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Summary

� Chromatin is assembled by histone chaperones such as chromatin assembly factor CAF-1.

We had noticed that vigor of Arabidopsis thaliana CAF-1 mutants decreased over several

generations. Because changes in mutant phenotype severity over generations are unusual, we

asked how repeated selfing of Arabidopsis CAF-1 mutants affects phenotype severity.
� CAF-1 mutant plants of various generations were grown, and developmental phenotypes,

transcriptomes and DNA cytosine-methylation profiles were compared quantitatively.
� Shoot- and root-related growth phenotypes were progressively more affected in successive

generations of CAF-1 mutants. Early and late generations of the fasciata (fas)2-4 CAF-1

mutant displayed only limited changes in gene expression, of which increasing upregulation

of plant defense-related genes reflects the transgenerational phenotype aggravation. Like-

wise, global DNA methylation in the sequence context CHG but not CG or CHH (where H =

A, T or C) changed over generations in fas2-4. Crossing early and late generation fas2-4

plants established that the maternal contribution to the phenotype severity exceeds the pater-

nal contribution.
� Together, epigenetic rather than genetic mechanisms underlie the progressive developmen-

tal phenotype aggravation in the Arabidopsis CAF-1 mutants and preferred maternal trans-

mission reveals a more efficient reprogramming of epigenetic information in the male than

the female germline.

Introduction

Nuclear DNA is packaged into chromatin, which affects and reg-
ulates major cellular processes such as transcription, replication,
DNA-repair and silencing of transposable elements (TEs). The
basic unit of chromatin is the nucleosome, a hetero-octamer of
histones H2A, H2B, H3 and H4, which organizes 147 bp of
DNA. Chromatin assembly factor 1 (CAF-1) is a histone chaper-
one that initiates nucleosome formation by depositing H3–H4
dimers on free DNA after replication or DNA repair (Ramirez-
Parra & Gutierrez, 2007b; Yu et al., 2015). CAF-1 consists of
three subunits, which are conserved in all eukaryotes (Verreault
et al., 1996; Kaufman et al., 1997) and are called FASCIATA 1
(FAS1), FASCIATA 2 (FAS2) and MULTICOPY SUPRESSOR
OF IRA 1 (MSI1) in Arabidopsis (Kaya et al., 2001). Lack of
CAF-1 is lethal in mammalian cells and causes developmental

arrest in Drosophila (Nabatiyan & Krude, 2004; Song et al.,
2007).

In Arabidopsis, fas1 and fas2 mutants are viable (Kaya et al.,
2001), whereas msi1 mutants are embryo-lethal due to the crucial
function of MSI1 in Polycomb repressive complexes (PRC2)
(K€ohler et al., 2003; Guitton et al., 2004). The fas1 and fas2
CAF-1 mutants develop several phenotypic defects, including
stem fasciation, abnormal leaf and flower morphology, and disor-
ganization of the shoot and root apical meristems (Reinholz,
1966; Leyser & Furner, 1992; Kaya et al., 2001). CAF-1 mutants
have also defects in cell fate specification (Costa & Shaw, 2006;
Exner et al., 2006). Recently, it has been shown that some of the
developmental phenotypes are a result of unrestricted activation
of defense genes (Mozgova et al., 2015). Additionally, CAF-1 is
required for the organization of heterochromatin and mainte-
nance of transcriptional gene silencing, including inactivation of
certain TEs (Kaya et al., 2001; Kirik et al., 2006; Ono et al.,
2006; Sch€onrock et al., 2006), regulation of endoreduplication
(Exner et al., 2006; Kirik et al., 2006; Ramirez-Parra &*These authors contributed equally to this work.
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Gutierrez, 2007a,b), regulation of cell cycle duration (Ramirez-
Parra & Gutierrez, 2007a,b; Abe et al., 2008; Chen et al., 2008)
and homologous recombination (Endo et al., 2006; Kirik et al.,
2006). More recently, a functional link was found between CAF-
1 and maintenance of telomeres and ribosomal DNA (rDNA)
(Mozgova et al., 2010). In fas1 and fas2, telomere shortening and
loss of rDNA occurs in an increasingly severe fashion over several
generations. It also had been noticed that vigor of fas1 and fas2
mutants decreased over several generations (Mozgova et al.,
2010) but this effect was not thoroughly documented. As most
mutants in genetic model systems have stable phenotypes, a pos-
sible change in phenotype severity over generations of the fas1
and fas2 CAF-1 mutants is remarkable. Here, we asked how
repeated selfing of fas1 and fas2 affects phenotype severity. We
found that plant size, juvenile–adult phase transition and mater-
nal reproduction are progressively more affected in successive
generations of the fas1 and fas2 CAF-1 mutants. Fully expanded
leaves of early and late fas2 generations display only limited
changes in gene expression, of which upregulation of plant
defense-related genes reflects the transgenerational phenotype
aggravation. The developmental phenotypes of the CAF-1
mutants but not the tandem repeat copy-number are readily
complemented by the presence of a functional CAF-1 complex.
By crossing early and late generation mutants, we find that the
maternal contribution to the phenotype severity exceeds the
paternal contribution. Together, we establish that epigenetic
rather than genetic mechanisms underlie the progressive develop-
mental phenotype aggravation in the Arabidopsis CAF-1
mutants.

Materials and Methods

Plant material

All experiments used Arabidopsis thaliana (L.) Heynh. accession
Col-0 and the fas1-4 (SALK_N828822) and fas2-4
(SALK_N533228) mutants (Exner et al., 2006). For further
information and scheme of plant propagation see Supporting
Information Methods and Fig. S1. For the fas1-4 35S::FAS1
lines, the FAS1 cDNA was amplified (for primers see Table S1)
and recombined into pMDC32 (Curtis & Grossniklaus, 2003)
followed by transformation into fas1 generation 4 (G4) plants.
The relative quantification of 45S rDNA repeat number and
telomere length analysis was performed as described (Mozgova
et al., 2010).

