming taking place during male gametogenesis *°*%¢ or embryo

development 47

In summary, our study has revealed that clonal propagation using embryonic transcription factors
enables the generation of specific epigenomic changes to engineer novel phenotypes. Our data indicate
that these epigenomic changes are stable and could be integrated in breeding programs to enhance the

potential of wild and domesticated crop species.
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METHODS

Plant growth and clonal propagation

For all experiments, A. thaliana Ws-2 plants were grown in long day conditions (16-h light/8-h dark, 22 °C).
To facilitate direct plant regeneration from different type of organs we used transgenic lines harboring an
chemically-inducible transgenes to overexpress the GRANDE (GRD)/RWPRK motif-containing (RKD4)
transcription factor '© (indRKD4) or the B3 domain transcription factor LEAFY COTYLEDON2 (LEC2) 48
(indLEC2). Seeds from transgenic indRKD4 and indLEC?2 lines were germinated on Murashige and Skoog
(MS) medium containing 30 uM dexamethasone or 50 uM estradiol, respectively, and incubated for 14
days. Plants were transferred to MS media without dexamethasone or estradiol for 7 days to allow the
formation of somatic embryos, which were then isolated and transferred to fresh MS plates using tungsten
needles. After 2-3 weeks, the somatic embryos from leaves (LO) or roots (RO) were fully regenerated into
new plants. We generated 10 independent regenerants from each organ (GO generation), which were
grown in soil to produce seeds. We grew 24 plants from each line (G1 generation) and selected 10
individuals at random for each regenerated line to produce seed. We continued the sexual propagation of
each regenerant population for two additional generations (G2 and G3) following the same scheme.

Plasmid constructs and transgenic lines

To generate estradiol-inducible RKD4 lines (indRKD4) we cloned using Gateway recombination the coding
region of GRD/RKD4 (AT5G53040) in pMDC7 “° modified by the insertion after Pmel digestion of a
pOLE1:OLE1-RFP fragment from pFAST-R *. The estradiol-inducible LEC2 lines (indLEC2) were
generated by amplifying the LEC2 coding sequence by PCR and cloning in pBI-AGR vector. The LEC2-GR
fragment was then cloned in pCGN18 5! to create p35S::.LEC2-GR. Plants were transformed by floral
dipping, transgenic plants were selected in Kanamycin (indLEC2) or RFP seed selection (indRKD4), and

propagated for three generations to isolate homozygous lines.

Phenotypic analysis

For biomass analysis, plants were grown under long days for 4 weeks (16-h light/8-h dark, 22°C). Dry
weight was recorded using aerial parts excised and dried at 80°C for 48 hours. For image-based
phenotyping, images were acquired once per day in top view using two cameras per tray. The cameras
were equipped with OmniVision OV5647 sensors with a resolution of 5 megapixels. Each camera was
controlled by a Raspberry Pi computer (Revision 1.2, Raspberry Pi Foundation, UK). Stitched whole-tray
images were separated into individual pots using a predefined mask for each position. Segmentation of
plant tissue against background was performed by removing the background pixels and applying GrabCut-
based automatic post processing. The leaf area of each plant was calculated based on the segmented plant

images.
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SA measurement

The total levels of SA and SA glucoside (SAG) were measured from each sample using the Acinetobacter
sp. ADPWH-/ux biosensor ®2. In brief, 175 mg of leaves material were harvested from four-week-old plants
and homogenized in 250 pl 0.1 M sodium acetate buffer pH 5.5. Samples were then centrifuged for 15 min
at 16,000 g. For total SA measurement, 200 ul of supernatant was transferred to a new tube and incubated
with 20 pl of 0.5 U/ul B-glucosidase (Sigma-Aldrich) for 90 min at 37°C. Following B-glucosidase treatment,
60 pl of LB, 30 pl of plant extract, and 50 ul of Acinetobacter sp. ADPWH-/ux (OD=0.4) were incubated
together at 37°C for 150 min. Luminescence was read with a Tecan luminometer. SA levels were calculated
based on the SA standard curve, which was constructed using known amounts of SA stock (from 0 to 2500
ng/ul) diluted in NahG plant extract %°.

Genome assembly and annotation

Plants were grown in long day conditions (16 h of light) at 23°C and a relative humidity of 65%. Philips
GreenPower TLED modules (Philips Lighting GmbH, Hamburg, Germany) with 110-140 ymol m2 s light
were used. Plants were grown for 3 weeks. In order to reduce the accumulation of starch all plants were
placed in darkness for 30 h before harvesting young leaves. Fresh plant material was immediately flash-
frozen after harvesting. HMW DNA extraction was performed following a custom protocol. Approximately
thirty grams of leaf tissue were ground in liquid nitrogen and subsequently transferred into a 1 L flask
containing 500 mL of ice-cold nuclei isolation buffer. The NIB was composed of 10 mM Tris (pH 8), 0.1 M
KCI, 10 mM EDTA (pH 8), 0.5 M sucrose, 4 mM spermidine, and 1 mM spermine-4HCI. Flasks with ground
plant material and NIB were kept on ice for fifteen minutes with occasional gentle swirling. The homogenate
was filtered through four layers of miracloth (Merck, Germany). Subsequently, NIB solution with 20 % Triton
X-100 was added. The solution was kept on ice for fifteen minutes with occasional gentle swirling.
Afterwards, the solution was distributed into 50 mL Falcon tubes and centrifuged for 15 min at 3,250 rpm
at four degrees using a tabletop centrifuge. Nuclei containing pellets were washed by adding a 40 mL NIB
solution with 1 % Triton X-100 prior to centrifugation for 15 min at 4°C and 3,250 rpm. Subsequently, the
supernatant was discarded before resuspending the nuclei pelletin 30 mL prewarmed (37 C) G2 lysis buffer
(Qiagen, Germany). Resuspended pellets were incubated with RNase A (50 ug/ml) for 30 minutes while
gently inverting the tube every five minutes. Proteinase K was added (250 ug/ml) and samples were
incubated overnight at 50°C. Subsequently, the lysate was centrifuged at 8,000 rom at 4°C for 15 min. The
supernatant was poured onto an equilibrated Genomic Tip 100 (Qiagen, Germany). Afterwards the
Genomic Tip 100 was washed twice with 7.5 mL QC Buffer (Qiagen, Germany) per wash. Genomic DNA
was eluted from the column using 5 mL of prewarmed (50°C) QF Buffer (Qiagen, Germany). DNA was
precipitated by adding 0.7 volumes of isopropanol. HMW DNA was obtained by spooling DNA strings onto
a glass hook. The spooled DNA pellet was washed with 80% EtOH prior to resuspending it in 300 uL EB.

