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Summary

. Post-translational histone modifications and the dynamics of histone variant H2A.Z
are key mechanisms underlying the floral transition. In yeast, SWR1-C and NuA4-C mediate
the deposition of H2A.Z and the acetylation of histone H4, H2A and H2A.Z respectively.
Yaf9 is a subunit shared by both chromatin remodeling complexes. The significance of the
two Arabidopsis YAF9 homologs, YAF9A and YAF9B, is unknown.

. To get an insight on the role of Arabidopsis YAF9 proteins in plant developmental
responses, we followed physiological, genetic, genomic, epigenetic, proteomics and cell
biology approaches.

. Our data reveal that YAF9A and YAF9B are histone H3 readers with unequally
redundant functions. Double mutant yaf9a yafob plants display pleiotropic developmental
phenotypic alterations as well as misregulation of a wide variety of genes. We demonstrate
that YAF9 proteins regulate flowering time by both FLC-dependent and independent
mechanisms that work in parallel to SWR1-C. Interestingly, we show that YAF9A binds FLC
chromatin and that YAF9 regulate FLC expression by modulating the acetylation levels of
H2A.Z and H4 but not H2A.Z deposition.

. Our work highlights the key role exerted by YAF9 homologues in the post-
translational modification of canonical histones and variants that regulate gene expression in

plants to control development.
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Introduction

The floral transition is controlled by a variety of environmental stimuli including
temperature and light, which provide seasonal cues, and also by endogenous signals such as
plant age, nutrient levels and phytohormones (Amasino & Michaels, 2010; Imaizumi, 2010;
Srikanth & Schmid, 2011). The right timing of this developmental switch relative to optimal

seasons for growth and reproduction is crucial to determine the reproductive success and



fitness of plant species (Amasino, 2010; Andres & Coupland, 2012). For that reason plants
fine-tune the time of flowering initiation at multiple levels (Bloomer & Dean, 2017), ensuring
that the production of flowers and fruits takes place under the most favourable conditions.

Arabidopsis thaliana is an annual facultative long-day (LD) species that perceives
photoperiod cues in the leaves using circadian clock—associated mechanisms (Song et al.,
2015). In winter annuals, the vernalization pathway mediates the flowering induction by
prolonged exposure to low non-freezing temperature, preventing early flowering in autumn
(Bloomer & Dean, 2017; Whittaker & Dean, 2017). Vernalization requirement relies on
dominant alleles at the FRIGIDA (FRI) (Johanson et al., 2000) and FLOWERING LOCUS C
(FLC) loci (Michaels & Amasino, 1999). FRI promotes the transcriptional activation of FLC,
increasing its expression to levels that confer delayed flowering (Michaels & Amasino, 1999;
Johanson et al., 2000; Crevillen & Dean, 2011). The molecular mechanism underlying
vernalization mainly involves the downregulation of FLC (Amasino, 2010; Bloomer & Dean,
2017), which encodes a MADS-box transcription factor that delays flowering (Michaels &
Amasino, 1999) through repression of a set of floral activators, including FLOWERING
LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) (Lee
et al., 2000) among others.

The expression of FLC is simultaneously regulated by diverse intricate molecular
mechanisms (Whittaker & Dean, 2017). For instance, FRI increases the transcription of FLC
mRNA by interacting with the nuclear cap—binding complex (Geraldo et al., 2009). FRI is
present in a protein complex including a number of specific FLC regulators (Choi et al.,
2011). This FRI complex facilitates the recruitment of chromatin modifying factors to FLC,
such as the ATP-dependent Swi2/Snf2 related chromatin remodeling complex SWR1-C that
mediates the replacement of H2A/H2B by H2A.Z/H2B dimers (Morrison & Shen, 2009), and
several histone methyltransferase complexes (Crevillen & Dean, 2011). When mutated, these
chromatin-based non-specific FLC regulators confer pleiotropic phenotypes, in addition to
early flowering, such as small size and developmental abnormalities (He et al., 2004; Martin-
Trillo et al., 2006; Kim et al., 2009).

H2A.Z is an evolutionary conserved histone variant of the H2A family (Zlatanova &
Thakar, 2008) that roughly represents 15% of the total histone H2A cellular content (Jarillo
& Pineiro, 2015). The Arabidopsis genome contains at least three genes encoding H2A.Z
proteins (HTA8, HTA9 and HTAL11) (Yi et al., 2006) and one or more homologous genes for
most of the subunits of the yeast SWR1-C (March-Diaz & Reyes, 2009). Some of the
orthologous components of the yeast SWR1-C, such as PHOTOPERIOD INDEPENDENT



EARLY FLOWERING 1 (PIELl), ACTIN-RELATED PROTEIN 6 (ARP6) and SWR1
COMPLEX 6 (SWC6), play key roles in the deposition of H2A.Z on FLC chromatin (Noh &
Amasino, 2003; Martin-Trillo et al., 2006; Choi et al., 2007; Deal et al., 2007; Lazaro et al.,
2008). Mutations in the corresponding genes cause an acceleration of flowering mainly due to
low FLC expression (Jarillo & Pineiro, 2015), supporting a positive transcriptional role for
H2A.Z deposition on FLC expression (Martin-Trillo et al., 2006; Choi et al., 2007; Deal et
al., 2007; March-Diaz et al., 2007; Lazaro et al., 2008). However, mutations affecting the
same SWR1-C subunits result in the activation of a number of abiotic/biotic plant response
genes, involved in drought, heat, phosphate starvation and disease resistance responses, as
well as in the floral integrator gene FT, indicating a repressive role for H2A.Z in these loci
(March-Diaz et al., 2008; Kumar & Wigge, 2010; Smith et al., 2010; Berriri et al., 2016;
Cortijo et al., 2017; Sura et al., 2017; Gomez-Zambrano et al., 2018; Zahraeifard et al.,
2018). This dual transcriptional regulatory role of H2A.Z may be enlightened by the interplay
of the SWR1-C with other chromatin modifiers that affect DNA methylation or post-
translational modifications of histones and histone variants, and end up in different degrees of
nucleosome stability (Deal & Henikoff, 2011; Billon & Cote, 2012; Coleman-Derr &
Zilberman, 2012b; Gerhold & Gasser, 2014; Subramanian et al., 2015; Dai et al., 2017; Cai
et al., 2018; Carter et al., 2018; Xu et al., 2018). For example, differential stability of H2A.Z-
containing nucleosomes by the acetylation of H2A.Z variant has been reported in yeast,
vertebrates and humans (Millar et al., 2006; Ishibashi et al., 2009; Valdes-Mora et al., 2017),
but in plants, the consequences of H2A.Z acetylation on transcription remain to be explored.

