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Abstract

In recent years, members of the AFTHOOK MOTIF NUCLEAR LOCALIZED (AHL)
gene family have been shown to play important roles in plant development. One
member of this family, AHL15, enhances plant longevity when overexpressed
by strongly repressing several ageing-related developmental switches, but its
direct target genes and the manner with which it regulates their expression
remained unknow so far. In this study we identified the genome-wide DNA
binding sites of AHL15, and show that AHL15 binds throughout the genome at
AT-rich regions near the transcription start- and end sites in regions depleted
of epigenetic marks without recognizing a specific sequence. We show that
induction of AHL15 activity causes strong and rapid changes in transcription,
with the majority of the differentially expressed genes being downregulated but
without directly affecting chromatin accessibility, resulting in developmental
defects. In addition, AHL15 binding to regions near the transcription start
and end sites was enhanced at genes that were differentially expressed upon
AHL15 induction, and was especially strong near the transcription start site
of upregulated genes and near the transcription end site of downregulated
genes. Finally, we show that AHL15 shares binding sites with the chromatin
architectural protein GH1-HMGAZ2/HON5, which was previously shown to
alter transcription by disrupting gene loop formation. Together, our findings
suggest that AHL15 affects the expression of its target genes by regulating the
3D organization of chromatin.

Keywords: AHL15, aging, AT-hook proteins, chromatin architecture, gene
looping
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Introduction

In recent years, research on the plant-specific AFHOOK MOTIF NUCLEAR
LOCALIZED (AHL) protein family has shown that members of this plant-specific
gene family have diverse roles in developmental processes, such as hypocotyl
elongation, root architecture, somaticembryogenesis, vegetative phase change,
flowering time, and longevity (Street et al., 2008; Zhou et al., 2013; Karami et
al., 2020; Karami et al., 2021; Rahimi et al., 2022a). The AHL family is conserved
in all land plants, with the size of the family varying between ten genes in
Physcomitrella patens (moss), 29 in Arabidopsis thaliana (Arabidopsis), 20-
26 in Oryza sativa (rice) and 47 in carrot (Kim et al., 2011; Zhao et al., 2014;
Machaj and Grzebelus, 2021; Kumar et al., 2023). Despite the considerable size
of this gene family, research on AHLs has emerged only in recent years, and
much remains to be discovered about their function in development and gene
regulation.

AHL proteins bind to the minor groove of AT-rich DNA via their AT-hook
domain, which can also be found in other DNA-binding proteins such as the
High-Mobility Group A (HMGA) family (Klosterman and Hadwiger, 2002;
Fujimoto et al., 2004). The AHL family is subdivided into two clades (A and
B) based on the structure and number of AT-hook domains: clade A members
have a single, type A AT-hook domain, whereas clade B members have a
type B AT-hook domain that is sometimes accompanied by a second AT-hook
domain of the A type (Zhao et al., 2013; Zhao et al., 2014). In the nucleus, AHL
proteins are thought to form heterotrimeric complexes and to jointly recruit
other nuclear proteins via their PPC (Plant and Prokaryote Conserved) domains
(Zhao et al., 2013). While single ahl mutants often show very mild phenotypes,
such as a slightly accelerated flowering time (Karami et al., 2020; Rahimi et
al., 2022a), more striking phenotypic defects can be observed when one of
the characteristic AHL domains are mutated. Removal of the AT-hook domain
(AAT-hook) causes loss of DNA binding, whereas deletion of a six amino acid
sequence in the PPC domain (AG) or interference with the PPC domain function
by fusion of the K-glucuronidase (GUS) reporter protein reduces the capacity to
recruit other nuclear proteins (Lin et al., 2007; Zhao et al., 2013; Karami et al.,
2021). Such mutant AHL proteins have a strong dominant-negative effect on
AHL function, as was shown by the inhibitory effect of AHL75-AG or AHL15-GUS
on zygotic or somatic embryogenesis when expressed in a heterozygous ahl/15
+/- background (Karami et al., 2021), or by the sob3-6 mutant which expresses
a AAT-hook allele of AHL29 and shows a significantly longer hypocotyl than
either wild-type or ah/29 knockout plants (Zhao et al., 2013). The phenotype of
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these dominant-negative mutants and the high level of redundancy between
AHLs indicates that the absence of an AHL protein can be compensated for by
other AHLs, but that the incorporation of a defective AHL protein disrupts the
function of the trimeric complex.

Due to the high redundancy between AHL genes, most research has been
focused on AHL overexpression phenotypes, which are generally similar
for different AHLs. For example, overexpression of AHL29/SOB3, AHL27/
ESCAROLA/ORE7 and AHL22 each suppress hypocotyl elongation (Street et
al., 2008; Xiao et al., 2009), and overexpression of AHL15, 19, 20, 22, 27, or 29
each significantly delays flowering time and promotes plant longevity (Street
et al., 2008; Yun et al., 2012; Karami et al., 2020; Tayengwa et al., 2020). The
delayed flowering phenotype is caused at least in part by the repression of FT
expression, suggesting that AHLs can suppress gene expression (Yun et al.,
2012; Tayengwa et al., 2020).

Previous studies have shown that AHL overexpression affects the chromatin
status: Lim et al. (2007) showed that AHL27 overexpression results in a reduction
of chromatin condensation, and Karami et al. (2021) showed that the number of
nuclear foci is reduced when AHL15 is overexpressed and that overexpression
of AHL15interferes with the proper segregation of sister chromatids specifically
during the somatic embryogenesis process, resulting in polyploid embryos.
Various studies have shown that acetylation of HISTON 3 (H3Ac) is reduced at
specific loci in plants that constitutively overexpress AHL genes, whereas its
methylation at lysine 9 (H3K9me2) is increased at AHL-bound loci in such plants,
suggesting that AHLs promote deposition of repressive epigenetic marks (Ng
et al., 2009;Yun et al., 2012; Xu et al., 2013; Xiong et al., 2020). AHLs have been
shown to interact with a range of chromatin-modifying proteins, among which
several histone deacetylases (HDA) and subunits of the SWR1 complex that
exchanges H2A for H2A.Z (Yun et al., 2012; Xu et al., 2013; Lee and Seo, 2017;
Xu et al., 2024). A recent study has shown that AHL22 also associates with the
transcriptional repressors FRS7 and FRS12 at the matrix attachment regions
(MARs) that anchor DNA to the nuclear matrix, and that it recruits the histone
deacetylase HDA15 to the DNA (Xu et al., 2024). In addition, RNA-seq datasets
show that overexpression of AHL proteins causes differential expression of
many genes, of which the majority is downregulated (Favero et al., 2020; Karami
et al., 2022; Xu et al., 2024). Overall, it is clear that AHL overexpression results
in differential gene expression, affects chromatin structure, and has a profound
effect on plant development. However, the specific mechanisms recruiting
AHLs to their target DNA, the direct effect of AHLs on histone modifications,
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and the effects of AHLs on chromatin architecture on a global scale remain
unclear.