Plants were grown at 21°C with humidity of 60% under
16 h : 8 h, or 8 h : 16 h, light : dark cycles corresponding to long-
day or short-day conditions, respectively, at 120 lmol m�2 s�1.
Plants under AGRONOMICS conditions (Baerenfaller et al.,
2012) were cultivated at 8 h 22°C : 16 h 21°C, light : dark short-
day cycles, with humidity of 60% and a light intensity of
100 lmol m�2 s�1. To expose plants to waterlogging stress, pots
with 10-d-old plants were submerged in water up to soil level for
the entire duration of the plant life. The submerging water was
exchanged two times per week. Stressed plants were cultivated
under long-day cycles as described above.

Rosette diameter, silique length, shoot length and length of
silique number 6 were measured after plants were fully grown
and carried only mature siliques. The juvenile–adult phase transi-
tion was determined by emerging of trichomes on the abaxial
(lower) surface of rosette leaves. For details on characterization of
ovule development see Methods S1.

Gene expression analysis

Reverse transcription polymerase chain reaction (RT-PCR) was
performed as described previously (Mozgova et al., 2015) (for
primers see Table S1). For transcriptome analysis, wild-type
(WT), fas2-4 G1 and G6 plants were grown for 48 d according to
AGRONOMICS standard conditions (Baerenfaller et al., 2012).
Leaf number 6 was harvested at ZT (zeitgeber time) = 7 and
processed for transcriptome profiling on Affymetrix
AGRONOMICS1 Arabidopsis tiling arrays (Rehrauer et al.,
2010) as described (Mozgova et al., 2015). The experiment was
performed in biological triplicates with each triplicate consisting
of pooled leaves from five, seven and nine plants for WT Col,
fas2-4 G1 and fas2-4 G6, respectively. Data were normalized and
analyzed as described (Rehrauer et al., 2010; M€uller et al., 2012).
Differential expression was tested with LIMMA (Smyth, 2004)
followed by multiple testing correction (Storey & Tibshirani,
2003). Genes were considered to be differentially expressed when
q < 0.05 and fold-change > 1.5. Differentially expressed genes
(DEGs) were assigned to one of eight principal classes of change
by regression analysis. Briefly, gene expression vectors per gene
were (0, 1) normalized before squared distances to each of the
eight principal expression profiles were calculated. Each of the
selected DEGs was assigned to the profile class for which the sum
of squared distances was minimal.

Analysis of cytosine-DNA methylation by bisulfite
sequencing

Bisulfite-converted DNA was sequenced in paired-end mode of
90 nucleotides long reads using an Illumina HiSeq2000
sequencer (Illumina Inc., San Diego, CA, USA). Quality control
was performed with in-house scripts. Adapter trimming and
removal of low complexity sequences was done using reaper
(Davis et al., 2013). Reads with total sequencing quality of < 30
Phred or shorter than 10 nucleotides were discarded. Clean reads
were mapped to the reference genome TAIR10 using bismark
(Krueger & Andrews, 2011) allowing at most one mismatch per
25-nucleotide seed. Forward and reverse reads were mapped
independently (Table S2). Conversion rates and methylation sta-
tus of cytosines were obtained using bismark_methylation_ex-
tractor. Cytosines in the plastid genome are not methylated,
allowing estimates of bisulfite conversion efficiency. The mean
conversion rate was 96% and the estimated mean false positive
methylation rates were < 5% (Table S3). Cytosines that were cov-
ered by at least seven reads in WT, G1 and G6 were considered
for the calculation of differentially methylated regions (DMRs).
The Arabidopsis TAIR10 genome sequence was divided into
windows of 100 bp; windows containing less than three covered
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cytosines were discarded. To avoid calling DMRs with artificially
small or large methylation differences due to low coverages, the
10th percentile of bins with lowest coverage was selected and bins
with the 20% smallest and 20% largest average methylation val-
ues were discarded. Bins with a P-value ≤ 0.01 (Fisher’s exact
test) were considered as significant. Methylation changes are
expressed as the relative difference between the given genotypes.
DMRs were classified in eight nonoverlapping classes according
to the transgenerational trends of change observed for DEGs.

Accession numbers

Data are available at GEO and ArrayExpress (accession numbers
GSE104456 and E-MTAB-6136).

Results

Developmental phenotypes of CAF-1 mutants change over
generations

In order to test for a potential change in phenotype severity in
Arabidopsis Chromatin assembly factor 1 (CAF-1) mutants, fas2-
4 plants of the first to the sixth generation were grown in parallel
(Fig. S1). Note that generation 1 (G1) refers to the first homozy-
gous mutant plants that segregate from a selfed heterozygous
parental plant. There was a clear transgenerational aggravation of
mutant plant vigor (Fig. 1a–c). The phenotype aggravation was
visible as early as 13 d after induction of germination, as the
plantlets of later generations appeared considerably smaller than
those of earlier generations (Fig. 1a). This difference was even
more pronounced at 17 (Fig. 1b) and 31 d (Fig. 1c). Reduced
rosette and silique size and accelerated bolting were most obvi-
ous. Decreasing seed set led to hardly any seeds being produced
by G6 plants under our conditions.

Quantification of fas2-4 developmental phenotypes showed a
gradual transgenerational phenotype aggravation (Fig. 1d–h).
Rosette diameter of fully grown plants decreased from c. 60% of
WT rosette size in fas2-4 G1 to c. 25% in G6 plants (Fig. 1d).
The number of total rosette leaves decreased gradually from c.
90% of WT numbers in fas2-4 G1 to < 60% in G6 plants
(Fig. 1e). Rosette leaf numbers in fas2-4 were mainly affected by
the number of adult leaves (Fig. 1f,g), which gradually decreased
from c. 60% in fas2-4 G1 to < 10% in G6 plants (Fig. 1g). Fre-
quently, G6 plants completely lacked adult leaves and formed
only juvenile leaves before bolting (Fig. 1f,g). These results
showed a gradual reduction of total leaf number as a consequence
of the gradual reduction of adult leaf numbers in later generations
of fas2-4 mutant plants. Similar effects of generation on rosette
diameter and bolting were observed for fas1-4 (see below, Fig.
6a), demonstrating that the transgenerational aggravation is nei-
ther specific for a particular allele nor for loss of FAS2 but is char-
acteristic for disrupted CAF-1 function in Arabidopsis.