YEAST ALL1-FUSED GENE FROM CHROMOSOME 9 (YAF9) homologs are
characterized by harbouring the YEATS (Yaf9/GAS41-ENL-AF9-Taf14-Sas5) domain
(Schulze et al., 2009), a novel histone reader module with preferential recognition for
acylated lysine residues (Zhao et al., 2017). More than 100 proteins belonging to the YEATS
domain family have been already described in eukaryotes. For instance, human YEATS
domain family members, such as GLIOMA AMPLIFIED SEQUENCE 41 (GAS41),
ELEVEN-NINETEEN LEUKEMIA (ENL) and AF9, are oncogenic proteins associated with
cancer (Schulze et al., 2009). Interestingly, AF9 YEATS domain links histone acetylation to
DOT1L-mediated H3K79 methylation (Li et al., 2014). In yeast, there are three YEATS
domain-containing proteins, dubbed as Yaf9, Taf14 and Sas5 (Schulze et al., 2009). A Yaf9
orthologue is present in the SWR1-C, and together with Swc4, Arp4 and Act-1 subunits
constitute a module that is also shared by the Nucleosome Acetyl transferase of H4 complex
(NuA4-C) (Lu et al., 2009), indicating a possible functional link between these two



complexes. Arabidopsis SWC4 has been recently demonstrated to be required for locus-
specific recruitment of the SWR1-C (Gomez-Zambrano et al., 2018) and to associate with
different SWR1-C subunits, including YAF9 proteins (Bieluszewski et al., 2015; Gomez-
Zambrano et al., 2018), suggesting the conservation of the SWC4-YAF9 submodule also in
plants. In addition, a role for YAF9A in the control of flowering time has been proposed
either by regulation of FLC (Zacharaki et al., 2012; Bieluszewski et al., 2015) or GIGANTEA
(GI) (Su et al., 2017), although the precise molecular mechanism mediating this regulation
and the relation between YAF9A and YAF9B, the two YAF9 homologues existing in
Arabidopsis, is still far from being fully understood

To further understand the function of the plant SWR1-C and the interplay with other
chromatin remodeling complexes, we have undertaken the genetic and molecular
characterization of both Arabidopsis YAF9 genes. Here we reveal that YAF9A and YAF9B
have unequally redundant functions. In fact, double mutant plants yaf9a yaf9b showed
pleiotropic developmental phenotypic alterations, including early flowering, and
misregulation of a wide variety of genes. We demonstrate that YAF9 genes regulate flowering
time by both FLC-dependent and independent mechanisms. Besides, triple mutant
combinations of yaf9a, yaf9b with swc6 reveal a predominant role of SWR1-C independent
pathways in the control of flowering time exerted by the YAF9A protein. Consistent with
this, and in contrast to other swrl-c mutations (Martin-Trillo et al., 2006), yaf9a yaf9b
mutations do not suppress the late-flowering phenotype of FRI active alleles (Lee &
Amasino, 1995). We also show that YAF9 proteins are novel histone readers that bind to
unmodified and acetylated histone H3. Interestingly, YAF9A targets FLC chromatin and
Y AF9 proteins regulate the acetylation of H2A.Z and H4 but do not affect the deposition of
H2A.Z at FLC locus. In agreement with that, we found that YAF9A interacts with HAM1, a
putative catalytic subunit of NuA4-C. Altogether, our data unveil an additional layer of
complexity in the regulation of FLC expression and show a novel regulatory mechanism of
gene expression exerted by the YAF9 proteins through Nu4A-C-dependent H4 and H2A.Z
histone acetylation in Arabidopsis.

Materials and Methods
Genetic stocks

All Arabidopsis mutant lines used in this study are in Columbia-0 (Col-0)
background: yaf9a-1 (SALK 106430) and yaf9b-2 (SALK 046223) mutant seeds were
obtained from the Nottingham Arabidopsis Stock Centre (NASC, UK); identification of



swcb-1 (Lazaro et al., 2008), arp6-1 (Deal et al., 2005), ft-10 (Yoo et al., 2005) and flc-3
mutants (Michaels & Amasino, 1999), plus Col FRI Sant Feliu-2 (Sf-2) plants (Lee &
Amasino, 1995), together with transgenic Col HTA11-GFP (Kumar & Wigge, 2010) and
arp6-1 HTA11-GFP lines (Choi et al., 2013) were previously described.

RNA expression and microarray experiments

Total RNA was extracted from seedlings grown in petri dishes containing Murashige
and Skoog medium supplemented with 1% (w/v) sucrose and 1% (w/v) plant agar.
Semiquantitative RT-PCR and Real time quantitative PCR (Q-PCR) conditions were as
described (Gomez-Zambrano et al., 2018). The specific primers used are described in the
Table S1.
Transcriptomic analyses were performed using Affymetrix Microarray (Arabidopsis ATH1
Genome Array) with RNA extracted from 20 day-old WT and yaf9a yafob seedlings grown
on agar plates under SD at ZT8. Three independent biological replicates were hybridized
(Dataset S1). We used Multiexperiment Viewer (MeV v4.8.1) (Saeed et al., 2006) and Venny
(http://bioinfogp.cnb.csic.es/tools/venny/index. html) software for microarray data analyses.

Chromatin Immunoprecipitation

Chromatin Immunoprecipitation (ChIP) experiments were performed as described
(Song et al., 2014) but supplementing all buffers with NaBu 5mM to detect acetylated
histones, and starting from 1.5 g of 10 day-old seedlings grown on agar plates under LD
conditions that were collected at ZT16. Immunoprecipitated DNA was quantified by Q-PCR
using the oligonucleotides described in Table S1. DNA enrichment was estimated as the
fraction of immunoprecipitated DNA relative to input (%INPUT). Relative histone
modifications levels were determined as %INPUT of each region/%INPUT ACTIN 2 (ACT2)
fragment. We used the following antibodies: a-Myc (Merck-Millipore Clone 4A6), a-GFP
(Roche A6455), a-H4ac (Merck-Millipore 06-598), a-HTA9 (Agrisera AS10718) and a-
H2A.Zac (Diagenode C15410173, pAb-173-050, Lot No. A.406-001P). o-H2A.Zac

specificity was thoroughly tested by western blot.

Generation of transgenic lines

Full-length YAF9A cDNA was obtained by standard PCR techniques and cloned into
pGWB18 (Nakagawa et al., 2007) and pC-TAPa plasmids (Rubio et al., 2005), and
transformed into yaf9a-1 mutant to obtain 35S::YAF9A::myc, and 2x35S::YAF9A::TAPa



constructs respectively. Full-length HAM1 cDNA clone was obtained by standard PCR
techniques and cloned into pEarlygate201 (Earley et al., 2006) to generate the
35S::HA::HAM1 construct. All cloning strategies were performed using Gateway
technologies (Invitrogen). Transgenic plants for each gene construct (more than 10
independent lines) were generated following Agrobacterium tumefaciens-mediated

transformation using the floral-dip method (Clough & Bent, 1998).