The clade A AHL protein AHL15 has been shown to delay and even reverse
developmental phase transitions when overexpressed, thereby extending plant
longevity (Karami et al., 2020; Karami et al., 2021; Rahimi et al., 2022a; Rahimi et
al., 2022b). Despite the variety of processes in which AHL15 has been shown to
play a role, no direct targets of this protein have been identified as of yet. Here,
we identified the DNA binding sites of AHL15 in native- and overexpression
conditions and investigated the effect of AHL15 on gene expression, chromatin
accessibility, and its colocalization with several chromatin modifications. We
show that a large set of loci is only bound by AHL15 upon overexpression, and
that this coincides predominantly with downregulation of genes. In addition, we
show that AHL15 does not affect chromatin accessibility and that it preferentially
binds at the boundaries of most epigenetic marks. Finally, we show that AHL15
binding sites largely overlap with those bound by GH1-GMGA2, an AT-hook
protein shown to regulate chromatin architecture and gene loop formation
(Zhao et al., 2021), implying that AHL15 could play a similar role.

Results

AHL15 binds near theTSS andTES of genes

To identify how AHL15 regulates juvenile plant development, we performed
ChIP-seq experiments using a 3xFLAG-tagged AHL15 protein. Because
wild-type and AHL15 overexpressing plants show significant phenotypic
differences, we expressed the 3xFLAG-AHL15 fusion protein both in native
(pAHL15:3xFLAG-AHL15in ahl15) and overexpression (p35S5:3xFLAG-AHL15in
Col-0) conditions and pulled down AHL15-bound DNA from both lines (Figure
1A). In wild-type Arabidopsis, AHL15 is expressed only in juvenile plants and
its expression decreases significantly past the seedling stage (Rahimi et al.,
2022a). We therefore performed ChIP on 10 day-old seedlings in which the
AHL15 promoter is still strongly active to identify the native DNA binding
sites of AHL15. In contrast, p35S:3xFLAG-AHL15 plants showed a severe delay
in flowering time, and overexpression targets were identified in 31 day-old
p35S5:3xFLAG-AHL 15 plants, which had not yet started to flower at this stage in
order to map overexpression-specific targets of AHL15 (Supplementary figure
1).

Our ChlP-seq data show that AHL15 binds DNA abundantly in both native
and overexpression conditions (Figure 1A). Under native conditions, we
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identified 2425 significant peaks that are shared between both replicates, and
an additional 3481 significant peaks in the second replicate, which had a higher
sequencing depth (Supplementary data 1). In the overexpression conditions,
we identified over 14,000 significant peaks per replicate, of which 10,056 were
shared between all three replicates, indicating that AHL15 binds DNA more
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broadly when overexpressed than in wild-type conditions, and that some DNA
binding sites are unique to the overexpression condition (Supplementary
data 1). Next, we mapped the AHL15 peaks over all genes in the Arabidopsis
genome, which showed that AHL15 predominantly binds within 1 kb upstream
of the transcription start site (TSS) of genes, and to a lesser extent near the
transcription end site (TES) and is depleted over gene bodies (Figure 1A,
B). The peak of AHL15 occupancy in these regions was more pronounced in
AHL15 overexpression samples compared to the native condition, showing
that AHL15 has a preference for the proximal promoter of genes regardless of
whether these are genuine native targets or not. Annotation of the significant
AHL15 ChlP-seq peaks over genomic features confirmed that the majority of
AHL15 binding sites are located in promoters (up to 3 kb upstream of the TSS)
or in intergenic regions (more than 3 kb upstream of the TSS or more than 1
kb downstream of the TES; Figure 1B). In addition, a substantial percentage of
AHL15 peaks was located in within 1 kb downstream of the TES or in regions
where the promoter and TES of two genes overlapped (TES/promoter; Figure
1B). In overexpression conditions, the share of AHL15 peaks mapping to
intergenic regions reduced in favour of promoter- and TES regions, illustrating
the increased enrichment of AHL15 near the TSS and TES regions that can be
seen in Figure 1A.

To understand what loci are native targets of AHL15 and what loci are
unique to the overexpression condition, we compared the significant ChIP

Figure 1 (left page): ChlP-seq of 3xFLAG-AHL15 in native and overexpression conditions. A:
Heatmap and profile plots of AHL15 ChlIP-seq peaks scaled over genes showing that AHL15 is en-
riched near the TSS and TES, and depleted over gene bodies. Shoots of ten day-old pAHL15:3x-
FLAG-AHL15 were used for ChIP in the native condition, and 31 day-old p35S:3xFLAG-AHL15
shoots were used for the overexpression condition. Profile plots show the log2 of ChIP reads over
input reads. B: Annotation of 3xFLAG-AHL15 ChIP-seq peaks in A over genomic features of the
Araport11 annotation of the Arabidopsis genome. Intergenic: regions that are located more than 3
kb downstream of the TSS or more than 1 kb upstream of the TES and are depleted of genes. TES:
region up to 1 kb upstream of the TES. Promoter: region up to 3 kb downstream of the TSS.TES /
promoter: regions where promoters overlap with theTES region of neighbouring genes. Intergenic
regions are regions not covered by any of the other features. C: Venn diagram showing the overlap
in peak annotations between the five ChIP-seq samples in A. 1948 peaks were identified in all five
datasets (shared), 2906 peaks were shared between the three overexpression conditions and the
second native ChIP (semi-shared), and 4999 peaks were identified in all three overexpression (OX)
conditions (OX only). D: Histogram of the peak score of significant ChlP-seq peaks in p355:3x-
FLAG-AHL15 sample 2 (OX 2). Peaks identified in all five conditions have the highest peak score,
followed by semi-shared peaks. OX-only peaks have a lower peak score than shared or semi-
shared peaks, and peaks shared in less than 3 conditions have the lowest overall peak score. Reads
were aligned with Bowtie2 and peak calling was performed with MACS2.
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peaks and identified a set of 1948 loci that are shared between all five ChlP-
seq datasets (“shared”; Figure 1C). This set includes the promoters of genes
such as CYTOKININ OXIDASE3 (CKX3), WUSCHEL-RELATED HOMEOBOX 4
(WOX4), and TWIN SISTER OF FT (TSF) (Supplementary data 1). In addition,
2906 peaks were shared between the second replicate of the native ChIP and
the three overexpression ChIPs (“semi-shared”), which included promoters of
SQUAMOSA PROMOTER BINDING-LIKE 9 (SPL9) and BRANCHED 1 (BRC1).
We identified 4999 peaks that were common among all three overexpression
datasets (“overexpression-only”), that among many others annotated to the
promoters of FLOWERING LOCUST (FT), SWEET10, and FLOWERING LOCUS C
(FLC) (Supplementary data 1). When comparing the distribution of peak scores
in each category, it was clear that peaks that are shared by all datasets had a
higher average peak score than those that are found only in overexpression
datasets, indicating that AHL15 binds its native targets more strongly than its
ectopic targets (Figure 1D). Thus, these data show that AHL15 can associate
with DNA outside of its genuine native binding sites when overexpressed, but
that the affinity for these regions is lower than for its native targets.

