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SUMMARY

Whole-genome duplication is an evolutionary force that drives speciation in all living kingdoms and is nota-
bly prevalent in plants. The evolutionary history of plants involved at least two genomic duplications that
significantly expanded the plant morphology and physiology spectrum. Many important crops are poly-
ploids, showing valuable features relative to morphological and stress response traits. After genome dupli-
cation, diploidization processes facilitate genomic adjustments to restore disomic inheritance. However,
little is known about the chromatin changes triggered by nuclear DNA content alterations. Here, we report
that synthetically induced genome duplication leads to chromatinization and significant changes in gene
expression, resulting in a transcriptional landscape resembling a natural tetraploid. Interestingly, synthetic
diploidization elicits only minor alterations in transcriptional activity and chromatin accessibility compared
to the more pronounced effects of tetraploidization. We identified epigenetic factors, including specific his-
tone variants, that showed increased expression following genome duplication and decreased expression
after genome reduction. These changes may play a key role in the epigenetic mechanisms underlying the
phenotypic complexity after tetraploidization in plants. Our findings shed light on the mechanisms that
modulate chromatin accessibility remodeling and gene transcription regulation underlying plant genome
adaptation in response to changes in genome size.

Keywords: Arabidopsis thaliana, ATAC-seq, chromatin accessibility, whole genome duplication, whole
genome reduction, RNA-seq, gene transcription regulation.

BACKGROUND inheritance (Li, McKibben, et al., 2021). The diploidization

Since Ohno provoked scientists with his hypothesis about
evolution by gene duplication (Ohno, 1970), the study and
the effect of polyploidization became essential topics of
debate and research in evolutionary biology. Polyploidy,
the condition of having multiple sets of chromosomes, is
widespread among all kingdoms of life (Gallardo et al.,
1999; Osada & Innan, 2008; Parks et al., 2018; Serres
et al., 2009; Wolfe, 2015). Evolutionary studies in eukaryotic
organisms suggest that polyploidization is essential in
shaping phenotypic diversity and intriguingly seems more
common in plants (Sierro et al., 2018; Wu et al., 2019).
Some studies propose that at least two palaeopolyploidiza-
tion events mark the evolution of the plant kingdom
(DePamphilis et al., 2013; Wu et al., 2019). After polyploidi-
zation, re-diploidization starts as an adaptation process
to restore bivalent chromosome pairing and disomic
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process comprehends genetic and epigenetic changes,
including gene loss, gene silencing, gene subfunctionaliza-
tion, and reconfiguration of chromosome architecture (Li,
McKibben, et al., 2021; Wolfe, 2001; Zhang et al., 2021).
Most land plants are paleopolyploids, resulting from a
diploidization process, suggesting that polyploidization
and genome reduction can modulate phenotype plasticity.
Furthermore, the selection of polyploid populations over
their diploid relatives correlates with global climatic cata-
clysms and mass extinctions (Van de Peer et al., 2017),
suggesting that stress responses, in general, are selective
factors in the establishment of polyploid populations, sup-
porting the assumption that synthetic polyploidization can
be helpful for plant domestication and crop breeding
(Salman-Minkov et al., 2016). Indeed, many important
crops are paleopolyploids (Gardiner et al., 2018; Guo
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et al., 1996) or recent polyploids (Cenci et al., 2019; Oustric
et al., 2019; Yuan et al., 2019). Two different classes of
polyploid organisms can emerge from a polyploidization
event: (1) failure in genome reduction at meiosis can pro-
duce unreduced gametes, and the mix of two unreduced
gametes from the same species generates autopolyploid
individuals; and (2) fertilization between unreduced gam-
etes from two different but related species will produce
allopolyploid individuals. In crops, we have examples of
both cases: potato (Spooner et al., 2010), strawberry (Yuan
et al., 2019), and sugar cane (Zhang et al., 2018) are auto-
polyploids, while wheat (Ramirez-Gonzalez et al., 2018),
cotton (Yoo & Wendel, 2014), and canola (Chalhoub
et al., 2014) are allopolyploids.