Statistical analyses

Box-plot graphic representations and statistical analyses (ANOVA, Student’s t-test) were
performed with GraphPad Prism software. Box represents 25th to 75th percentiles of the data;
a horizontal line indicates the median and dots are suspected outliers. Whiskers and outliers
were determined according to Tukey test.

Data availability
Microarray data are available at GSE126020

See Supporting Information Methods S1 for the description of additional methods.

Results

Two Arabidopsis YEATS domain-containing proteins are the predicted homologs of
yeast YAF9 protein.

We have determined that the Arabidopsis genome contains two genes encoding
YEATS domain proteins, AT5G45600 and AT2G18000. Phylogenetic analysis showed that
both proteins are homologs to yeast Yaf9 (Supplemental Fig. S1a) and were designated as
YAF9A and YAF9B, respectively (Zacharaki et al., 2012; Bieluszewski et al., 2015). The
deduced YAF9A and YAF9B polypeptides have predicted molecular weights about 30 KDa
and share 56% amino acid sequence identity (Fig. S1b). We found that YAF9A was highly
and widely expressed in different organs of the plant while YAF9B expression was only
abundant in young flowers and roots (Fig. S2a). Both proteins were detected in the nucleus in
transient expression assays performed in N. benthamiana (Fig. S2b,c), consistent with YAF9
proteins being present in chromatin remodeling complexes.

To address the role of Arabidopsis YAF9 proteins in developmental regulation, we
characterized Knock-Out (KO) T-DNA insertions lines for both genes (yaf9a-1 and yaf9b-2)
(Bieluszewski et al., 2015) (Fig. S3). We found that yaf9a mutants systematically showed a



moderate acceleration of flowering time in LD, as previously described (Zacharaki et al.,
2012; Bieluszewski et al., 2015), and that also display a slight acceleration of flowering time
under SD (Fig. 1a); however, yaf9b mutants were indistinguishable from WT plants (Figs 1a,
S4a, Sha), suggesting a partially redundant function for the YAF9 proteins in the control of
developmental responses in Arabidopsis. To further investigate this possible genetic
interaction, we generated yaf9a-1 yaf9b-2 double mutant lines, hereafter referred to as yaf9a
yaf9b in the text. Double mutant plants yaf9a yaf9b showed pleiotropic developmental
phenotypic alterations including conspicuous early flowering, accelerated senescence and
chlorotic leaves with reduced chlorophyll content (Fig. 1a, S4a). In addition, yaf9a yaf9b
double mutant plants displayed smaller leaves, flowers, fruits and roots and overall reduced
plant size in comparison to WT plants (Figs 1b-f, S4), corroborating previous observations
(Bieluszewski et al., 2015). These developmental phenotypic alterations were complemented
by expressing a YAF9A::myc gene construct under the control of a 35S promoter (Fig. S5),
indicating that the observed pleiotropic developmental defects were due to the concurrent loss
of function of both YAF9 genes. Altogether, these data indicate that the two Arabidopsis
Y AF9 proteins have unequally redundant functions in developmental responses.

Reduced size of yaf9a yafab plants is due to cell expansion and proliferation defects.

Arabidopsis YAF9 defective plants displayed a reduction in plant and organ size (Figs
1, S4), defects commonly associated with impaired cellular proliferation and cell expansion
processes (Gonzalez et al., 2012). We performed scanning electron microscopy (SEM) to
determine the cell size of adaxial leaf epidermis and the total number of cells per leaf of
yaf9a yaf9b mutant plants in comparison to WT (Fig. 2a). We found that yaf9a yaf9b adaxial
leaf epidermal cells were around half of the WT cell size, although yaf9a yaf9b contained
approximately 1.5-fold more cells (Fig. 2b-d).

Reduced cell size could be an indication of altered ploidy in Arabidopsis leaves
(Meagher et al., 2007). We performed a detailed analysis of ploidy levels from mature rosette
leaves of yaf9a yaf9b and WT 32 day-old plants grown under LD and SD conditions. Flow
cytometry measurements in mature leaves 3 and 4 revealed that yaf9a yaf9b mutants
displayed an increase of 4C and a reduction of 8C and 16C nuclei levels at LD and SD
conditions (Fig. 2e). These data are consistent with the smaller cell size observed in yaf9a
yaf9b mutants and support the participation of the YAF9 proteins in the regulation of leaf cell

proliferation and expansion processes.



Loss of function of YAF9 genes results in misregulation of a wide variety of genes

Arabidopsis plants defective in YAF9 functional proteins displayed several
pleiotropic phenotypic alterations (Fig. 1), suggesting that YAF9 genes are involved in the
regulation of different developmental processes. To evaluate genes whose expression was
misregulated in yaf9a ya9b plants, we performed a genome wide transcriptomic analysis of
these seedlings by microarray approaches (Arabidopsis ATH1 Genome Array). We found
1014 genes downregulated and 1230 upregulated (log,FC ratio <0.5 or >0.5; P< 0.5) in yaf9a
yaf9b plants compared to the WT seedlings (Dataset S1). Q-PCR expression analyses of
selected genes validated the data obtained with the microarray experiment (Fig. S6).
Differentially expressed genes in yaf9a yaf9b plants show a moderate although statistically
significant overlap with misregulated genes in piel, arp6, swc6, h2a.z double (hta9 htall)
and triple (hta8 hta9 htall) mutants (March-Diaz et al., 2008; Kumar & Wigge, 2010;
Coleman-Derr & Zilberman, 2012a; Berriri et al., 2016) (Figs S7, S8). Strikingly, 33% of
genes upregulated in yaf9a yaf9b double mutant were also upregulated in swc4i RNAI lines
(Gomez-Zambrano et al., 2018), which means a 7 fold over-enrichment compared to random
expectations (Fig. S7). These data suggest that YAF9 proteins may have additional functions
to the ones exerted by core SWR1-C subunits, but shared with SWC4.

Singular Enrichment Analysis (SEA) of Gene Ontology (GO) terms of misregulated
genes show enrichments in stimuli and stress-related genes, post embryonic development and
cell growth functions (Fig. S9a and Fig. S10). Among the misregulated genes in yaf9a yaf9b
seedlings we found a number of loci related to cell size and growth regulation (Table S2),
which may contribute to the altered cell size displayed by these mutants (Fig. 2a). Also genes
related to the systemic acquired response (SAR) were found misregulated (Table S3) and
may help to explain the accelerated senescence displayed by the double yaf9a yaf9b mutant
seedlings (Fig. S11). Interestingly, the expression of a number of flowering time-related
genes was also altered in the yaf9a yaf9b double mutants, including FLC, FT, AGL24 and
CO, whose misregulation might cause the early flowering phenotype observed in these plants
(Fig. S9b).