AHL15 non-specifically binds AT-rich DNA sequences

Because AHLs are known to bind AT-rich DNA and AHL15 binds a large number
of promoter regions in both the native and overexpression conditions, we
asked whether AHL15 recognizes or binds a specific DNA motif. To this end,
we used the motif enrichment analysis tool HOMER (Heinz et al., 2010) to
identify enriched motifs in the different datasets: shared, semi-shared, and
overexpression-only AHL15 peaks as well as the total of significant peaks
of the second overexpression replicate (Figure 2A, Supplementary figures
2-4, Supplementary data 2). Although several AT-rich motifs were found to
be significantly enriched in the different datasets, closer inspection showed
that the frequency at which these motifs occurred within AHL15 peaks was in
most cases less than 1%, making it unlikely to represent a true binding site
(Figure 2A, Supplementary figures 2-4). We argued that a true DNA binding
motif would be present in a large portion of the AHL15 peaks (targets) and
would be rare in other regions of the genome (background). In other words,
the motif should have a high target : background ratio and be present in a high
percentage of targets. We plotted the target : background ratio (Figure 2B) and
the Log2 of the percentage of targets (Figure 2C) values for all significantly
enriched de novo motifs identified by HOMER for the shared AHL15 peaks.
These plots show that most motifs had a high target : background ratio, but
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that their occurrence in AHL15 peaks in all such cases was less than 1%. On the
other hand, motifs that are present in more than 1% of AHL15 peaks had a low
target : background ratio, meaning that these motifs are also common in non-
AHL15 bound regions. Similar results were found for each of the AHL15 peak
datasets (semi-shared, overexpression-only, and all AHL15 ox rep2 peaks), and
no motifs were shared between the four different datasets (Supplementary
figures 2-4). Previous research has shown that AHL proteins preferentially bind
to AT-rich DNA, and in vitro motif discovery experiments suggested several AT-
rich sequences as binding sites for AHL proteins (Fujimoto et al., 2004; Franco-
Zorrilla et al., 2014). Together, this indicates that AHL15 does not recognize a
specific DNA motif but identifies its AT-rich target DNA based on other traits.

Gene expression is predominantly repressed by AHL15

The large number of binding sites we identified in the native and overexpression
conditions, as well as the strong phenotypic changes caused by AHL15
overexpression suggest that AHL15 may regulate the expression of many
genes.

To determine which genes are affected by AHL75 overexpression and may
underly the developmental phenotypes associated with AHL 15 overexpression,
we used the p35S5:AHL15-GR line. In this line, a fusion protein of AHL15 and
a glucocorticoid receptor (AHL15-GR) is overexpressed, and translocates
from the cytosol to the nucleus upon treatment with the steroid hormone
dexamethasone (DEX) (Karami et al., 2020). We drenched ten day-old wild type
(Col-0) or p35S:AHL15-GR seedlings with 20 uM DEX or a mock solution for
15 minutes and harvested seedlings eight hours later for mRNA sequencing.
Principal component analysis (PCA) of the RNA-seq data showed that the DEX-

Figure 3 (right page): Genes upregulated by AHL15 show enhanced AHL15 binding at the TSS.
A: Volcano plot showing differentially expressed genes in 10 day-old p35S:AHL15-GR seedlings
after 8 hours treatment with DEX compared to the three control conditions (p35S:AHL15-GR seed-
lings treated with mock solution and Col-0 seedlings treated with either DEX or mock solution).
Blue dots indicate genes that are significantly more than 2-fold downregulated, red dots indicate
genes that are significantly more than 2 fold upregulated, light grey dots show genes that are sig-
nificantly differentially expressed with a fold change of less than 2, and dark grey dots represent
genes whose expression was not significantly altered. B-D: Venn diagrams showing overlap of
differentially expressed genes with shared ChlP-seq peaks (B), semi-shared peaks (C), or over-
expression-only peaks (D). E: Table showing a selection of genes shared between ChlIP-seq and
RNA-seq datasets identified in B-D. F: Profile plots of AHL15 ChlP-seq peaks over AHL15-bound
differentially expressed genes vs all genes. AHL15 enrichment is stronger near the TSS of AHL15-
bound differentially expressed genes and especially upregulated genes compared to the average
of all genes. Near the TES, AHL15 enrichment is highest for downregulated AHL15-bound genes.
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treated p35S:AHL15-GR samples grouped at one end, whereas the mock- or
DEX-treated Col-0 or the mock-treated p355:AHL 15-GR samples grouped at the
other end of the PCA plot, showing that DEX treatment had a minimal effect
on gene expression in wild type plants compared to p35S:AHL15-GR plants

(Supplementary figure 5).

Induction of AHL15-GR activity by DEX treatment resulted in a large number
of differentially expressed genes, with 1658 genes downregulated over 2-fold
and 497 genes upregulated over 2-fold, showing that similar to other AHL
genes, AHL15 overexpression causes a net downregulation of gene expression
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(Figure 3A, Supplementary data 3). Of these, 101 downregulated and 65
upregulated genes were also native targets of AHL15, and 501 downregulated
and 155 upregulated genes were overexpression-only targets of AHL15 (Figure
3B-D, Supplementary data 4). A selection of differentially expressed genes
that are targeted by AHL15 in native and overexpression conditions is shown
in Figure 3E, and includes the flowering-promoting genes TSF and FT as
native and overexpression-only targets, respectively, as well as the meristem
maintenance genes WOX4 and CLAVATAS3 (Fletcher et al., 1999; Ji et al., 2010).
Knowing which genes are differentially expressed upon DEX treatment, we
investigated the enrichment of AHL15 ChlP-seq peaks over the differentially
expressed genes.To do this, we plotted the average enrichment score of native
and overexpression AHL15 ChlP-seq datasets over AHL15-bound upregulated,
AHL15-bound downregulated, or all genes.This revealed that AHL15 enrichment
was stronger around the TSS and TES of both up- and downregulated genes
that were also bound by AHL15 compared to all genes (Figure 3F). Although
the majority of differentially expressed genes was downregulated by DEX
treatment, and downregulated genes represent a larger fraction of AHL15 DNA
binding sites, we observed that AHL15 binding was highest around the TSS of
upregulated genes, whereas AHL15 enrichment near the TES was highest for
downregulated AHL-bound genes. This suggests that strong AHL15 presence
near the TSS of genes may lead to their upregulation, whereas strong AHL15
presence near both the TSS and theTES leads to their downregulation.