The fas1 and fas2 mutants have defects not only in above-
ground organs originating from shoot apical meristems (SAM),
but also in root growth and development (Leyser & Furner,
1992; Kaya et al., 2001; Costa & Shaw, 2006; Ramirez-Parra &
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Fig. 1 Transgenerational phenotype aggravation in Arabidopsis thaliana

fas2mutant plants. (a–c) Examples of phenotypes of plants (a) 13 d after
germination (dag), (b) 17 dag and (c) 31 dag. (d) Quantification of rosette
diameter of fully grown plants (n = 14 plants). (e–g) Quantification of the
number of (e) total, (f) juvenile and (g) adult rosette leaves at bolting
(n = 14 plants). (h) Example and quantification of root length in seedlings
at 10 dag (n = 25–30 seedlings grown on four different plates). Bars
represent means� SE. Different letters above bars indicate significant
difference (P < 0.05 in Student’s t-test). Bars: (a, b) 5 mm; (c) 5 cm; (h)
1 cm. WT, wild-type; G, generation.
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Gutierrez, 2007a,b; Pavlistova et al., 2016). Therefore, we asked
whether transgenerational aggravation also occurs for root pheno-
types. Indeed, the impaired root growth of fas2-4 became more
severe in later generations (Fig. 1h). Together, both SAM-related
and root apical meristem-related phenotypes show transgenera-
tional aggravation in fas2-4 plants, most likely due to disturbed
CAF-1 function.

Defects in ovule development cause reduced seed set in
fas2-4

As we had noticed reduced seed set in fas2-4 plants, we next studied
reproductive development in more detail. Because reduced seed set
often causes reduced silique length, we measured silique length in
several generations of fas2-4 (Fig. 2a). Silique length greatly decreased
from 70% in fas2-4G1 to < 20% in G6, demonstrating a transgener-
ational aggravation similar to that of other tested phenotypes. In
order to identify reasons for reduced fruit length, seed set was quanti-
fied in naturally pollinated WT, fas2-4 G2 and G6 plants (Fig. 2b).
Under our experimental conditions, WT siliques had c. 45 normally
developed seeds and five nonfertilized ovules. By contrast, siliques of
fas2-4 G2 had c. 20 normally developed seeds and 10 unfertilized
ovules. In fas2-4 G6, no normally developed seeds could be found
and siliques contained 25 unfertilized ovules. Seed abortion was
always below 1%. Thus, reduced silique length in fas2-4 is caused by
two effects. First, fas2-4 forms c. 40% fewer ovules per flower than
WT. This phenotype is almost completely penetrant in G2 as it does
not differ considerably between G2 and G6 (Fig. 2b). Second, lack of
FAS2 caused reduced efficiency of fertilization. This phenotype is
only partially visible in G2 (30% of unfertilized ovules) but fully pen-
etrant in G6 (100% of unfertilized ovules). Together, reduced num-
ber of ovules formed and a large fraction of unfertilized ovules
explain the short siliques and low seed set in fas2-4mutants.

Next, we investigated ovule development in more detail. Stages
of WT ovule development include integument outgrowth, integu-
ment fusion and closure (Fig. 2c-i–ii), and finally formation of
mature ovules (Fig. 2c-iii). In fas2-4 G2 plants (Fig. 2c-iv–viii),
integuments of most ovules started to grow (Fig. 2c-iv), fused and
closed normally (Fig. 2c-v). In some ovules, however, integuments
did not fuse properly (Fig. 2c-vi) and tissue was protruding out of
the ovule with the mature ovule sometimes bearing incompletely
fused integuments (Fig. 2c-vii, viii). In G6 plants (Fig. 2c-ix–xi),
integuments grew only very incipiently (Fig. 2c-ix) before arrest-
ing prematurely (Fig. 2c-x). The unfused integuments determine
defective ovules, which cannot be fertilized (Fig. 2c-xi). Note that
no normally developed ovules could be found in G6, consistent
with the complete lack of developing seeds in these plants.

In summary, these results demonstrate that ovule development
is strongly impaired in subsequent fas2-4 generations, most likely
leading eventually to complete sterility.

Transgenerational aggravation of transcriptome changes in
fas2-4 plants

In order to test whether the transgenerational aggravation of devel-
opmental phenotypes of fas2-4 is also reflected in the

transcriptomes, we profiled gene expression in fully expanded
rosette leaves of WT, fas2-4 G1 and G6 mutant plants. Although
there were only 62 significantly upregulated and 26 downregu-
lated genes in fas2-4 G1 compared to WT, 295 and 62 genes were
up- and downregulated, respectively, in G6 (Fig. 3a; Table S4). Of
the 62 genes upregulated in G1, about one third also were found
upregulated in G6. Likewise, five of the 26 genes downregulated
in G1 also were downregulated in G6. No genes were found to be
dysregulated in an opposite manner between G1 and G6 (i.e.
downregulated in G1 and upregulated in G6, or vice versa).
Together, considerably more genes changed expression in the late
than in the early generation of fas2-4. In total, 417 genes were
affected in at least one mutant sample.

Although CAF-1 is needed for normal heterochromatin for-
mation (Kirik et al., 2006), previous studies did not find
widespread activation of TE genes in Arabidopsis CAF-1
mutants (Sch€onrock et al., 2006). The tiling array used here
probes 2424 TE genes. Of these, only one (AT4G04410, a
copia-like retrotransposon) was mildly upregulated in fas2-4 G1

and none in fas2-4 G6, consistent with maintained repression of
heterochromatically silenced TE genes, even in late generations
of fas2-4. Activation of CACTA TEs was observed in some cells
in a fraction of mutant plants (Ono et al., 2006). Because
microarrays may lack the sensitivity to detect weak activation, we
used RT-PCR to probe possible activation of CACTA TEs in
seedlings of fas2-4 G2 and G6. However, no transcripts could be
detected for CACTA or the TA2 TE in any mutant material
(Fig. 3b). By contrast, transcripts of another silenced sequence
(TSI) were readily detected in all fas2-4 samples, consistent with
earlier reports (Takeda et al., 2004; Sch€onrock et al., 2006). Note
that TSI is not probed by the used microarray. The lack of strong
signals for TEs CACTA and TA2 is consistent with the reported
rare stochastic activation (Ono et al., 2006). Together, neither
transcriptome nor RT-PCR data indicate an increasing loss of
heterochromatic gene silencing in late generations of fas2-4.