YAF9 genes regulate flowering time by both FLC-dependent and independent
mechanisms.

To assess the role of YAF9 genes in the complex regulation of flowering time, we
performed genetic analyses with yaf9a and yafdb single and double mutant plants in
combination with additional flowering time mutations under LD and SD. As described



previously, yaf9a mutants showed a modest acceleration of flowering time (Fig. 3a) whereas
yaf9b mutants behaved as WT plants. However, yaf9a yaf9b double mutant plants flowered
as early as representative swrl-c mutants (Martin-Trillo et al., 2006; Lazaro et al., 2008)
(Fig. 3a), producing a similar number of leaves at bolting. These data indicate a partially
redundant role between YAF9A and YAF9B loci in the control of flowering time.

The YAF9 homologue present in the yeast SWR1-C is required for H2A.Z deposition
(Zhang et al., 2004). Furthermore, in Arabidopsis the SWR1-C mediates the exchange of
H2A by the histone variant H2A.Z in the chromatin of FLC locus and is necessary for the
activation of this floral repressor gene (Deal et al., 2007). In fact, our transcriptomic analysis
showed that YAF9 function is necessary for full FLC expression (Dataset S1). For that
reason, we decided to further explore how Arabidopsis yaf9 mutations may affect FLC
activation. Q-PCR experiments demonstrated that FLC transcript levels were clearly reduced
in yaf9a and yaf9a yaf9b, but not in yafdb mutants, in comparison to WT plants (Fig. 3b).
This decrease in FLC expression may contribute to the acceleration of flowering time
observed in yaf9a and yaf9a yafdb mutants (Fig. 3a). To unveil the genetic relationship
between YAF9 and FLC genes we crossed yaf9 mutants with the KO flc-3 allele (Michaels &
Amasino, 2001). We found that flc-3 mutation was epistatic over yaf9a (Fig. 3a), indicating
that the flowering time acceleration observed in yaf9a was completely dependent on FLC
function. Interestingly, flc-3 flowering phenotype was additive when combined with the
concurrent loss of YAF9A and YAF9B activities (Fig. 3a), suggesting that YAF9 genes control
the floral initiation by both FLC-dependent and independent mechanisms.

We also combined ft-10 (Yoo et al., 2005) with yaf9 mutations and found that triple
ft-10 yaf9a yaf9b mutant plants displayed smaller size and flowered earlier than single ft-10
plants (Fig. 3c,d). Altogether these data indicate that YAF9A regulates the floral transition
mainly through FLC but, in addition, YAF9A and YAF9B genes might also target FT and

extra flowering time genes to fine tune this developmental response.

YAF9 genes regulate flowering time through SWR1-C independent pathways.

FLC expression is regulated by SWR1-C (Deal et al., 2007) and YAF9A protein
interacts with several subunits of this complex, including SWC4 and SWC6 (Gomez-
Zambrano et al., 2018) To functionally test its genetic relationship, we crossed swc6 with
yaf9a yafob in order to obtain the swc6-1 yaf9a-1 yaf9b-2 triple mutant and compare their
flowering time with those of the double and single parental mutants. When flowering time
was assayed under SD conditions, swc6 yaf9a and swc6 yaf9a yaf9b plants displayed an



extremely early flowering phenotype (Fig. 4c,d), earlier than any of the single parental
mutants. Due to the conspicuous early flowering phenotype of swc6é mutant, this additive
effect was less noticeable under inductive LD conditions (Fig. 4a,b). Thus, the YAF9A locus
is regulating flowering time independently of SWR1-C. In addition, swc6 yaf9a and swc6
yaf9a yafdb mutants displayed a strong reduction in overall plant size (Fig. 4b,d). Altogether,
these data indicate that although YAF9 and SWC6 genes may share common functions they
also perform some independent roles in the control of plant development.

yaf9 mutations partially suppress the late-flowering phenotype of FRIGIDA.

Mutations in components of the Arabidopsis SWR1-C strongly suppress the function
of FRI, a potent activator of FLC expression (Choi et al., 2005). In addition, YAF9 proteins
were found to co-purify with FRI protein in pulldown proteomic approaches (Choi et al.,
2011). To ascertain the genetic relationship between YAF9 and FRI genes, we introgressed an
active FRI allele from the Sf-2 ecotype (Lee & Amasino, 1995) into yaf9a, yafdb and the
yaf9a yaf9b double mutant. Both yaf9a FRI and yaf9b FRI lines flowered late as FRI plants
(Fig. 5a). However, yaf9a yaf9b FRI flowered earlier than Col FRI plants (Fig. 5a,c), due to a
significant reduction of FLC levels (Fig 6b), although they were still late flowering when
compared to Col or arp6 FRI (Fig. 5a). These data are consistent with the role of YAF9
proteins in regulating FLC expression. However, the effect of the loss of function of YAF9
genes in the expression of FLC was not comparable to that previously described for swrl-c
mutants (Martin-Trillo et al., 2006) or other FRI suppressor mutants (Choi et al., 2005).
Thus, FRI activity requires H2A.Z deposition by SWR1-C for regulating FLC expression but
it is less dependent on YAF9 activity (Fig. 4). Our data are consistent again with a role for
YAF9 in regulating FLC expression independently of SWR1-C function.

YAF9 proteins are required to maintain H2A.Z and H4 acetylation at FLC chromatin
but do not affect the deposition of H2A.Z in this locus

Yeast Yaf9 protein, as part of the SWR1-C, is involved in H2A.Z deposition (Zhang
et al., 2004). It has been reported that mutations in Arabidopsis SWR1-C components such as
ARP&G result in early flowering and low FLC transcript levels (Martin-Trillo et al., 2006) due
to reduced H2A.Z incorporation at FLC chromatin (Deal et al., 2007). We wondered if
mutations in YAF9 genes may also cause lower deposition of H2A.Z at different regions of
FLC chromatin (Fig. 6a). To measure H2A.Z levels in the yaf9a yaf9b mutant, we
introgressed an HTAL11l-GFP tagged H2A.Z gene construct previously reported to be