Chromatin accessibility is not directly affected by AHL15 induction

Previous research has shown that overexpression of AHL15 or AHL27 results
in visible changes in chromatin structure (Lim et al., 2007; Karami et al., 2021).
, and our ChlP-seq data also show that AHL15 binds to AT-rich DNA with limited
sequence specificity throughout the genome. This suggests that AHL15 might
alter chromatin accessibility globally. We therefore asked whether the large
changes in gene expression we observed upon DEX-induction of AHL15-GR
could be a result of altered chromatin accessibility. To test this, we performed
ATAC-seq on p35S5:AHL15-GR seedlings harvested at 30 minutes, 1 hour, and
8 hours after DEX or mock treatment. Surprisingly, we did not observe clear
changes in chromatin accessibility at any of the time points: PCA showed
that differences between replicates of the same condition were similar or
larger than the differences between time points (Figure 4A). For example,
ATAC-seq peaks at and around the FT locus were similar for all time points,
despite a strong downregulation of this gene upon DEX induction (Figure
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4B). In addition, we did not detect any differentially accessible regions when
comparing DEX- and mock treated samples at the 30m and 1h time points, and
identified only 10 regions with differential accessibility for the 8h time point
that did not correspond to differentially expressed genes (Supplementary
data 5). Although we did not observe clear changes in chromatin accessibility
at 8 hours after DEX treatment, the DEX-treated seedlings showed clear
phenotypic changes compared to mock-treated seedlings, which resembled
the phenotype of p35S:AHL15 plants (Figure 4C-D; Supplementary figure 1).
In addition to a delay in bolting time of about 10 days in DEX-treated plants,
new leaves produced at the time of DEX treatment remained very small and
did not develop to a full size, resulting in a severe reduction of the plant size.
Together with the large number of differentially expressed genes upon DEX
treatment, these severe phenotypic changes indicate that AHL15 activation
by DEX induces developmental reprogramming. However, our ATAC-seq data
indicate that AHL15 does not affect chromatin accessibility directly, and that
altered chromatin accessibility cannot explain the differential gene expression
patterns observed at the 8h time point and the subsequent developmental
reprogramming.

AHL15 binds in regions with reduced epigenetic signatures

Because AHL15 does not have a measurable effect on chromatin accessibility
as determined by ATAC-seq, we investigated whether AHL15 binding coincides
with epigenetic markers. For this we used publicly available ChlP-seq data
of several epigenetic markers in 10 day-old wild-type seedlings (Bourguet et
al., 2021). We compared the distribution of these epigenetic markers as well
as our ATAC accessibility data with that of AHL15 binding in the native and
overexpression conditions by plotting the enrichment of these marks over all
Arabidopsis genes (Figure 5). This revealed that AHL15 binding is enriched in
regions where chromatin accessibility (based on ATAC seq) is relatively low, and
that AHL15 presence is depleted in the highly accessible regions near the TSS
and in the gene body (Figure 5A). Similarly, AHL15 showed opposite patterns of
enrichment compared to the deposition of H1 (Figure 5B), H2A variants (Figure
5C), and H3K9me1, H3K9me2, and H3K27me1 (Figure 5D). This opposing
pattern of enrichment is clearly illustrated when inspecting the sequencing
data at individual loci, showing that AHL15 peaks occur at regions where most
or all other marks are depleted (Figure 5E). For example, the TCP16 gene is
upregulated in DEX-treated p35S:AHL 15-GR seedlings, and AHL15 shows clear
peaks flanking this gene in both native- and overexpression conditions (Figure
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Figure 5: AHL15 binds in regions with reduced accessibility that are depleted of epigenetic marks.
A-D: ChiP-seq profiles of pAHL15:3xFLAG-AHL15 (AHL15 native) and p35S5:3xFLAG-AHL15 (AHL15
OX) scaled over all Arabidopsis genes and compared to the ATAC-seq profile of p35S:AHL15-GR
plants treated with DEX or mock solution for 1 hour (A), or to the deposition of Histone 1 (H1)
(B), Histone 2 variants H2A, H2A.X and H2A.Z (C), or the Histone 3 methylation marks H3K9me1,
H3K9me2, and H3K27me1 (D). E: Alignment of the AHL15 native (AHL15_native) and overexpres-
sion (AHL15_0X) ChlP-seq profiles at the TCP16 and EULS3 loci with the averaged ATAC-seq pro-
files of ten day-old p35S:AHL15-GR seedlings that were mock- or DEX treated for 30 minutes, 1
hour or 8 hours and the epigenetic marks shown in B-D.
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5E). At regions where AHL15 peaks are visible, a clear reduction in ATAC peaks
and H2A.Z, and to a lesser extent H2A, H2A.X, H1, H3K9me1, H3K9me2, and
H3K27me1 deposition can be seen. A similar pattern could be observed for all
epigenetic marks except H3K9me1, and to a lesser extent H3K27me3, around
the AHL15 peak near the EULS3 locus, whose expression was unaffected by
DEX treatment (Figure 5E). These patterns are also visible when plotting the
enrichment of epigenetic marks around AHL15 ChlP-seq peaks. This analysis
shows that chromatin accessibility (based on ATAC-seq) is reduced around
the centre of AHL15 ChlP-seq peaks, and this reduction is most clear around
strong AHL15 ChlP-seq peaks that were identified in both the native and
overexpression condition and less pronounced around overexpression-only
AHL15 peaks (Figure 6). H2A, H2A. X, H2A.Z, and H1 deposition is also depleted
most strongly around shared AHL15 peaks (Figure 7), and H3K27me1 and
H3K9me2 are both depleted around AHL15 peaks, but less strongly at shared
AHL15 peaks than at overexpression-only peaks. Finally, H3K9me1 shows a
slight enrichment at shared and semi-shared AHL15 peaks, illustrated by the
peak seen at the EULS3 locus (Figures 5E, 7E). Taken together, these analyses
clearly show that AHL15 binds at regions that are depleted of most epigenetic
marks, which could be explained in different ways. First, it is possible that AHL15
is repelled by the presence of specific marks such as H2A.Z, and therefore binds
only in regions where these marks are absent. Alternatively, it is possible that
AHL15 has a preference for regions with reduced chromatin accessibility, which
would explain the opposing patterns of AHL15 binding and ATAC-seq peaks. A
third possibility is that AHL15 binding results in the removal of the deposition
of epigenetic marks, but the depletion of most histone modifications around
overexpression-specific AHL15 peaks does not support this idea.