Arabidopsis CAF-1 interacts with the repressive machinery of
Polycomb group (PcG) proteins (Jiang & Berger, 2017). At a
genome-wide scale, however, histone 3 lysine 27 trimethylation
(H3K27me3)-positive PcG target genes were not preferentially
enriched among genes upregulated in leaves of fas2-4 G1 or G6
mutant plants (Fig. S2a). By contrast, H3K27me3-positive genes were
considerably enriched among genes upregulated in fas2 seedlings simi-
lar to the overlap between H3K27m3-positive genes and genes upreg-
ulated in H3.1-deficient plants. Because seedlings but not expanded
leaves contain replicating cells, it is tempting to speculate that a CAF-
1-PcG protein interaction enforces repression via H3K27me3 in
dividing cells, but that eventually full repression by PcG proteins can
be established even in the absence of CAF-1.

CAF-1 is considered to be the major histone chaperone for
H3.1-H4, and both CAF-1 and H3.1 deficiency affect expression
of similar numbers of genes (Jiang & Berger, 2017; Fig. 3a).
There is, however, only limited overlap between genes upregu-
lated in CAF-1 or H3.1-deficient plants (Fig. S2b). Although this
overlap is statistically significant, the limited scale of overlap sug-
gests that lack of CAF-1 affects Arabidopsis not only by reduced
H3.1 incorporation but also by other means.
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As we were interested in the pattern of changes across genera-
tions for the 417 genes with altered transcription, we assigned
each gene to one of eight principal classes of change (see the
Materials and Methods section for details; Table 1; Fig. 3c,d). A
majority of the 330 upregulated genes (Fig. 3c, classes 1–4),
belonged to class 2 – that is, was not affected in G1 but mainly in
G6 (Tables 1, S5; Fig. 3c). Another considerable group of 84
upregulated genes was changed to some degree in G1 but much
more in G6 (class 1). By contrast, only 46 genes were affected in
a similar way in G1 and G6 (class 3). Finally, < 10% (26 genes)
of the upregulated genes were affected mainly in G1 but barely in
G6 (class 4). For the 87 downregulated genes (Fig. 3d, classes 5–
8), the majority of 46 genes belonged to class 5 – that is, was
affected in G1 but even more in G6. Only eight genes were
affected in G6 but not in G1 (class 6). Eleven genes were affected
in a similar way in G1 and G6 (class 7). Finally, 22 genes were
downregulated in G1 but not in G6 (class 8). Together, most
genes showed either a gradual increase in expression changes from
G1 to G6 or were exclusively affected in G6, consistent with the
much more severe developmental phenotype of fas2-4 G6 than
G1 plants.

Gene ontology (GO) analysis revealed that upregulated genes
of the dominating classes 1 (ExprCol < ExprG1 < ExprG6) and 2

(ExprCol� ExprG1 < ExprG6) were significantly enriched for
terms related to plant defense (Table 2). The most common
group of downregulated genes (class 5, ExprCol > ExprG1 >
ExprG6) was enriched for the term ‘chloroplast’ and downregu-
lated genes of class 8 (ExprCol > ExprG1 < ExprG6) were enriched
for terms related to abiotic stress. Activation of plant defense
genes in fas2-4 has been reported before (Mozgova et al., 2015)
and the present analysis shows that this activation is considerably
more pronounced in fas2-4 G6 than in fas2-4 G1, revealing a
transgenerational aggravation of distorted gene expression in the
fas2-4 CAF-1 mutant.

Together, activation of defense-related genes reflected the
transgenerational aggravation of developmental phenotypes of
fas2-4, whereas TE silencing appeared independent of the tested
mutant generation.

Sequence context-specific transgenerational changes of
DNA methylation in fas2mutant plants

Arabidopsis CAF-1 mutants interact synthetically with reduction
in DNA cytosine methylation (Sch€onrock et al., 2006) and DNA
methylation was reported to be altered in CAF-1 mutants (Pont-
vianne et al., 2013; Stroud et al., 2013). Therefore, we asked
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whether DNA methylation undergoes a similar transgenerational
change in fas2 as developmental phenotypes and gene expression.
Bisulfite sequencing of WT, and early (G1) and late (G6)

generations of the fas2-4 mutant was performed. Plotting the
proportion of methylated cytosines (meCs) across all protein cod-
ing genes, no global differences in methylation were observed for
any of the three sequence contexts CG, CHG and CHH (where
H = A, T or C) (Fig. 4a). This established that gene body DNA
methylation is not widely affected even in fas2 G6. By contrast,
averaged DNA methylation on TEs was affected in fas2. Global
CG DNA methylation on TEs did not differ between WT and
fas2 G1, but was increased in fas2 G6 (Fig. 4a). Global CHG
DNA methylation on TEs was higher in fas2 G1 than in WT and
again higher in G6 than in G1 (Fig. 4a). Finally, CHH methyla-
tion was similar to or slightly lower than in WT in fas2 G1 and
slightly higher than in WT in G6 (Fig. 4a). Because CHH con-
texts are less frequent in the genome than CG or CHG contexts,
the CHH methylation profiles are more variable.

Although methylation profiles reveal global trends that can be
subtle in amplitude, differentially methylated region (DMRs)
reveal larger changes that are locally restricted. We identified
15 522, 2335 and 8703 individual 50-bp DMRs for the CG,
CHG and CHH contexts, respectively. Grouping the DMRs in
similar classes as the DEGs, revealed that aggravation of differen-
tial DNA methylation changes was rare in all sequence contexts
(classes 1 and 5) (Table S6). Most CG DMRs were changed in
G1 without major additional changes in G6 (classes 3 and 7).
Most CHG DMRs had increased methylation in G1 without
major additional changes in G6 (class 3). CHH DMRs were like-
wise abundant in all classes without continuous change (i.e. all
except for classes 1 and 5) (Table S6). Together, DMRs in fas2
G1 and G6 do not generally reflect the global trends of methyla-
tion changes and rarely show transgenerational aggravation.