functional (Kumar & Wigge, 2010), and performed ChIP experiments using an antibody
against GFP. Strikingly, the results showed that histone H2A.Z levels at FLC chromatin were
not affected in yaf9a yaf9b mutants, whereas arp6 mutant plants showed a strong reduction in
H2A.Z incorporation (Fig. 6b). These results were corroborated using specific antibodies
against HTA9-encoded Arabidopsis H2A.Z (March-Diaz & Reyes, 2009). In WT and yaf9a
yaf9b seedlings, HTA9 was highly enriched around FLC nucleosome +1, whereas in the arp6
mutants HTA9 showed a clear decrease at FLC chromatin (Fig. 6c). Altogether these data
indicate that YAF9 proteins are not required for H2A.Z deposition at FLC chromatin (Fig. 6).
In yeast, Yaf9 is also present in the NuA4-C (Doyon & Cote, 2004; Lu et al., 2009; Wang et
al., 2018). In Arabidopsis, two putative homologs of the NuA4-C histone acetyl transferase
(HAT) catalytic subunit are the MYST (for MOZ, Ybf2 (Sas3), Sas2, and Tip60) HAM1 and
HAM2 proteins (Latrasse et al., 2008). The main activity carried out by these proteins is the
acetylation of histones H4, H2A and H2A.Z (Earley et al., 2007). To assess the possible role
of YAF9 proteins in mediating histone acetylation processes in the chromatin of FLC we
pursued ChIP approaches using specific antibodies that recognize either H4 acetylation
(H4ac) or H2A.Z acetylation (H2A.Zac) marks (Fig. S12). We found a strong reduction in
histone H4ac levels at the nucleosome +1 of FLC chromatin in the yaf9a yaf9b double mutant
compared to WT (Fig. 6d,e). Similar to yaf9a yafdb, single yaf9a but not yaf9b mutant also
showed reduced H4 ac levels (Fig. S13). Interestingly, in yaf9a yaf9b H2A.Zac level was also
reduced at nucleosome +1 of FLC chromatin, where H2A.Z preferentially accumulates. The
reduction in H2A.Zac in yaf9a yaf9b was not due to decreased H2A.Z levels as observed in
the arp6 mutant (Fig. 6a,b) but due to specific defects in the acetylation of histones (Fig. 6d).
Our data indicate that YAF9 proteins regulate FLC expression by altering histone H2A.Z and
H4 acetylation levels but not H2A.Z incorporation at this locus.

To determine if YAF9 proteins regulate other targets in a similar way, we focused on FT, an
upregulated gene in yaf9a yaf9b seedlings (Fig. S9b). H2A.Z levels were reduced at FT
nucleosome +1 (Fig. S14 a-b), the same chromatin region that is bound by YAF9A protein
(Fig. S14d). However, no relevant changes in H2A.Zac levels were observed in yaf9a yafob
compared with WT seedlings (Fig. S14c), revealing that YAF9 proteins modulate H2A.Z
deposition at FT. Altogether, these data indicate that YAF9 proteins, as dual components of
putative plant SWR1 and NuA4 complexes, can regulate gene expression by altering H2A.Z

levels, histone acetylation and possibly both chromatin signatures at different target loci.



YAF9A is a histone binding protein that targets FLC chromatin and preferentially
associates with NuA4-C components in vivo

To test if FLC is a direct target of YAF9 proteins, we generated
2x35S::YAF9A::TAPa transgenic lines in yaf9a-1 mutant background. The YAF9A-TAPa
gene construct fully complements the early flowering time and the FLC downregulation
showed by yaf9a mutant (Fig. S15). The TAPa tag contains a c-Myc epitope (Rubio et al.,
2005) that allowed us to test YAF9A binding to target loci following ChIP approaches. We
used two independent functional transgenic lines and assayed a number of chromatin regions
along the FLC locus (Fig. 6a). We found YAF9A enrichment in both lines around the TSS of
the gene (Fig. 6f), but mainly at nucleosome +1 (+232 region), where H2A.Z and H4
acetylation accumulates (Fig. 6d,e). Thus, our data indicate that FLC is a direct target of this
chromatin regulator.

Recent reports have defined the YEATS domain as a novel histone acetylation reader
module (Zhao et al., 2017). To test if YAF9A and B, the only two Arabidopsis YEATS
domain-containing proteins, are able to bind histones, we performed pulldown assays using
Arabidopsis histone extracts and found that recombinant YAF9A-GST and YAF9B-GST
proteins were able to recognize unmodified and acetylated (K9/K14) histone H3 but not H2B
(Fig. 7a). Histone peptide pulldown experiments also confirmed that, at least in our in vitro
assays, YAF9A recognizes unmodified histone H3 and to a lesser extent H3K9ac and
H3K27ac marks (Fig. 7b). Thus, we conclude that, as in other eukaryotes, Arabidopsis YAF9
proteins can be considered as histone H3 binding proteins.

Given that yeast SWR1-C and NuA4-C both contain the YAF9 protein we wondered
if the Arabidopsis YAF9 homologues might be linked to any of these chromatin remodeling
complexes. To address this, we performed a two-step TAPa-tag affinity purification followed
by tandem mass spectrometry, using a YAF9A-TAPa line. Proteins co-purified with YAF9A-
TAP in three independent pulldown experiments but not enriched in the control experiment
are listed in Dataset S2. Among other proteins, we found shared components between SWR1-
C and NuA4-C such as SWC4 and ARP4, and also specific components of NuA4-C co-
purified with YAF9A, such as Arabidopsis Esal-Associated factor 1 (AtEAF1)
(Bieluszewski et al., 2015) and HAM1 (Latrasse et al., 2008)(Fig. 7c). In our experiments,
there were also a number of peptides from RuvB-like protein 1, present in both SWR1 and
INO80 complexes (Holt et al., 2002), and components of the histone chaperone
FACILITATES CHROMATIN TRANSCRIPTION (FACT) complex such as STRUCTURE-
SPECIFIC RECOGNITION PROTEIN 1 (SSRP1) and SUPPRESSOR OF Ty16 (SPT16)



subunits (Zhou et al., 2015; Pfab et al., 2018). This complex is required for the progression of
transcribing RNA polymerase on chromatin templates via nucleosome destabilization
(Formosa, 2012).

Although our proteomics experiments are not fully comprehensive, it is worth
emphasizing that we did not find peptides of any of the Arabidopsis SWR1-C core subunits:
PIE1, ARP6 and SWC6. However, Arabidopsis HAM1 protein, one of the catalytic subunits
of the putative plant NuA4-C (Latrasse et al., 2008), appears in our interactors list. This
YAF9A-HAML interaction was further confirmed in vivo by performing Co-IP experiments
in N. benthamiana transient expression assays (Fig. 7d). Besides, recent independent
proteomic data confirm the revealed physical interaction between YAF9A and HAM1 (Tan et
al., 2018). Altogether, these data indicate that YAF9A positively regulates the floral repressor
FLC expression through HAM1-dependent histone acetylation, and concomitantly represses

flowering time.