AHL15 binds genes at both ends and may be involved in gene looping

AHL15 binds predominantly near the TSS of genes and is also enriched near
the TES (Figure 1'A, B, Figure 5E), indicating that its presence at both ends of
genes may be inherent to its mechanism of transcriptional regulation. Like AHL
proteins, members of the globular H1 domain containing high-mobility group A
(GH1-HMGA) protein family have AT-hook DNA-binding domains that bind the
minor groove of AT-rich DNA and can affect local chromatin structure (Garcia-
Heras et al., 2009; Ozturk et al., 2014; Charbonnel et al., 2018). It was shown that
GH1-HMGA proteins bind at both the 5" and 3’ end of the FLC locus and thereby
disrupt the formation of a gene loop associated with active transcription,
resulting in a reduced transcription of FLC and an accelerated flowering time
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(Zhao et al., 2021). As AHL and GH1-HMGA proteins share the same type of
DNA-binding domain, and because AHL15 peaks also flank genes at both
ends, we compared our AHL15 ChlP-seq data to previously published ChlP-seq
data of GH1-HMGA2/HON5. GH1-HMGAZ2/HONS5 is enriched near the TSS and
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Figure 7: Epigenetic marks are depleted around AHL15 binding sites. A-G: ChlP-seq profiles for
the epigenetic marks H2A (A), H2A.X (B), H2A.Z (C), H3K27me1 (D), H3K9me1 (E), H3K9me2 (F),
and H1 (G) were plotted over three classes of AHL15 ChlP-seq peaks presented in Figure 1C: shared
(identified in native and overexpression conditions, n = 1948), semi-shared (identified in one native
sample and in all overexpression samples, n = 2906), and OX-only (identified in all three overex-
pression samples, n = 4999). Random genomic coordinates with similar size distribution as the
ChIP-seq peaks were used as a negative control (random, n = 15221 regions).
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TES of genes in a similar pattern as AHL15, indicating that both proteins may
bind at the same position (Figure 8A). To test this, we plotted the enrichment
of GH1-HMGAZ2/HON5 ChlP-seq reads over AHL15 peaks, and found that GH1-
HMGAZ2/HONS5 reads are strongly enriched at these positions (Figure 8B). GH1-
HMGAZ2/HON5 binding is strongest at canonical AHL15 binding sites, as it was
most enriched at shared AHL15 peaks and weaker at overexpression-only
peaks. Comparison of AHL15 and GH1-HMGAZ2/HON5 enrichment at specific
loci further confirmed that they bind at the same position: the GH1-HMGAZ2/
HONS55 peak near theTSS of FLC was also present in the AHL15 overexpression
datasets, as well as a weaker peak near the FLCTES (Figure 8C). Similarly,
both GH1-HMGA2/HON5 and AHL15 bind at both ends of the self-looping gene
RCD1, which was also upregulated upon AHL15-GR activation by DEX (Figure
8C). Finally, we compared the AHL15 ChlP-seq data with 1766 previously
identified self-looping genes, and found that AHL15 binding at self-looping
genes is significantly enhanced in overexpression conditions compared to
native conditions (Figure 8D). In addition, at least 91 AHL15-bound self-looping
genes were also upregulated, and 77 AHL15-bound self-looping genes were
downregulated upon DEX treatment (Figure 8E, Supplementary data 6). Taken
together, these comparisons show that like GH1-HMGA proteins, AHL15 is likely
to be involved in regulating gene loop formation and may affect the expression
of its target genes in this way.

Discussion

Overexpression of various AHL genes, and in particular AHL15, has been
shown to induce developmental reprogramming, causing a delay or even
reversal of ageing-related developmental transitions such as vegetative phase
change, the floral transition and leaf senescence (Lim et al., 2007; Street et
al., 2008; Karami et al., 2020; Karami et al., 2021; Rahimi et al., 2022a; this
thesis chapter 4). However, the mechanism causing these developmental
changes remained unclear so far. Here, we mapped the genome-wide DNA
binding sites of AHL15, and show that AHL15 binds throughout the genome at
regions near the TSS and TES and is depleted in gene bodies. Our data show
that when overexpressed, AHL15 is present at many ectopic binding sites,
and also binds more strongly at its native targets. Despite the clear positional
preference of AHL15 for regions upstream of the TSS and downstream of the
TES, we did not identify a convincingly conserved binding motif, as the most
frequently occurring motifs enriched in AHL15-bound regions also show high
occurrence in the genomic background. This suggests that while they show a
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clear preference for AT-rich DNA, AHL15 and likely other AHL proteins as well

do not recognize specific DNA sequences, but are rather recruited to their AT
rich target sites in a different way.
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Our experiments with the DEX-inducible p35S:AHL15-GR line show that
AHL15 overexpression causes strong transcriptional and phenotypic changes,
with a majority of differentially expressed genes being downregulated. About
one third of these differentially expressed genes was also bound by AHL15,
indicating that AHL15 directly regulates the expression of a large number of
genes. However, ATAC-seq in the same conditions showed that the changes in
transcriptome induced by AHL15-GR activation do not coincide with changes
in chromatin accessibility, suggesting that AHL15 regulates transcriptional
activation or repression in an accessibility-independent manner. We also
compared the positions of AHL15 peaks with ATAC-generated accessibility
data, and saw that AHL15 binds regions with relatively low accessibility, just
before the highly accessible region around the TSS. As AHL15-GR activation by
DEX treatment did not cause changes in the ATAC-seq profile within 8 hours, it
is likely that AHL15 binding does not reduce chromatin accessibility itself, but
is rather recruited to regions with reduced accessibility. However, it remains
unclear what attracts AHL15 or other AHL proteins to a specific locus.