Although gene body DNA methylation was not globally
altered, most CG DMRs come from gene bodies regardless of the
class (Fig. 4b). By contrast, CHG and CHH DMRs often come
from TEs. DMRs that map to TEs come most often from inter-
genic TEs and only rarely from TEs in promoters or gene bodies
regardless of the methylation context (Fig. 4b). When TEs are
grouped in families, CG DMRs of class 4 are enriched in the
Long Terminal Repeat (LTR)-Copia, LTR-Gypsy and Rolling
Circle (RC)-Helitron TE families (Fig. 4c). CHG DMRs of
classes 1, 2, 4, 6 and 8 also are enriched in the LTR-Copia or
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Fig. 3 Gene expression changes in increasing generations of Arabidopsis
thaliana fas2mutant plants. (a) Venn diagram depicting numbers of genes
up- and downregulated in fully expanded rostette leaves of fas2 G2 and
fas2 G6 compared to wild-type (WT). (b) Transposable element expression
in wild-type and fas2 plants assayed by semi-quantitative revese
transcription polymerase chain reaction (RT-PCR). WT and mutant plants
(fas2) were segregated from one fas2-4/+ heterozygous parent. WT (Col-
0) plants (WT (Col)) served as control. PCR controls were no template
control ((-) ctrl) and Col-0 genomic DNA (gDNA). (c) Classes of gene
expression changes identified among the genes upregulated in fas2 G2 or
fas2 G6 plants compared to WT. (d) Classes of gene expression changes
identified among the genes downregulated in fas2 G2 or fas2 G6 plants
compared to WT. (c, d) y-axis represents normalized gene expression
change, x-axis represents the analysed genotypes (1, WT; 2, fas2 G1; 3,
fas2 G6). Solid black lines in graphs represent the theoretical model,
dashed black lines shows means of experimental expression values for all
genes assigned to a particular model and gray lines represent 95%
confidence intervals. G, generation.

Table 1 Classification of differentially expressed genes according to
expression patterns

Class Description Genes

1 ExprCol < ExprG1 < ExprG6 84
2 ExprCol� ExprG1 < ExprG6 174
3 ExprCol < ExprG1� ExprG6 46
4 ExprCol < ExprG1 > ExprG6 26
5 ExprCol > ExprG1 > ExprG6 46
6 ExprCol� ExprG1 > ExprG6 8
7 ExprCol > ExprG1� ExprG6 11
8 ExprCol > ExprG1 < ExprG6 22

Genes found to be differentially expressed in Arabidopsis thaliana fas2

generation (G) G1 or fas2 G6 plants were assigned to one of eight main
predefined classes (see the Materials and Methods section for details).
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LTR-Gypsy families. CHH DMRs of most classes show the same
tendency to be enriched in LTR-Gypsy family but they are also
often enriched in RC-Helitrons (Fig. 4c). Together, DMRs in
fas2 affect various TE families but are particularly enriched in
LTR TEs. Because LTR TEs are typical for pericentromeric hete-
rochromatin, lack of CAF-1 seems to affect DNA methylation
most in pericentromeric heterochromatin. This is consistent with
the reported role of CAF-1 in organization of heterochromatin
(Kirik et al., 2006) but it does not seem to be reflected by global
transcriptional activation of pericentromeric TEs.

Abiotic stress increases the severity of some fas2-4 pheno-
types

Activation of defense-related genes, which are responsive to biotic
stress, has been shown to increase the severity of the CAF-1
mutant phenotypes (Mozgova et al., 2015). Here, we asked
whether abiotic stress can have a similar effect, contributing to
the variable severity of the fasciata phenotypes. Wild-type, fas2-4
G2 and fas2-4 G4 were cultivated under control conditions or
subjected to waterlogging stress – an abiotic stress treatment that
could be well controlled even for soil-grown plants. This stress
treatment affected plant growth and development and reduced
plant vigor (Fig. 5a,b) in all tested genetic backgrounds. Stressed
fas2-4 plants showed an additional aggravation of the phenotype
concerning number of adult leaves, rosette diameter and silique
length (Fig. 5b). In detail, stress reduced the number of adult
leaves from 65% and 40% of WT numbers in control plants of
fas2-4 G2 and G4, respectively, to 20% and 0% in stressed plants.
Likewise, silique length was reduced from 70% and 45% in con-
trol fas2-4 plants to 35% and 20% in stressed plants. Although
the waterlogging stress severely affected rosette size in both WT
and fas2-4 (reducing the rosette size by 70–80% relative to the
respective nonstressed control in both genotypes and genera-
tions), it had a less severe effect on the number of adult leaves
and the silique length in WT (reduced by 40% and 20%, respec-
tively) than in fas2-4 (reduced by 60% and 70–75%, respec-
tively), suggesting that the latter phenotypic traits are more
vulnerable to be affected specifically in the fas2-4 background

than rosette size. These results established that the specific quanti-
tative fas2-4 phenotype strongly depends on growth conditions,
that is, rosette or silique size in fas2-4 can differ between experi-
ments but the pattern of transgenerational aggravation is consis-
tently observed. Together, stressed fas2-4 plants of an earlier
generation became similar to fas2-4 plants of a later generation.
In other words, waterlogging stress could mimic continuous self-
ing of fas2-4 plants.

Next, we asked whether the stress-induced aggravation of the
phenotype was heritable. Seeds were harvested from stressed and
unstressed plants and progeny was cultivated under control con-
dition. In these plants, rosette size and silique length were
assessed (Fig. 5c). There were no significant differences between
progeny from stressed and unstressed plants for any tested geno-
type. In particular, the severity of the fas2-4 phenotype was deter-
mined only by the generation of selfing and not by previous
exposure to the abiotic stress.