Discussion

YAF9 homologues are widely conserved from yeast to human and are integral
components of SWR1-C and NuA4-C (Schulze et al., 2009). They are involved in the control
of a plethora of cellular and developmental processes. On this manner, Yaf9-defective yeast
strains display defects in transcriptional regulation, histone acetylation, DNA repair and
chromosome segregation (Le Masson et al., 2003; Krogan et al., 2004). On the other hand,
human GAS41 protein levels are elevated in cancer cell lines and depletion of GAS41
suppresses tumor growth (Hsu et al., 2018). In this work, the relevance of Arabidopsis YAF9
proteins in controlling different developmental responses has been uncovered. We have
demonstrated that yaf9a yaf9b double mutant plants showed pleiotropic phenotypic
alterations of development in both vegetative and reproductive traits. In fact, more than 2000
genes were found misregulated in yaf9a yaf9b double mutants (Fig. S9 and Dataset S1).
Among them, genes related to cell size and growth regulation, to the SAR response or
involved in the control of flowering time that were deregulated in the yaf9a yaf9b double
mutants (Fig. S9 and Tables S2, S3), may explain the conspicuous phenotypic alterations
displayed by these plants (Fig. 1). Interestingly, GAS41 also regulates the expression of cell
cycle-related genes (Hsu et al., 2018). Thus, our observations indicate that YAF9 proteins
contribute to the regulation of gene expression, possibly through modulation of H4 and

H2A.Z acetylation levels.



Regarding the smaller size of yaf9a yaf9b mutants leaves, it has been proposed that
cell size is associated with polyploidy in this organ (Meagher et al., 2007). Our results
revealed that depletion of YAF9 activities in Arabidopsis led to lower endoreduplication level
(Fig. 2), suggesting that YAF9 proteins may contribute to the regulation of the entry into the
endocycle during leaf development. Similar results were recently observed in knock-down
plants for SWC4 (Gomez-Zambrano et al., 2018), encoding an interactor of YAF9A,
supporting a shared role for these proteins in the regulation of leaf cell proliferation and
expansion. Besides, a considerable overlap was observed in the transcriptomic profiles of
yaf9a yafa9 and swcdi plants (Fig. S7), reinforcing the link between YAF9 and SWC4
subunits.

We found that yaf9a and yaf9a yaf9b mutants display a conspicuous early flowering
phenotype. Our genetic analyses indicate that YAF9 proteins regulate flowering time by both
FLC-dependent and independent mechanisms (Fig. 3). We have revealed that the early
flowering phenotype of flc-3 mutant was almost completely epistatic over yaf9a, but that flc-3
flowering phenotype was additive when combined in genetic backgrounds deficient in both
YAF9A and YAF9B activities (Fig. 3a). The residual early flowering phenotype observed in
yaf9a yaf9b flc-3 triple mutants, especially under SD, indicates additional roles of YAF9
genes in the repression of flowering that are independent of FLC.

The effects of yaf9a yaf9b mutations on flowering time are readily observed in the
late-flowering FRI-Sf-2 background (Fig. 5). When an active FRI allele was combined with
the yaf9a yaf9b mutations, these plants showed an additive phenotype in which the FRI late-
flowering phenotype was partially suppressed by yaf9a yaf9b (Fig. 5a). These non-epistatic
effects of yaf9a yaf9b mutations over FRI flowering phenotype correlate well at the
molecular level with a decrease in the steady state levels of FLC mRNA in FRI plants
carrying yaf9a yaf9b mutant alleles (Fig. 5b). It has been recently proposed that the YAF9A
partner HAM1 partly mediates FRI-dependent FLC upregulation (Li et al., 2018), and this
may help to explain the contribution of YAF9 proteins in FLC upregulation by FRI.

Histone acetylation dynamics are crucial to modulate flowering time (Wang et al.,
2014).The acetylation of histone H3 and H4 at FLC chromatin plays a key role in achieving
high levels of FLC expression during early Arabidopsis development (Finnegan & Dennis,
2007). Results from this study and previous reports support the participation of HAM1 and
HAM2, putative homologues of the Yeast Esal protein, the catalytic subunit of the NuA4-C,
in the modulation of histone H4 and H2A.Z acetylation levels at FLC chromatin (Earley et
al., 2007; Latrasse et al., 2008; Xiao et al., 2013; Bieluszewski et al., 2015). Besides, our



proteomics experiments revealed that Arabidopsis YAF9A interacts with a number of NuA4-
C subunits, and in vivo Co-IP experiments from this work (Fig. 7d and Dataset S2) and
independent pulldown assays involving HAM proteins (Tan et al., 2018) corroborated the
interaction with HAM1, consistent with YAF9A being part of this putative HAT complex in
plants. Nevertheless, we cannot rule out that YAF9 proteins could be non-essential SWR1-C
subunits or form part of additional chromatin remodeling complexes-(Zhang et al., 2004). In
fact, a possible link with the FACT complex has been revealed, based in the interaction of
YAF9A with SSPR1 and SPT16 subunits (Fig. 7c and Dataset S2). Interestingly, plants
depleted of SSRP1 and SPT16 subunits display various defects in vegetative and reproductive
development, including early flowering due to reduced expression of FLC in these plants
(Lolas et al., 2010), resembling yaf9a yafob mutants.

The YEATS domain is a novel histone acetylation reader, although different YEATS
proteins show unique binding preferences (Zhao et al., 2017). Yeast Yaf9 was first described
to bind unmodified histones (Wang et al., 2009), but recently it has been proposed to
preferentially recognizes H3K27ac (Klein et al., 2018), whereas Taf14 binds to H3K9ac, and
Sas5 interacts with unmodified histones (Shanle et al., 2015). Interestingly, we have shown
that, as its yeast or animal counterparts, Arabidopsis YAF9 proteins are able to recognize
histone H3 and H3K9ac and H3K27ac marks (Fig. 7a-b), supporting that these proteins may
function also as histone readers in plants, recognizing acetylated versions of histone H3.

We have also unveiled that both Arabidopsis YAF9 proteins mediate H2A.Z and H4
acetylation at FLC chromatin, and that YAF9A binds directly to this gene (Fig. 6). Yeast
Yaf9 is required for H2A.Z incorporation into chromatin (Zhang et al., 2004; Wu et al., 2005;
Wu et al., 2009), and depletion of the Yaf9 human homolog GAS41 affects gene expression
by modulating H2A.Z occupancy in a high number of genes (Hsu et al., 2018). At the
moment, we cannot exclude a similar role for Arabidopsis YAF9 proteins in H2A.Z
exchange. In fact, we provide evidence indicating that they are required to deposit this
histone variant at FT chromatin (Fig. S14), but our data clearly demonstrate that YAF9 is
dispensable for H2A.Z incorporation at FLC chromatin (Fig. 6), a well-established target of
the SWR1-C in Arabidopsis (Deal et al., 2007). Further work will enlighten the contribution
of these proteins to the global distribution of H2A.Z in plants.