Despite the importance of whole-genome duplication
(WGD) in plant evolution, the changes in chromatin archi-
tecture and gene expression modifications triggered by
polyploidization still need to be characterized. Analysis
using fluorescent markers indicates that centromeres are
closer to each other in tetraploid cells than in diploids
(Sas-Nowosielska & Bernas, 2016), suggesting genome
heterochromatinization after WGD. Global transcriptional
responses to WGD in Arabidopsis have been proposed to
be tissue- and developmental-stage-dependent (Yu
et al., 2010). The enrichment analysis of Gene Ontology
(GO) categories for differentially expressed genes (DEGs)
in tetraploid leaves, compared to diploid leaves, identified
a significant overrepresentation of biological processes
associated with hormonal signaling, stress response, light
perception, ion transport, cell wall remodeling, and carbo-
hydrate metabolism (Del Pozo & Ramirez-Parra, 2014).
These results indicate that tetraploidy may promote
greater physiological plasticity and metabolic efficiency,
potentially enabling plants to better adapt to varying envi-
ronmental conditions. Studies on Arabidopsis have consis-
tently shown that WGD enhances tolerance to abiotic
stresses such as high salinity and drought, interestingly
associated with increased leaf potassium accumulation
(Chao et al., 2013; Corneillie et al., 2019).

Speciation through diploidization after WGD involves
three different genetic scenarios: loss of functions because
of mutation (pseudogenization) (Chu et al., 2021), acquisi-
tion of new gene functions (neofunctionalization) (Teshima
& Innan, 2008) with almost unaltered homologous loci,
and transcription divergence in gene expression patterns
between homologous loci (subfunctionalization) (Rastogi
& Liberles, 2005). However, the genetic bases and molecu-
lar changes caused by whole genome reduction (WGR) still
need to be better understood.

Here, we describe the consequences of WGD and
WGR on chromatin accessibility and the global transcrip-
tional landscape in Arabidopsis thaliana roots. We found
that synthetic tetraploids acquire chromatin accessibility
and gene expression features similar to those of natural

tetraploids. At the same time, WGR promotes a discrete
molecular response, suggesting that new diploids retain
many features gained after genome doubling. We also
identified 95 transcriptional regulators with enhanced tran-
scription in tetraploids but with pre-existing chromatin
accessibility in diploids that could activate changes in chro-
matin architecture and gene expression in the tetraploid
state. Finally, we discovered 11 overexpressed and six
silenced genes with epigenetic functions, suggesting a
substantial role in establishing chromatin organization
after WGD in Arabidopsis.

RESULTS
WGD promotes heterochromatinization

To characterize the molecular effects after WGD and WGR,
we used the natural diploid Col-0 ecotype (hereafter named
CC), the synthetic tetraploid Col-0 4x (CCCC), generated by
colchicine treatment, the natural autotetraploid ecotype
Wa-1 (WWWW), and the synthetic diploid Wa-1 2x (WW)
obtained by chromosome elimination with a modified his-
tone variant CENH3 (Ravi & Chan, 2010). We confirmed the
ploidy level of our lines using flow cytometry (Figure S1).
As anticipated, the diploid line CC shows peaks at the posi-
tion of 2n, 4n, 8n, and 16n nuclear content, whereas the
synthetic tetraploid line CCCC lacks the 2n peak (indicated
by the black arrow in Figure S1b), as does the natural tetra-
ploid Wa-1. The peak at the 2n position in the derived line
WW (red arrow in Figure S1b) confirms its diploid karyo-
type. Seeds from flow cytometry-verified plants were used
in all subsequent experiments. We compared plant fea-
tures like root architecture in 10-day-old seedlings to deter-
mine whether ploidy impacts plant development. We
found tetraploids had more and longer lateral roots than
diploid plants, independent of the ecotype (Figure S1a).
After 30 days of growth, the root biomass in tetraploid
plants was significantly higher than that of diploids
(Figure S1d). We also confirmed the previously reported
larger flower size phenotype of tetraploid plants
(Figure S1c). These findings suggest that the differences
associated with ploidy levels are mainly attributable to
modifications in gene regulatory processes, which influ-
ence gene transcription and downstream molecular
networks.