Alleles causing developmental phenotypes of CAF1
mutants are unstable in the presence of CAF1

The described experiments had established that loss of Arabidop-
sis CAF-1 leads to a transgenerational aggravation of the mutant
phenotype. Next, we asked whether the aggravated phenotype
can persist even in the presence of reintroduced CAF-1 function.
We had noted that fas1-4 CAF-1 mutant plants showed a similar
transgenerational phenotype aggravation as fas2-4 plants (Fig. 6a)
and compared fas1-4 G2, G4 and G6 plants to fas1-4 35S::FAS1
plants. Because the 35S::FAS1 transgene was introduced into
fas1-4 G4 plants and maintained for two generations to obtain T2

plants for analysis, three main scenarios could be expected: (1)
introduction of the FAS1 transgene prevents further transgenera-
tional phenotype aggravation; the analyzed fas1-4 35S::FAS1 T2

and fas1-4 G4 plants will be comparable. (2) Introduction of a
FAS1 transgene does not affect transgenerational phenotype
aggravation; the analyzed fas1-4 35S::FAS1 T2 and fas1-4 G6

plants will be comparable. (3) Introduction of a FAS1 transgene
reverses transgenerational phenotype aggravation; the analyzed
fas1-4 35S::FAS1 T2 plants will be similar to WT or plants of an

Table 2 Enrichment of gene ontology terms among differentially expressed genes in the eight defined classes

Class Pattern GO term Obs. frequency
Exp.
frequency Enrichment

�log10
(P-value)

1 ExprCol < ExprG1 < ExprG6 Defence response to bacterium 6 0.5 3.7 4.1
2 ExprCol� ExprG1 < ExprG6 Systemic acquired resistance 6 0.1 5.21 7.9
3 ExprCol < ExprG1� ExprG6 Plant-type cell wall 4 0.4 3.35 2.3
4 ExprCol < ExprG1 > ExprG6 Anchored to membrane 4 0.2 4.31 4
5 ExprCol > ExprG1 > ExprG6 Chloroplast 20 4.1 2.28 8.1
6 ExprCol� ExprG1 > ExprG6 No significant GO terms
7 ExprCol > ExprG1� ExprG6 No significant GO terms

8 ExprCol > ExprG1 > ExprG6 Cold acclimation 3 0 7.69 7.2
Response to water deprivation 5 0.1 5.4 7
Response to cold 5 0.2 4.95 6.2

Shown are observed frequency, expected frequency, enrichment and �log10 (P-value) for all gene ontology (GO) terms significantly over-represented
(P < 0.01) among the genes of a class with differential expression in in Arabidopsis thaliana fas2 G1 or fas2 G6 plants.
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Fig. 4 Transgenerational changes of DNA methylation in Arabidopsis thaliana fas2mutant plants. (a) Metagene plots of raw methylation values along
genes (left column) and transposable elements (TEs) (right column) across generations. Average values were plotted from 2 kb upstream and downstream
of the transcriptional start site (TSS) and the transcriptional termination site (TTS), respectively, and 4 kb into the feature body for wild-type Col (red), fas2
G1 (blue) and fas2 G6 (purple) in the three methylation contexts. (b) Heatmap of the fraction of differentially methylated regions (DMRs) mapping to
promoters, genes or different genomic locations of TEs. The fraction of DMRs from each class of change mapping to promoters (2 kb upstream of TSS),
gene body or different genomic locations of TEs was calculated with respect to the total number of significant (Fisher’s exact test, P-value ≤ 0.01) DMRs
following the different trends of changes across generations. Underpopulated classes with ≤ 10 DMRs were not taken into account (shaded). (c) The
fraction of DMRs mapping to TEs was further classified into TE families. Different colors represent the fraction of DMRs per class mapping to a given TE
family. TE families with a significant overpopulation (hypergeometric test, P-value ≤ 0.05) of DMRs are indicated with an asterisk (*). Underpopulated
families with ≤ 10 DMRs were not taken into account (shaded). Col, wild-type; G, generation.
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early fas1-4 generation. Using two independent transgenic lines,
the results clearly supported scenario (3). The fas1-4 35S::FAS1
T2 plants, although G6 for fas1-4, had only a mild mutant phe-
notype that was even less severe than in fas1-4 G2 plants (Fig. 6a).
Notably, the presence of the 35S::FAS1 transgene did not com-
plement the telomere length or the 45S rDNA repeat copy num-
ber in these transgenic lines (Fig. S3). Together, the aggravated
phenotype of fas1-4 plants after recurrent selfing is unstable in
the presence of functional FAS1, despite the fact that the loss of
tandem repeats in fas1 is not fully reverted upon FAS1 reintro-
duction (here and (Pavlistova et al., 2016). The reversibility of
the phenotype indicates an epigenetic nature of the aggravated
phenotype.

The aggravated phenotype in later generations could be caused
by different (epi)allelic states at one or more loci. To test whether
such allelic states could be characterized genetically, fas2-4 G1

and G4 plants were crossed using the later generation as pollen
donor (G19G4) (Figs S4, 6b). We asked whether the F2
progeny of such a cross would segregate plants with phenotypes
of distinct severity or resemble fas2-4 G3 or G6 plants. However,
no clear phenotypic classes of F2 plants were evident and rosette
diameters as well as silique lengths had similar spread (measured
as standard deviation) for F2 plants and regular fas2-4 G3 or G6

plants. F2 plants had significantly larger rosettes and siliques than
fas2-4 G6 plants and significantly smaller rosettes and silique
length than fas2-4 G3 plants. This argues against a single Men-
delian locus underlying the analyzed developmental phenotype
with transgenerational aggravation in fas2-4. For comparison, we
also performed a cross of fas2-4 G1 and G4 plants using the ear-
lier generation as pollen donor (G49G1) (Fig. S4), and analyzed
the F2 progeny. Similar to the reciprocal G19G4 cross, again no
clear phenotypic classes of F2 plants were evident and rosette
diameters as well as silique lengths had similar spread (measured
as SD) for F2 plants from the G49G1 cross and regular fas2-4
G3 or G6 plants. In contrast to the reciprocal cross, however,
average rosette diameters and silique lengths of G49G1 F2 and
fas2-4 G6 plants were similar and significantly smaller than that
of fas2-4 G3 plants. Thus, the aggravated phenotype of G4 plants
is more efficiently transmitted through the maternal than through
the paternal parent. Likewise, the phenotype of F1 plants was
more severely affected in a fas2-4 G49G1 than in the reciprocal
G19G4 cross (Fig. S5) supporting the notion of impaired trans-
mission of the aggravated phenotype through the father.