Remarkably, in this work we have revealed for the first time in plants the occurrence
of H2A.Z acetylation and demonstrated that the presence of this histone mark at FLC
chromatin is required for its expression (Fig. 6). It has been proposed that NuA4-C dependent
acetylation of H4 and H2A histones promotes the incorporation of H2A.Z by SWR1-C (Altaf



et al., 2010). A variety of data in yeast and avian cells support that the acetylated form of
H2A.Z is augmented at active genes (Bruce et al., 2005; Millar et al., 2006). In humans, there
are also a number of studies that correlate active gene expression with H2A.Zac, with
consequences in cell differentiation and tumor progression (Ku et al., 2012; Valdes-Mora et
al., 2012; Bellucci et al., 2013; Dalvai et al., 2013; Law & Cheung, 2015; Valdes-Mora et al.,
2017). Future studies will be necessary to conclude if the occurrence of H2A.Zac also
correlates with gene activation in plant genomes.

Altogether, our data support that YAF9A and YAF9B proteins fine tune the floral
transition through targeting FLC, and by the eventual modification of the H2A.Z and H4
acetylation levels. We have shown that this YAF9-mediated regulation occurs independently
of SWR1-C function and is relevant to prevent precocious floral transition and fine-tune
flowering time in Arabidopsis. It has been reported that YAF9A may also regulate flowering
time acting at the level of GI gene by interacting with CIRCADIAN CLOCK ASSOCIATED
1 which recruits MUT9P-LIKE-KINASE 4 (MLK4), an enzyme responsible for the
phosphorylation of histone H2A at Serine 95, which marks nucleosomes for H2A.Z
deposition at GI chromatin (Su et al., 2017). yaf9a-1 mutant showed reduced expression of
Gl concomitantly with decreased H2A.Z and lower H4 acetylation levels in the promoter
region of this gene compared to WT (Su et al., 2017). Thus, MLK4 and YAF9A seem to
regulate GI expression by modulating H2A.Z deposition and H4 acetylation of Gl, revealing
additional targets for YAF9A proteins in the control of flowering time. On this way, YAF9
may be linked to the photoperiod dependent pathway of flowering control (Su et al., 2017) in
addition to regulate FLC, and could assist to fine tune the recruitment of the SWR1-C
mediated by SWC4 to specific target genes (Gomez-Zambrano et al., 2018). Furthermore,
YAF9A was proposed as a possible candidate flowering gene to be involved in the adaptation
of Arabidopsis thaliana to the Yangtze River basin (Zou et al., 2017), suggesting an
important role for YAF9A in helping this species to fine tune local adaptation to climate.

In sum, the characterization of YAF9 proteins in Arabidopsis highlights the key role
exerted by post-translational modification of canonical and histone variants in regulating
flowering time. We have also shown that these two YEATS domain proteins, acting at
chromatin level, are involved in the control of several plant developmental programs as well
as cell expansion and proliferation processes. Further analyses of the molecular function of
plant YAF9 proteins will contribute to unravel new mechanistic insights into the role of

eukaryotic histone acetylation in controlling gene expression.
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Fig. S1 Two Arabidopsis YEATS domain-containing proteins are the predicted homologs of
yeast YAF9 protein.

Fig. S2 The two Arabidopsis YAF9 proteins are nuclear localized but differentially

expressed.

Fig. S3 Isolation of Arabidopsis YAF9 knock-out mutants.

Fig. S4 Double mutant yaf9a yaf9b plants display a broad range of pleiotropic developmental

defects.

Fig S5 Complementation of the yaf9a mutant with a wild type copy of the YAF9A gene.



Fig. S6 Validation of microarray data obtained in the transcriptomic analysis of yaf9ayaf9b

seedlings.

Fig. S7 Comparison of upregulated genes in yaf9a yafob seedlings and in selected swrl-c

mutants.

Fig. S8 Comparison of downregulated genes in yaf9a yafb seedlings and in selected swrl-c

mutants.

Fig. S9 Genome-wide transcriptomic analysis of yaf9a yaf9b mutant.

Fig. S10 Singular Enrichment Analysis (SEA) of Gene Ontology (GO) terms of genes with

altered expression in yaf9a yafob seedlings.

Fig. S11 yaf9 ayafob plants display necrotic spots and paler colour in the leaves than Col.

Pictures were taken at 30 day-old plants grown in SD.

Fig. S12 Determination of the specificity of a-H2A.Zac antibody used in the ChIP analysis.

Fig. S13 yaf9a but not yaf9b mutants showed reduced histone H4 acetylation levels at FLC

chromatin.

Fig. S14 YAF9A protein directly binds FT chromatin and mediates in the deposition of
H2A.Z in this locus.

Fig.S15 Characterization of the Arabidopsis YAF9A-TAPa 3 and 10 lines generated.

Table S1 List of primers used in this study.

Table S2 List of cell cycle-related genes misregulated in yaf9yaf9b.

Table S3 List of SAR-related genes deregulated in yaf9yaf9b.

Datasets:



Dataset S1 List of differentially expressed genes in yaf9a yafob.
Dataset S2 Arabidopsis YAF9A protein interactors.

Method S1 Supporting information for phenotypic analyses and growth conditions,
microscopic analyses, Co-1P, SDS-PAGE, Western Blotting and histone preparations,
pulldown assays with histone peptides and Arabidopsis histone extracts, protein affinity

purification and tandem mass spectrometry analyses.

Fig. 1 Double mutant yaf9a yafb plants display pleiotropic developmental defects. (a, b)
Pictures of Col, yaf9a, yafob and yaf9a yaf9b rosettes (a) and leaves (b). (c—f) Rosette
diameter (n = 15) (c), leaf (n = 8) (d), flower (n = 21) (e) and silique length (n = 12) (f) of Col
and yaf9a, yafob and yaf9a yafdb mutant plants grown under long-day (LD) conditions. Error
bars indicate + SE of the mean; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (Student’s t-
test).

Fig. 2 Arabidopsis YAF9 proteins regulate leaf cell proliferation and expansion. (a) Cell size
analysis of the adaxial leaf epidermal layers of wild-type (WT) and yaf9a yaf9b mutant plants
32 d after sowing (n > 35 cells); leaves 3 and 4 were analyzed by scanning electron
microscopy (SEM) images (x200). Bars, 100 um. (b—d) Cell area distribution (log xm?). (b)
The frequency (%) indicated on the x-axis corresponds to the number of cells of a defined
size within each range. Measurements were carried out in the central region of at least six
leaves in each case (n > 400 cells); (c) estimated cell number in the adaxial epidermis of
leaves from plants grown under short-day (SD) conditions 32 d after sowing, and (d) average
size of adaxial epidermal cells (leaf third and fourth) (n > 50 cells) from 32-d-old plants, Col
and yaf9a yaf9b grown under SD conditions. Error bars indicate £ SE of the mean (n = 20);
**x* P < 0.0001 (Student’s t-test). (e) Nuclear DNA ploidy distribution of 32-d-old Col and
yaf9a yafob plants (leaf third and fourth) grown under SD and long-day (LD) conditions. The
results shown are the average of three independent assays. Average values of each nuclear

DNA content class (+ standard deviation) are presented.