Given the importance of the root system in sessile
organisms to nutrition acquisition and the phenotypic
effect after tetraploidization, we selected roots as our tis-
sue of interest. A hydroponic system was used to grow
seedlings and determine chromosome accessibility and
global gene expression (Figure S2a, see “Methods” sec-
tion). We grew seedlings at 20°C in an 18-h light/6-h dark
photoperiod. After 10 days of growth, seedlings were har-
vested, and the entire root system was dissected to isolate
nuclei for ATAC-seq and whole root tissue for RNA-seq
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Figure 1. Genome accessibility after WGD and WGR.
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(a) Upset plot with the number of shared and unique genomic accessible regions; most of the accessible regions detected were shared between genotypes.
(b) Bars plot of the number of peaks distribution per 100 kb by chromosome across genotypes; major changes in the number of peaks were observed after

WGD; however, an incipient change was observed after WGR.

(c) Graphic pays with annotated peaks by genomic region; most of the open chromatin regions were detected at promoter regions.
(d) Genome browser display of accessibility signal (histogram) and peaks (rectangles); green represents CC, violet represents CCCC, orange represents WW, and

red represents WWWW genotype.

(e) Venn diagram of CC, CCCC, WW, and WWWW PAGs. PAG, peak-associated gene; WGD, whole-genome duplication; WGR, whole-genome duplication.

experiments. Nuclei were isolated from two independent
biological replicates to prepare ATAC-seq libraries
(Figure S2a). Due to the low-quality and incomplete
sequence of the Wa-1 genome, we aligned all samples to
the well-curated and high-quality Col-0 reference genome
of Arabidopsis thaliana to ensure accuracy and consistency
in downstream analyses. We achieved an average align-
ment rate of 98.8% to the Col-0 Arabidopsis nuclear
genome, indicating high-quality sequencing data with min-
imal off-target reads. The FRiP (Fragment Reads in Peaks)
scores ranged from 20 to 50%, demonstrating that a sub-
stantial proportion of the sequenced fragments mapped to
accessible chromatin regions, consistent with high-
confidence peak calling. The number of fragment reads
within peaks was high across the different ploidy levels
analyzed. Specifically, we recovered 66 million fragment
reads for the diploid sample (CC), 37.7 million
fragment reads for the tetraploid sample (CCCC), 39.2 mil-
lion fragment reads for the diploid wild-type (WW), and
36.6 million fragment reads for the tetraploid wild-type
(WWWW) (Table S1). These results highlight a robust sig-
nal capture for chromatin accessibility and suggest that the
data are well suited for downstream chromatin structure
and regulatory element activity analyses. An MDS plot of

© 2025 The Author(s).

sequenced libraries showed a clear effect of WGD and
WGR on global chromatin accessibility in Arabidopsis
(Figure S2b). Next, we identified open chromatin regions
(peaks) using MACS2 (Zhang et al., 2008) (see “Methods”
section). We detected 36 871 high-confidence and unique
accessibility regions across all samples (Figure 1a). Among
all peaks detected, 21 508 were found in CC, 16 908 in
CCCC, 22 546 in WW, and 22 356 in WWWW. Among these
chromatin accessibility peaks, 10 439 were exclusive for CC
(28.3% of the total unique peaks), and 5561were common
in all genotypes (15% of the total unique peaks), whereas
1849 were exclusive to WW, 1736 to WWWW, and 825 to
CCCC (Figure 1a; Table 1). Among accessibility peaks, 8622
were shared between CCCC, WWWW, and WW, showing
similarities in chromatin organization level between both
tetraploids i.e., CCCC and WWWW, and the new diploid
WW (Figure 1a; Table 1).

To determine if genomic accessibility has a chromo-
some bias, we examined the number of peaks per 100 kb
in each chromosome. We observed genomic accessibility
differences between chromosomes after tetraploidization
and diploidization (Figure 1b). To better understand the
bias of genomic accessibility across all chromosomes, we
determined the percentage of loss or gain peaks between
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Table 1 Summary of peaks, PAGs, and DEGs resulted from the comparison between four different genotypes CC (Col-0), CCCC (Col-0 new
tetraploid), WW (Wa-1 diploidized), and WWWW (Wa-1 old tetraploid)

Genotype Peaks PAGs Comparison Common PAGs upPAGs downPAGs DEGs upDEGs downDEGs PAGs/DEGs

cc 21508 15626 CCCCvs.CC 8765 1556 227 6937 3555 3382 2330

ccee 16 908 14 658 WWWWyvs. CC 10 416 1856 285 5792 2640 3152 2428

ww 22546 17852 WWvs. WWWW 15 234 1204 52 1015 259 756 503

Wwww 22356 17 394 WWWWyvs. CCCC 12 841 298 525 909 537 372 415
WWvs. CC 10 699 2278 127 4012 2292 1720 1547