DNA concentration was measured using Qubit HS DNA kit.
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For library construction, high molecular weight DNA was sheared with a Megaruptor (Diagenode)
set to a 40 kb fragment size. The DNA library was prepared using the Accel-NGS XL Library Kit (Swift
Biosciences, United States). The library was size-selected with a minimum fragment size of 20 kb using a
BluePippin (Sage Science, Beverly, United States and a High-Pass v3 cassette. The library was sequenced
on the Pacific Biosciences (Menlo Park, United States) Sequel platform (ICS v5.0.0) with the v5.0.1
chemistry, which produced 5.09 Gb of long read sequences with a subread N50 of 15,750 bp.

The genome was assembled into 120 contigs of total length of 123.5 Mb with an N50 of 6.57 Mb
using a custom Snakemake pipeline, “auto-asm” (https://github.com/weigelworld/auto-asm). Briefly, long
reads were assembled into contigs using canu % and scaffolded without polishing steps into chromosomes

|55

against TAIR10 using reveal *°. Whole Genome Annotation was lifted over using the CAT ¢ pipeline with

TAIR10 as the reference genome and annotation.

Transcriptome analysis

For mRNA-seq analysis, total RNA (10 ug) for each sample was used to purify polyA+ mRNA that was used
for synthesis and amplification of cDNA. The RNA-seq libraries were prepared using TruSeq RNA Sample
Preparation Kit from lllumina (San Diego, CA). RNA libraries were sequenced on an lllumina HiSeq2000
instrument (100 bp single-end). Read quality was assessed using FastQC and trimming of low-quality bases
at the 3’ end of reads and adapter removal was done using Trimmomatic. Reads were mapped to the
TAIR10 reference genome using Tophat (parameters -i 20 -I 30,000) with on average 85.4% unique
mappings (min = 82.2, max = 88.8). The read counts for these libraries are given in Dataset S1. We used
the R package DESEQ2 (version 1.10.1) 8. Genes were classified as significantly differentially expressed
at either an FDR<0.01 or <0.05 and |log2 fold-change| >1.5. We used AgriGO v2.0 %. The background
used for identifying enrichment was the suggested background provided by AgriGo, which contains all GO
annotated genes in Arabidopsis. Enrichment was performed using a hypergeometric test, p-values were

corrected by multiple correction (Benjamini Hochberg FDR; a = 0.05).

Identification of polymorphisms in RO-LEC2 lines

For library construction, high molecular weight DNA from individual plants was isolated using DNeasy Plant
mini kit (Qiagen). The DNA library was prepared using a NxSeq AmpFREE Low DNA Library kit (Lucigen)
and sequenced on a lllumina HiSeq2000 with a 100bp paired-end mode. Sequencing reads were pre-
processed using fastp with default settings and the overrepresentation analysis parameter to
remove reads with low quality score, irregular GC content, short length, and sequencing adapters present
%8, Trimmed reads were then quality checked with outputs from fastp to ensure trimming had been
successful. Trimmed reads were mapped to the TAIR10 reference genome using bowtie2 °. Variant calling
was performed on aligned and sorted BAM files using samtools mpileup and piped to bcftools to produce
VCF files ®0. VCF files were converted to SHOREmap format and analysed using SHOREmap
backcross and then annotated to output tables and plots of backcross SNPs ©'.
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Bisulfite sequencing

Bisulfite libraries were prepared from 100 ng genomic DNA using the TruSeq Nano kit (lllumina, San Diego,
CA, USA) according to the manufacturer’s instructions, with the following modification. After adapter ligation
and cleanup, samples were bisulfite-treated using the Epitect Plus kit (Qiagen, Hilden, Germany). Thermal
cycle incubation was repeated once before clean-up. DNA fragments were amplified using the Kapa HiFi
Hotstart Uracil+ PCR mix in 14 cycles of PCR (Kapa Biosystems, Wilmington, MA, USA). Bisulfite libraries

were sequenced on an lllumina HiSeq3000 instrument (150 bp paired-end reads).

Computational analysis of paired end BS-seq

Paired-end quality was assessed using FASTQC %2. Trimmomatic % was used for quality trimming.
Parameters for read quality filtering were set as follows: Minimum length of 40 bp; sliding window trimming
of 4 bp with required Phred quality score of 20. Trimmed reads were mapped to the Arabidopsis thaliana
TAIR10 genome assembly using bwa-meth 5 with default parameters. Mapped reads were deduplicated
using picardtools %, and numbers of methylated/unmethylated reads per position were retrieved using
MethylExtract 6. We calculate differentially methylated regions (DMRs) using MethylScore ©7.

Data visualization
For visualizing BS-seq genomic data we used Integrative Genomic Viewer (IGV) . For figures, we used R

version 3.5.1 (www.r-project.org) with packages ggplot2 9, eulerr 7° and pheatmap 7.
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