We also investigated whether AHL15 peaks overlap with heterochromatin-
associated epigenetic marks such as H1, H3K9me1, and H3K9me2, and
observed a clear pattern in which AHL15 flanked most of these marks. AHL
proteins were initially discovered as components of the nuclear matrix, and
AHL1 was shown to localize at the boundary between heterochromatic regions
and H3K4me-marked regions (Fujimoto et al., 2004). Our data show that AHL15
similarly flanks other epigenetic signatures, as we saw no overlap of AHL15
with any mark except a weak overlap with H3K9me1 deposition. It is likely

Figure 8 (left page): AHL15 binds at the same positions as the GH1-HMGA family protein HON5
and may be involved in gene looping. A: Profile plot of GH1-HMGA2/HON5 ChlIP-seq reads scaled
over Arabidopsis genes showing a similar enrichment pattern as AHL15. B: GH1-HMGA2/HON5
ChlP-seq reads are were plotted over three classes of AHL15 ChlIP-seq peaks presented in Figure
1C shared (identified in native and overexpression conditions, n = 1948), semi-shared (identified in
one native sample and in all overexpression samples, n = 2906), and OX-only (identified in all three
overexpression samples, n = 4999). C: AHL15 and GH1-HMGA2/HONS5 ChlP-seq peaks around the
FLC and RCD1 loci. ChlP-seq and RNA-seq tracks show an average of biological replicates of the
same condition. RNA-seq tracks indicate mapped reads per strand; the FLC gene is located on the
reverse strand (R) and RCD1 is located on the forward (F) strand. D: AHL15 binding to self-looping
genes increases when overexpressed. Percentages of self-looping genes that are not bound by
AHL15, bound by AHL15 and are upregulated upon DEX treatment, bound by AHL15 and downreg-
ulated upon DEX treatment, and bound by AHL15 but not differentially expressed (d.e.) are shown
for each AHL15 ChIP-seq sample. The number of self-looping genes that are bound by AHL15 in-
creases significantly in overexpression samples compared to native samples (X ? test, p < 0.0001).
E: Table showing the number of self-looping genes in each category shown in D.
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that AHL15 preferentially binds to regions devoid of epigenetic marks, but we
cannot exclude the possibility that AHL15 induces removal of some histone
variants or epigenetic modifications, for example that of H2A.Z or H1, which
were both more depleted around shared (native and OX) AHL15 peaks than
around OX-only peaks. Previous studies have shown that overexpression of
different clade A AHLs results in increased H3K9me2 and decreased H3Ac
deposition at the FT and FLC loci (Ng et al., 2009; Yun et al., 2012; Xu et al.,
2013), but these findings are likely to represent indirect effects of enhanced
AHL expression rather than direct effects of AHL binding to the loci that were
investigated. Genome-wide profiling of epigenetic marks in DEX-induced and
non-induced AHL15-GR plants should give conclusive evidence of the effect of
AHL15, and by proxy other AHLs, on the deposition of epigenetic marks.
Interestingly, AHL15 peaks overlap with those of GH1-HMGA2/HONSb, a
protein that was previously shown to interfere with gene loop formation
between the 5" and 3’ ends of the FLClocus, thereby hindering FLCtranscription
(Zhao et al., 2021).The similarity in DNA-binding domains between AHL15 and
GH1-HMGA2/HON5 explains their overlap in DNA binding sites, and suggests
that AHL15 may play a similar role as GH1-HMGA2/HONS5 in regulating loop
formation. HMGA-family proteins contain four AT-hook domains, whereas
clade A AHLs have a single AT-hook domain (Klosterman and Hadwiger, 2002;
Zhao et al., 2014). AHLs are known to form complexes with themselves and
with other AHLs (Zhao et al., 2013), resulting in a complex that contains three
AT-hooks, and this property could be necessary to bind AT-rich DNA with
sufficient strength to affect its 3D confirmation. This could explain the strong
effect of dominant-negative AHL alleles on the phenotype: the absence of
an AT-hook domain in AAT-hook variants likely reduces the affinity for DNA
of the entire AHL complex they are part of, thereby reducing the potential
of entire complexes to bind DNA and modify its architecture. On the other
hand, AHL complexes that incorporate the AG variant can still bind DNA, but
have a reduced ability to recruit interacting proteins that could be required
to alter the chromatin architecture. In both cases, the reduced ability of AHL
complexes to affect DNA structure likely interferes with the proper regulation
of gene expression, explaining the strong phenotypes observed in dominant-
negative mutants (Zhao et al., 2013; Karami et al., 2020; Karami et al., 2021).
In addition, AHL complexes and HMGAs might compete for the same regions
in the DNA and have an effect on gene loop formation via association with
different interaction partners. Although the expression of FLC was not affected
in DEX-treated seedlings, several other self-looping genes were differentially
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expressed upon AHL15-GR activation. It would therefore be interesting to
study whether these previously reported self-loops are altered upon AHL15-GR
activation, whether AHL15 facilitates or disrupts these loops, and whether this
results in altered transcription at these loci.

Previous research has shown that TFs that activate gene expression
preferentially bind to regions near the TSS, whereas repressors are more likely
to bind both near the TSS and near the TES (Franco-Zorrilla et al., 2014). In
line with this, we observed that AHL15 enrichment was enhanced around the
TSS of AHL15-bound upregulated genes, whereas enrichment near the TES
was highest for AHL15-bound downregulated genes. This suggests that strong
association of AHL15 with the TSS of genes relative to the TES enhances their
expression and that a more equal distribution of AHL15 binding near the TSS
and TES represses their expression. However, the effect of AHL15 binding at
these regions on gene loop formation remains unclear.

Finally, our ATAC-seq data shows that AHL15 does not directly affect
chromatin accessibility. This result is surprising, as earlier reports have shown
that overexpression of AHL15 or AHL27 causes visible changes in the intensity
of heterochromatin foci in the nucleus, suggesting a reduced chromatin
compaction (Lim et al., 2007; Karami et al., 2021). It is possible that AHL15
induces chromatin opening on a slower time scale than measured here, but our
finding that AHL15 may act similar to GH1-HMGA2/HONS5 in the 3D organization
of DNA could offer an alternative explanation for this phenomenon. GH1-
HMGA2/HON5 was shown to disrupt chromatin looping on a local scale, but the
authors did not investigate the effect of this protein on the global 3D structure
of the DNA (Zhao et al., 2021). As chromatin architectural modifiers, it is likely
that both GH1-HMGA and AHL proteins can affect chromatin looping on short-
range as well as long-range scales. Here, we have shown that AHL15 binds in
regions depleted in histone modifications and other epigenetic signatures, and
similarly, AHL1 was shown to be present at the boundaries between H3K4me-
marked euchromatin and DAPI-stained heterochromatin foci (Fujimoto et al.,
2004). It is therefore possible that excessive AHL presence alters or disrupts
these boundaries, causing changes in heterochromatin compartmentalization
that result in the disappearance of heterochromatin foci that is observed in AHL
overexpression lines (Lim et al., 2007; Karami et al., 2021).
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Materials & methods