Together, the dependency of the aggravated phenotype of Ara-
bidopsis CAF-1 mutants on continuous lack of CAF-1 function
and the unequal parental efficiency to transmit the aggravated
phenotype indicate that epigenetic mechanisms underlie the
observed transgenerational phenotypic aggravation.

Discussion

Here, we describe a parental-specific transgenerational aggrava-
tion of developmental and molecular phenotypes in Arabidopsis
chromatin assembly factor 1 (CAF-1) mutants. The developmen-
tal phenotypes include reduced rosette size and root length,
shortened adult phase and early flowering, reduced silique length,

and reduced ovule number. Furthermore, ovule development
defects accumulated progressively, correlating with low fertiliza-
tion efficiency and failure to produce seeds in late generations of
the mutants. Molecular phenotypes with transgenerational aggra-
vation were observed for CHG DNA methylation at transposable
elements (TEs) and at the transcriptome level. We show that the
CAF-1 mutant developmental phenotypes are influenced not
only by the level of biotic stress (Mozgova et al., 2015), but also
by the abiotic growth conditions (here). Interestingly, ovule
development defects in fasciata 2 (fas2) closely resemble those
caused by reduced amount of MULTICOPY SUPRESSOR OF
IRA 1 (MSI1) in the MSI1 co-suppression (msi1-cs) lines (Hen-
nig et al., 2003). Therefore, we propose that undisturbed CAF-1
activity is needed for normal ovule development in Arabidopsis.

Developmental genes are not enriched among genes misregu-
lated in seedlings or leaves of either early or late generation CAF-
1 mutants (Sch€onrock et al., 2006; Mozgova et al., 2015; this
work). Instead, we show here that stress-responsive genes are
most enriched among genes that show progressive transgenera-
tional upregulation in fas2. Stress-responsive genes also are
enriched among genes affected by nucleosome depletion in fas2
(Munoz-Viana et al., 2017) and lack robust transcriptional
repression in fas1 and fas2 mutant plants (Mozgova et al., 2015).
Stable repression of stress-responsive genes may thus be a general
role of Arabidopsis CAF-1. The severity of developmental
changes in fas2 correlates with the amplitude of salicylic acid (SA)
signaling, and reduced SA content can partially normalize fas2
development (Mozgova et al., 2015). In wild-type (WT) Ara-
bidopsis, stress-induced chromatin changes are usually not herita-
ble but rapidly reset (Probst & Mittelsten, 2015; Lamke &
Baurle, 2017), whereas in some mutants resetting of stress-
induced chromatin states is impaired (Iwasaki & Paszkowski,
2014). Because CAF-1 also is required for efficient resetting
(Pecinka et al., 2010), it appeared possible that intensified stress
responses together with failure to reset stress-induced chromatin
states underlie the transgenerational aggravation of the CAF-1
mutant phenotype. However, stress conditions for parental fas2
plants did not affect the phenotype severity of the progeny and
the additional phenotype aggravation in fas2 that was induced by
stress was not heritable. This suggests that the fas2mutant pheno-
type is determined by two components: a stress-related compo-
nent that is not heritable and a stress-unrelated component that
is heritable and shows transgenerational aggravation. This notion
is consistent with earlier reports that impaired SA signaling could
only mitigate but not fully suppress the fas2 mutant phenotype
(Mozgova et al., 2015).

Transgenerational aggravation of developmental phenotypes in
Arabidopsis mutants also has been reported for telomere mainte-
nance mutants (Riha et al., 2001). Progressive reduction of
telomere length in mutants of the catalytic subunit of telomerase
(TERT) is associated with phenotype aggravation, which has
been hypothesized to be a consequence of increasing genome
instability (Riha et al., 2001). The CAF-1 dysfunction in Ara-
bidopsis causes selective loss of tandem repetitive DNA
sequences, including the 45S rDNA and the telomeres (Mozgova
et al., 2010), which could potentially contribute to the
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progressive developmental phenotype severity in the CAF-1
mutants. However, as we show here, late generation fas1 trans-
formed with 35S::FAS1 display an early generation or even WT
developmental phenotype, despite retention of low levels of
tandem repetitive sequences in the genome. Neither reduced
telomere length nor depletion of 45S rDNA is therefore likely to
directly underlie the developmental phenotype or its aggravation
in the CAF-1 mutants. The fast reversal of the fas1 to the WT
phenotype upon restoration of CAF-1 activity as also observed in
(Pavlistova et al., 2016) furthermore argues against genetic causes
of the progressive developmental phenotype aggravation in the

CAF-1 mutants. Together with the parent-of-origin effect in the
inheritance of alleles determining the early- or late-generation
phenotypes, we propose that epigenetic rather than genetic
defects underlie the developmental phenotype aggravation in the
CAF-1 mutants.

How could lack of CAF-1 activity affect the epigenome? There
are several well-established mechanisms that provide plausible
scenarios. First, lack of CAF-1 causes locally reduced nucleosome
occupancy or nucleosome gaps (Munoz-Viana et al., 2017). This
may lead to a more widespread loosening of chromatin packing.
Second, lack of CAF-1 shifts the ratio of histone variants H3.1
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and H3.3 in chromatin, because only CAF-1-dependent
chromatin assembly strongly prefers H3.1 over H3.3, whereas
CAF-1-independent chromatin assembly, which can partially
substitute for CAF-1 function in CAF-1 mutants, works well
with H3.3 (Duc et al., 2015, 2017). Third, CAF-1 locates to the
site of the replication fork through its interaction with
PROLIFERATING CELL NUCLEAR ANTIGEN (Shibahara
& Stillman, 1999; Jiang & Berger, 2017) and lack of CAF-1
causes S-phase defects and replication stress, which impairs nucle-
osome-mediated epigenetic inheritance (Li et al., 2017). Most
histone modifications are re-established immediately after
S-phase (Alabert et al., 2015), often mediated by CAF-1 interact-
ing with other chromatin proteins such as the mammalian methyl
CpG binding protein that recruits a H3K9 methyltransferase
(Sarraf & Stancheva, 2004) and HETEROCHROMATIN
PROTEIN 1 (Quivy et al., 2004). Plant CAF-1 interacts also
with the repressive machinery of Polycomb group (PcG) pro-
teins, thus contributing to maintenance of gene repression by
PcG proteins (Jiang & Berger, 2017) at least in seedlings. It is
likely that replication stress and impaired recruitment of chro-
matin proteins together underlie the requirement of CAF-1 for

the inheritance of epigenetically determined chromatin states
(Monson et al., 1997; Enomoto & Berman, 1998; Tchenio et al.,
2001; Ono et al., 2006; Song et al., 2007).