Fig. 3 Arabidopsis YAF9 proteins regulate flowering time by both FLC-dependent and
independent mechanisms. (a) Flowering time of yaf9a, yaf9b and yaf9a yafdb mutants in Col
wild-type (WT) and flc-3 mutant background under long-day (LD) (n = 10). Statistical



significance was calculated using one-way ANOVA (Tukey test correction for multiple
comparisons). Different letters denote a significance level of P < 0.05; same letters indicate
no significant differences. (b) Q-PCR analysis of FLC expression in 10-d-old Col and yaf9a,
yaf9b and yaf9a yaf9b mutant seedlings grown under LD conditions. Error bars indicate + SE
of the mean (n = 4). Statistical significance compared to Col was calculated using Student’s t-
test; **, P < 0.01; ***, P <0.001; ns, not significant. (c) Photograph of yaf9a, yaf9b and ft-10
double and triple mutant plants grown under LD photoperiods. (d) Flowering time of yaf9
and ft-10 double and triple mutant combinations grown under LD conditions (n = 15).
Whiskers were determined according to Tukey test. Statistical significance was calculated
using one-way ANOVA (Tukey test correction for multiple comparisons). Different letters

denote a significance level of P < 0.05; same letters indicate no significant differences.

Fig. 4 Arabidopsis YAF9 proteins regulate flowering time by SWR1-C independent
pathways. (a—d) Flowering time of yaf9a, yaf9b and swc6-1 double and triple mutant plants
grown under (a) long-day (LD) (n > 8) and (c) short-day (SD) photoperiods (n > 10).
Whiskers were determined according to Tukey test. Statistical significance was calculated
using one-way ANOVA (Tukey test correction for multiple comparisons). Different letters
denote a significance level of P < 0.05; same letters indicate no significant differences.
Photographs of yaf9a, yaf9b and swc6-1 double and triple mutant combination plants grown
under (b) LD or (d) SD conditions.

Fig. 5 yaf9a yafdb mutations partially suppress the late-flowering phenotype of FRIGIDA. (a)
Flowering time of yaf9a, yaf9b and yaf9a yaf9b double mutant plants in FRI-Sf-2 background
grown under long-day (LD) (a) (n > 8) and short day (SD) conditions (n = 10). Whiskers
were determined according to Tukey test. Statistical significance compared to Col FRI-Sf-2
(ColFRI) was calculated using Student’s t-test; *, P < 0.05; *** P < 0.001; ns, not
significant. (b) Q-PCR analysis of FLC expression in 10-d-old seedlings grown under LD
conditions. Error bars indicate * standard deviation (n = 2). Statistical significance compared
to Col FRI was calculated using Student’s t-test; *, P < 0.05. (c) Photograph of representative
yaf9a yaf9b double mutant plant in FRI-Sf-2 background (yaf9a yafb FRI) and Col FRI-Sf-2
(ColFRI) plant.

Fig. 6 Arabidopsis YAF9 proteins directly regulate H2A.Z and H4 acetylation levels but not
H2A.Z deposition in the chromatin of FLC locus. (a) Schematic representation of the FLC



locus indicating the regions analyzed by chromatin immunoprecipitation (ChIP). (b) ChIP
experiments using o-GFP to detect HTA11-GFP in Col, yaf9a yaf9b and arp6 background.
Col was included as a negative control (c—e) ChIP experiments using a-HTA9 (c), a-
H2AZ.ac (d) and a-H4ac (e) in Col, yaf9a yaf9b and arp6 mutant seedlings. Data are
represented as the fraction of immunoprecipitated DNA normalized to an ACT2 gene region.
Graphs represent the average of three independent biological ChIP experiments quantified by
Q-PCR. Error bars indicate + SE of the mean. The statistical significance of the observed
difference at region +232 of FLC chromatin was calculated using Student’s t-test (*, P <
0.05; **, P <0.01, ***, P <0.001). (f) ChlIP experiments using a-Myc to detect YAF9-TAPa
in two independent transgenic lines. Data are represented as the fraction of
immunoprecipitated DNA of FLC/ACT2 normalized to the values obtained in a control Col
line. Graphs represent the average of two independent biological ChIP experiments for each
transgenic line (YAF9A-TAP 3 and 10) analysed, quantified by Q-PCR. Error bars indicate +
standard deviation. The observed difference at region +232 of FLC chromatin was found
statistically significant by Student’s t-test (*, P < 0.05).

Fig. 7 Arabidopsis YAF9 are histone binding proteins, and YAF9A interacts with the histone
acetyltransferase HAML1 in planta. (a) YAF9A and YAF9B proteins bind histone H3 and
H3Ac but not H2B in pulldown assays. Recombinant YAF9A-GST, YAF9B-GST and GST
were incubated with purified Arabidopsis histones extracts and pulldown with glutathione
sepharose beads. Recovered histones were detected by western blot using specific antibodies
against histone H3, H3 acetylation (K9/K14) and H2B. (b) YAF9A protein binds unmodified
histone H3, H3K9ac and H3K27ac peptides in peptide pulldown assays. Biotinylated histones
peptides were incubated with recombinant YAF9A-GST or GST and pulldown with magnetic
Dynabeads M-280 Streptavidin. Recovered proteins were detected by western blot using a-
GST. (c) The list of proteins that co-purify with YAF9 identified by tandem affinity
purification followed by tandem mass spectrometry were analyzed using the STRING
database to identify groups of proteins that have predicted interactions (Szklarczyk et al.,
2017). The network connections between the submitted proteins were visualized by their
confidence score, where a thicker line indicates a higher interaction score. Then, the network
was subdivided into clusters; in the figure, a cluster of chromatin related proteins is shown.
(d) Chromatin immunoprecipitation (ChIP) assays in agroinfiltrated Nicotiana benthamiana

plants. HAM1-HA and YAF9A-GFP fusion proteins were produced alone or in combination



in WT Nicotiana plants; GFP fusion proteins were immunoprecipitated with GFP-Trap_A,
and HAM1-HA was detected using anti-HA antibody. The arrow indicates the expected band
for the calculated size of the HAM1-HA fusion protein.
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