DEG, differentially expressed gene; PAG, peak-associated gene.

chromosomes among all the samples. We observe that tet-
raploidization generates the loss of chromatin accessibility
by around 20%, but chromosome 2 shows chromatin
accessibility decreased by around 28%, being the most
affected chromosome after tetraploidization. After diploidi-
zation, we observe a gain in chromatin accessibility
(Figure S3a,b). We also plotted the distribution of peaks
per 100 kb per chromosome to compare chromatin acces-
sibility across all genotypes. We observed that centro-
meres were the genomic regions with lower chromatin
accessibility (Figure S3c,g). These results suggest that
WGD in the synthetic tetraploid (CCCC) resulted in genome
compaction compared to the CC diploid, while WGR pro-
moted increased chromatin accessibility in the synthetic
diploid (WW) concerning the natural tetraploid (WWWW).

Using Chipseeker (Yu et al., 2015) (see “Methods” sec-
tion), we determined the location of each peak relative to
gene annotations. Most open chromatin regions, 66
to 73%, were in promoter regions, 9.8 to 14.5% were in
intergenic regions, and 8.7 to 10.9% were in 3 UTRs
(Figure 1c). Although these results are globally similar
among the different lines tested, there are differences in
the location of the chromatin accessibility peaks between
CC, CCCC, WW, and WWWW. A discrete 987 kb genomic
region from chromosome 3 illustrates the diversity of
genomic regions with different chromatin accessibility,
showing common peaks among the genotypes, exclusive
peaks per genotype, ecotype-dependent peaks, and
ploidy-dependent peaks (Figure 1d).

WGD regulates genomic accessibility in genes related to
stress and uridine metabolism

To examine the effect of a recent synthetic tetraploidization
event on chromatin accessibility, we compared
peak-associated genes (PAGs) between the CC and CCCC
genotypes. We defined PAGs as the genes with the closest
transcriptional start site to an accessible chromatin region.
We detected 8765 PAGs shared between CC and CCCC,
6861 and 5893 exclusives to CC and CCCC (Figure 1e;
Table 1). Gene ontology enrichment analysis of PAGs
shared by CC and CCCC reflect the response to different
stimuli, including responses to chemical and abiotic stimuli

(Table S2; File S1). The 6861 PAGs exclusive to CC, and
thus lost in CCCC, were enriched in the ‘DNA-binding tran-
scription factor activity’ and ‘RNA-DNA hybrid ribonuclease
activity’ categories, among others (Table S3; File S1). The
5893 PAGs exclusive to CCCC, gained after polyploidiza-
tion, were enriched in ‘cellular process,” ‘organic substance
biosynthetic process,” and ‘cellular biosynthetic process’
categories, among others (Table S4; File S1).

We hypothesized that differences between CC and
CCCC involve peaks exclusive to each genotype and com-
mon to both genotypes but with differential chromatin
accessibility. Thus, we used csaw to identify differential
chromatin accessibility regions (DARs) (Barragan-Rosillo
et al.,, 2021; Lun & Smyth, 2015; Reske et al., 2020) (see
“Methods” section). We identified, using Chipseeker (see
“Methods” section), 1556 peak-associated genes with gain
differential chromatin accessibility (upPAGs) and 227
peak-associated genes with reduced differential chromatin
accessibility (downPAGs) in CCCC compared to CC
(Table 1). In agreement with our hypothesis, 1102 (70%) of
all upPAGs are part of the 8765 shared PAGs, but with
higher chromatin accessibility in CCCC. These 1102
upPAGs were enriched in categories such as ‘biological
regulation,” ‘response to stimulus,” ‘developmental pro-
cess,” ‘response to chemical,” ‘response to abiotic stimu-
lus,” ‘regulation of cellular process,’ and ‘regulation of
metabolic process’ (Table S5; File S1). These enrichments
suggest that genome duplication may broadly rewire regu-
latory networks, enhancing the organism’s ability to per-
ceive and respond to environmental cues while
modulating developmental and metabolic pathways. Fur-
ther investigation into the functional roles of these upPAGs
could provide deeper insights into how polyploidy contrib-
utes to increased phenotypic plasticity and adaptive
potential.