Plant material and growth conditions

The Arabidopsis p35S:AHL15-GRline and ahl15(SALK_040729) loss-of-function
mutant have been described previously (Karami et al., 2020). p35S:3xFLAG-
AHL15 or pAHL15:3xFLAG-AHL15 constructs were cloned into the binary
vector pMDC32 (Karimi et al., 2007) and transformed to Arabidopsis by floral
dip (Clough and Bent, 1998). Overexpression constructs were expressed
in the Col-0 background and pAHL15:3xFLAG-AHL15 was expressed in the
ahl15 loss-of-function mutant background, and only plants homozygous for
the T-DNA insertion were used for experiments. Seeds were sterilized in 2%
sodium hypochlorite for 2 minutes and washed with sterile milliQ water (mQ)
before plating on 2 MS medium and then stratified for three days at 4 °C.
For seedling experiments, plates were placed vertically in a growth chamber
and grown for 10 days in long-day conditions (16h light/8h dark) at 21 °C. For
overexpression ChlP, p35S:3xFLAG-AHL15 seedlings were grown on V2 MS
with 15 mg/L kanamycin for 10 days and then transferred to soil and grown in
a growth chamber at 21 °C with long-day conditions for an additional 21 days
prior to harvesting whole shoots for ChlIP.

ChlP-seq

The ChIP protocol used was adapted from the protocols by Kaufmann et al.
(2010) and Chouaref et al. (2018). For each ChIP, 1 g of shoot tissue from 31
day-old 35S:3xFLAG-AHL15 or 10 day-old pAHL15:3xFLAG-AHL15 plants
was harvested and fixated for 10 minutes on ice and under vacuum in 1%
formaldehyde in ice-cold MC buffer (10 mM sodium phosphate buffer pH 7,
50 mM NaCl, 0.1 M sucrose). The fixation reaction was stopped by saturation
with glycine, and samples were washed in ice-cold MC buffer, dried with tissue
paper, and stored at -80 °C. For nuclei isolation, frozen fixated tissue was
ground to a very fine powder in liquid nitrogen using a mortar and pestle, and
was then resuspended in 15 mL M1 buffer (10 mM sodium phosphate buffer
pH 7, 0.1 M NaCl, 1 M 2-methyl 2,4-pentanediol, 10 mM B-mercaptoethanol) and
gently shaken at 4 °C for 30 minutes. Suspensions were subsequently filtered
through respectively a 100 pM and a 70 yM nylon mesh, both of which were
washed with an additional 5 mL M1 buffer to extract remaining nuclei. The
filtered suspension was then centrifuged for 20 minutes at 1000xg at 4°C, and
pellets were resuspended in 20 mL M2 buffer (10 mM sodium phosphate buffer
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pH 7, 0.1 M NaCl, 1 M 2-methyl 2,4-pentanediol, 10 mM B-mercaptoethanol, 10
mM MgCl,, 0.5% Triton X-100). After 30 minutes of gentle shaking at 4 °C, the
suspension was centrifuged for 10 minutes at 1000xg at 4 °C, the supernatant
was discarded and the pellet was resuspended again in 5 mL M2 buffer. After
10 minutes of gentle shaking followed by 10 minutes centrifugation at 1000xg
at 4 °C, the pellet was resuspended in 1 mL sonication buffer (10 mM sodium
phosphate buffer pH 7, 0.1 M NaCl, 0.5% Sarkosyl, 10 mM EDTA) and aliquoted
to 300 pL in 1.5 mL protein lobind tubes (Eppendorf, Germany). Samples were
then sonicated in a Bioruptor sonicator (Diagenode, Seraing, Belgium) on HIGH
for 5 rounds of 10 cycles of 30 seconds ON /30 seconds OFF to a fragment size
of ~300 bp. After sonication, tubes of the same replicate were pooled and spun
for 10 minutes at 12000xg at 4 °C, and the supernatant was transferred to a new
tube and stored at -20 °C.

For the immunoprecipitation, 50 yg chromatin was used per IP (ca 250 uL
sonicated material), and 3.5 volumes IP buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 5 mM MgCl,, 10 uM ZnSO,, 1%Triton X-100, 0.05% SDS) and 25 uL protein
G dynabeads (ThermoFischer, Lithuania) conjugated to mouse monoclonal
Anti-FLAG M2 antibodies (F1804; Sigma-Aldrich, Darmstadt, Germany) were
added and rotated at 4 °C overnight. After this, beads were washed once in 1
mL of each of the following buffers: IP buffer, high salt buffer (500 mM NacCl,
0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8), LiCl buffer
(10 mM Tris-HCI pH 8, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.25
M LiCl), and twice in TE buffer (10 mM Tris-HCI pH 8, 1 mM EDTA), and then
resuspended in 50 uLTE buffer. Samples were decrosslinked overnight at 65 °C
after adding 450 pL of decrosslinking buffer (50 mMTris-HCI pH 8, 10 mM EDTA
pH 8, 250 mM NaCl, 1 % (w/v) SDS). DNA was cleaned by phenol: chloroform
extraction, ethanol precipitated, and resuspended in milliQ and treated with
RNAse A (ThermoScientific, Vilnius, Lithuania) for 30 minutes at 37 °C, and
then stored at -20 °C until sequencing. ChIP samples were sequenced with the
lllumina Novaseq 6000 at Macrogen (Amsterdam, the Netherlands) with 20
million 150 bp paired-end reads.

RNA-seq

Ten day-old seedlings (Col-0 and p35S:AHL15-GR) were flooded at zeitgeber
time 1 with 35 mL 20 yM DEX in milliQ or with a mock solution with an equivalent
volume of DMSO for 15 minutes, after which the solution was siphoned off. The

plates were returned to the growth chambers and five seedlings per replicate
(n=3) of each condition (p35S5:AHL15-GR + DEX, p35S:AHL15-GR + mock, Col-
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0 + DEX, Col-0 + mock) were harvested (shoot only) after eight hours and
snap-frozen in liquid nitrogen. The frozen plant material was pulverized with a
metal bead in a Tissuelyser (Qiagen, Hilden, Germany) and RNA was isolated
using Trizol© (ThermoFischer, Vilnius, Lithuania) with an additional ethanol
wash step. For sequencing, 3 ug RNA was aliquoted and treated with DNAse-I
(ThermoFischer, Vilnius, Lithuania) for 30 minutes at 37 °C. Library preparation
and sequencing with the lllumina Novaseq 6000 (150 bp paired-end, 10 million
reads) was done at Baseclear (Leiden, the Netherlands).