In Arabidopsis, where DNA cytosine methylation is abundant,
each of the three described consequences of CAF-1 dysfunction
on chromatin can affect DNA methylation. First, chromatin
compaction by linker histone H1 and nucleosome density limit
the access of DNA methyltransferases to their DNA substrate.
This effect is largest for CHROMOMETHYLASE 3 (CMT3),
which is responsible for CHG methylation (Zemach et al.,
2013). It is thus possible that increased CHG methylation in fas2
is a consequence of reduced nucleosome occupancy in the
absence of CAF-1. Although we did not observe a strong overlap
between nucleosome depletion and changes in DNA methylation
in the analyzed G0 cells of fas2 leaves, it is possible that tran-
siently reduced nucleosome occupancy shortly after S-phase suf-
fices to ease access of CMT3. Subsequent activity of CAF-1
independent nucleosome assembly mechanisms re-establishes
wild-type-like nucleosome occupancy in most of the genome, as
seen in the resting cells of leaves (Munoz-Viana et al., 2017).
Second, H3.3 limits H1 recruitment and thus favors DNA
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methylation (Wollmann et al., 2017). The shifted H3.1-H3.3
balance in CAF-1 mutants is thus expected to lead to reduced H1
presence and increased CHG methylation, which is consistent
with our findings. Finally, replication stress and CAF-1 defi-
ciency may reduce histone H3 lysine 9 dimethylation
(H3K9me2) levels (Sarraf & Stancheva, 2004) and affect DNA
methylation via the H3K9me2 feed-back loop.

We note that transgenerational phenotype aggravation can also
occur when CG DNA methylation is reduced such as in mutants
of DECREASED DNA METHYLATION 1 (DDM1), a chro-
matin remodeler required for DNA methylation (Kakutani et al.,
1996), and in mutants for the maintenance DNA methyltrans-
ferase MET1 (Mathieu et al., 2007). In contrast to fas2, develop-
mental defects in ddm1 and met 1 are highly stochastic and can
differ greatly between sibling plants. In ddm1, particular combi-
nations of phenotypes were found more often than other combi-
nations (Kakutani et al., 1996). In fas2, the different aspects of
the developmental phenotype consistently occurred together and
the quantitative variability among plants of the same generation
was generally low. In addition, fas2 does not show the global
reduction of CG methylation found in ddm1 and met1. Because
of the nonstochastic nature of the fas2 phenotype and the lack of
globally reduced CG methylation, we consider it unlikely that
global CG DNA methylation changes similar to those that occur
in ddm1 or met1 underlie the phenotype aggravation in CAF-1
mutants.

The inequality of reciprocal crosses between early G1 and late
G4 generation fas2 mutants suggests that the epigenetic determi-
nants of phenotype severity are more efficiently transmitted
through the egg than the sperm. Which properties make Ara-
bidopsis sperm chromatin particular and could explain transmis-
sion differences? Current knowledge suggests two major
scenarios:

First, sperm cell chromatin comprises mainly pollen-specific
histone H3 variants, especially H3.10 (Borg & Berger, 2015).
Although H3.3 and H3.1 differ only at four of 135 positions,
H3.10 differs at 13 positions from H3.1. Thus, H3 protein prop-
erties such as stability in the nucleosome or efficiency to be tar-
geted by histone modifiers is expected to vary considerably
between pollen H3.10 and the sporophytic variants H3.1 and
H3.3. In particular, Borg & Berger (2015) suggested that substi-
tutions adjacent to K27 may impair K27 trimethylation by PRC2
for H3.10. Thus, epigenetic information contained in
H3K27me3 may not be efficiently transmitted through sperm
cells. Another characteristic feature of sperm cell chromatin is a
loss of CHH methylation while CG and CHG methylation is
maintained. CHH methylation is restored only after fertilization
guided by 24-nt small interfering RNAs (Calarco et al., 2012).
Thus, epigenetic information contained in CHH methylation
may be transmitted efficiently in sporophytic but not through
sperm cells. Although only CHG and not CHH methylation
showed global transgenerational changes in fas2 plants, c. 8700
regions with locally altered CHH methylation were found that
could, in principle, relate to the epigenetic transgenerational
aggravation of the fas2 phenotype. A recent report described that
epigenetic memory of abiotic stress may be mediated by

epigenetically labile sites (Wibowo et al., 2016). Similar to the
determinants of fas2 phenotype severity, these stress responses are
transmitted much more efficiently maternally than paternally, an
effect that was attributed to widespread DNA de-methylation in
the male germline (Wibowo et al., 2016). Future work will show
whether DNA de-methylation in the male germline or the male-
specific histone H3.10 forms a more efficient barrier to limit epi-
genetic inheritance through the paternal side in Arabidopsis.
Finally, it is possible that preferred maternal determination of
CAF-1 mutant phenotype severity as shown here is not directly
related to chromatin properties but to other maternal effects such
as steering seed development. However, although stress treatment
greatly reduced maternal vigor, it failed to affect the offspring
phenotype severity in our system, making it rather unlikely that
reduced maternal vigor of fas2 plants underlies the preferred
maternal determination of CAF-1 mutant phenotype severity. In
addition, the observed partial paternal transmission argues
against an exclusive chromatin-independent maternal effect.
Regardless of the molecular mechanism, the preferential maternal
determination of Arabidopsis CAF-1 mutant phenotype severity
strongly supports the notion that mothers have stronger non-
genetic effects on offspring phenotypes than fathers. This is con-
sistent with ecological scenarios that transgenerational phenotype
plasticity can be adaptive when responding to maternal growth
conditions (Galloway & Etterson, 2007).
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