ATAC-seq

Seedlings were treated with DEX or mock solution as for RNA-seq. For each
replicate, approximately 50 DEX- or mock-treated seedlings were harvested
(shoot only) at 30 minutes, 1 hour, or 8 hours after treatment, dried, and snap-
frozen in liquid nitrogen and stored at -80 °C. Nuclei isolation was done by
chopping frozen seedlings on ice in 2 mL nuclei isolation buffer (INGR) and
subsequent filtering through a 40 yM mesh according to the protocol by Wang
et al. (2021). Nuclei were diluted 5-fold in nuclei isolation buffer and stained
with propidium iodide. 55,000 nuclei were sorted per sample using the S3e
Cell Sorter (Bio-Rad, Hercules, USA) with FSC = 365 and SSC = 299. Nuclei were
subsequently pelleted and Tagmentation and library amplification was done
using the Zymo-seq ATAC library kit (D5458, Zymo Research, Irvine, USA).
Sequencing was done with the Illumina Novaseq 6000 (150 bp paired-end, 20
million reads) at Baseclear (Leiden, the Netherlands).

Bioinformatic analysis

ChlIP-seq, RNA-seq, and ATAC-seq analyses were done with Nextflow using the
NF core ChlP-seq, ATAC-seq, or RNA-seq pipelines (Ewels et al., 2020), and reads
were mapped to the TAIR10 Arabidopsis genome annotation. The threshold for
peak identification by MACS2 in the NF core pipeline was lowered to p <0.05 for
ATAC-seq samples due to a low library complexity in these samples. For ChiP,
reads were annotated in R using the ChIPSeeker package (Yu et al., 2015; Wang
et al., 2022), and differential expression analysis for RNA-seq and differential
accessibility analysis for ATAC-seq was done using the DESeq2 package (Love
et al., 2014). Differentially expressed genes were calculated by comparing
the DEX-treated p35S:AHL15-GR condition with the three control conditions
(p35S:AHL15-GR + mock, Col-0 + mock and Col-0 + DEX), as the difference
between control conditions was sufficiently small to exclude a strong effect
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of DEX on gene expression in Col-0 (Supplementary Figure 5). For ATAC-seq,
mock- and DEX-treated samples at the same time point were compared.

Heatmaps of ChlP-seq reads were generated using deepTools (Ramirez et
al., 2016).To annotate ChlP-seq peaks over genomic features, we used BEDTools
(Quinlan and Hall, 2010) to categorize the TAIR10 genome into non-overlapping
regions of the following categories: promoters (0-3 kb upstream of TSS), TES
(0-1 kb downstream of TES), TES and promoter (regions where promoters and
TES of adjacent genes overlapped), exon, intron, 5° UTR, 3" UTR, and intergenic
(regions that are not covered by any of the other categories). Overlap between
ChIP-seq and RNA-seq datasets was calculated in R, and ChIP-seq peaks shared
between all AHL15 datasets, shared between 4/5 AHL15 datasets, or unique to
the overexpression datasets were identified using R and exported as BED files
for further comparisons. Additionally, the ChlIP peak coordinates of one AHL15
overexpression ChlP-seq dataset were shuffled over the Arabidopsis genome
to generate a set of random peak coordinates as a control. Motif enrichment
analyses and de novo motif finding were done using HOMER2 (Heinz et al.,
2010).

For the analysis of ChlP-seq data of epigenetic marks, raw data of epigenetic
markers in wild type plants generated by Bourguet et al. (2021) was downloaded
from GEO and re-analyzed with the NF core ChIP-seq pipeline. For generating
profile plots of the various epigenetic marks over Arabidopsis genes or the
AHL15 peaks, bigwig files of individual replicates were first normalized to
input using a log2 normalization method and subsequently averaged before
calculation of the count matrices and profile plotting with deepTools.
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Supplementary figures

Supplementary figure 1: Phenotype of
31 day-old p35S:3xFLAG-AHL15 plants right
before harvesting for ChIP. White arrow-
heads mark plants with particularly strong
AHL15-induced delay of development. Plants
were grown in LD (16h light / 8h dark), and
the scale on the bottom of the image is in cm.

Supplementary figure 2 (right page): HOMER de novo motif finding results calculated based
on all AHL15 peaks (shared, semi-shared, and overexpression-only). A:Table of the top 20 enriched
motifs identified by HOMER2 within all AHL15 peaks. B: The number of times each motif (75 in
total) is identified by HOMER?2 in all AHL15 peaks divided by its number over the entire genome
(expressed as %: 100% means the motif is almost only present in AHL15 peaks). C: The frequency
with which each motif identified by HOMER2 occurs in all AHL15 peaks, expressed as the Log2
value of the % of shared AHL15 targets containing the specific motif (occurrence of more than 1%
gives a positive value, 1% gives a value of 0, and less than 1% results in a negative value). Motifs
in figures B and C are arranged by descending target : background value.
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and histone modifications
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Total target sequences = 6522
A Total background sequences = 40000
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Supplementary figure 3: HOMER de novo motif finding results for overexpression-only peaks.
A:Table of the top 8 enriched motifs identified by HOMER2 within the set of overexpression-on-
ly peaks. B: The number of times each motif (61 in total) is identified by HOMER2 in overex-
pression-only AHL15 peaks divided by its number over the entire genome (expressed as %: 100%
means the motif is almost only present in AHL15 peaks). C: The frequency with which each motif
identified by HOMER2 occurs in overexpression-only AHL15 peaks, expressed as the Log2 value of
the % of shared AHL15 targets containing the specific motif (occurrence of more than 1% gives a
positive value, 1% gives a value of 0, and less than 1% results in a negative value). Motifs in figures
B and C are arranged by descending target : background value.
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Supplementary figure 4: HOMER de novo motif finding results for semi-shared peaks. A:Table
of the top 11 enriched motifs identified by HOMER2 within the set of semi-shared peaks. B: The
number of times each motif (57 in total) is identified by HOMER2 in semi-shared AHL15 peaks di-
vided by its number over the entire genome (expressed as %: 100% means the motif is almost only
present in AHL15 peaks). C: The frequency with which each motif identified by HOMER2 occurs in
semi-shared AHL15 peaks, expressed as the Log2 value of the % of shared AHL15 targets contain-
ing the specific motif (occurrence of more than 1% gives a positive value, 1% gives a value of 0,
and less than 1% results in a negative value). Motifs in figures B and C are arranged by descending
target : background value.
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Principle Component Analysis
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Supplementary figure 5: Principle component analysis of RNA-seq datasets. RNA-seq was
performed on RNA isolated from 10 day-old wild-type (Col-0) or p35S:AHL15-GR seedlings that
were drenched in 20 yM DEX or mock solution for 15 minutes, after which the DEX solution
was removed and plants were left to recover. Per replicate (n=3) shoot tissue of five plants was
harvested at 8 hours after drenching for RNA isolation and sequencing.

176



AHL15 modulates gene expression independently of chromatin accessibility
and histone modifications

177