Synthetic tetraploidization immediately acquires features
present in a natural tetraploid

To determine the epi-transcriptomic changes caused by
tetraploidization, we compared chromatin accessibility and
gene expression between the synthetic tetraploid CCCC
and the natural tetraploid WWWW with the natural diploid
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CC as a reference. We found 17 394 PAGs in WWWW,
14 658 in CCCC, and 15626 in CC (Figure 1e; Table 1;
File S1). We found 966 PAGs exclusives to CCCC, which
could represent temporary changes in chromatin accessi-
bility during the early stages of a tetraploidization event or
changes in chromatin accessibility that are Col-0 ecotype
specific. We also found 2051 PAGs exclusive to WWWW,
representing changes in chromatin accessibility regions in
a natural tetraploid that could represent long-term adapta-
tions or chromatin accessibility territories specific for the
Wa-1 ecotype. The 4927 PAGs shared by CCCC and
WWWW, absent in CC, are ecotype-independent and could
represent the factual response to tetraploidization
(Figure 1e). The 966 PAGs exclusive to CCCC were enriched
in the ‘triplet codon-amino acid adaptor activity’ and
‘molecular adaptor activity’ categories. The 2051 PAGs
exclusive to the WWWW were only in one enriched cate-
gory, ‘signaling receptor binding’, showing that chromatin
is remodeled after tetraploidization to maintain tight regu-
lation of receptor binding as part of the adaptation pro-
cess. The 4927 PAGs shared by CCCC and WWWW were
enriched in GO categories such as ‘pyrophosphatase activ-
ity,” 'hydrolase activity,” ‘nitrogen compound metabolic
process,” and ‘organonitrogen compound biosynthetic pro-
cess,” among others (Table S7; File S1). Our findings sug-
gest that genome duplication in Arabidopsis leads to
altered chromatin accessibility, particularly in nitrogen and
phosphate metabolism genes. These changes reflect an
adaptive molecular mechanism to balance the acquisition
and utilization of these essential nutrients during develop-
mental processes and metabolic demands.

Since changes in chromatin accessibility are often
associated with transcriptional activation or repression of
nearby genes (Barragan-Rosillo et al., 2021; Tsompana &
Buck, 2014), we explored the differences in transcript abun-
dance in response to alterations in genome ploidy and
their correlation to the variations in chromatin accessibility
regions in CC and CCCC.

Gene expression changes after WGD correlate with open
chromatin regions

To determine the relationship between changes in chroma-
tin accessibility and gene expression between diploids and
tetraploids, we performed a transcriptomic analysis of RNA
extracted from the roots of seedlings grown in the same
conditions as those used for the ATAC-seq analysis. We
used three biological replicates for each genotype
(Table S8). RNA-seq reads from the different libraries were
aligned to the Col-0 genome sequence, counted, normal-
ized, and used to identify DEGs between CC and CCCC.
Using htseq and DESeq2 (FDR < 0.05, log,FC < -1 or >1;
see “Methods” section), we identified 6937 Differential
Expressed Genes (DEGs) in the comparison between CCCC
and CC, of which 3555 had higher transcript levels
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(upDEGs) and 3382 had lower transcript levels (downDEGs)
(Figure 2a; Table 1; File S2). upDEGs in CCCC were
enriched in ‘RNA modification,” ‘response to ATP," ‘cellular
response to DNA damage stimulus,” ‘response to organo-
phosphorus,” ‘DNA repair,” ‘regulation of root morphogen-
esis,’ and ‘chromatin silencing complex’ GO categories,
among others (Table S9; File S1). DownDEGs in CCCC
were enriched in GO categories ‘photosynthesis,” ‘light
reaction,” ‘generation of precursor metabolites and
energy,’ ‘thylakoid,” ‘chloroplast,” ‘plastid thylakoid,” ‘plas-
tid envelope,” and ‘chloroplast thylakoid membrane’ and
‘obsolete  protein-chromophore  linkage’  categories
(Table S10; File S1). To identify the relationship between
open chromatin regions and transcript levels after WGD,
we determined overlaps between DEGs (6937 genes) and
PAGs in CCCC (14 658 genes). We found that 3747 (54%)
DEGs were also represented in the CCCC PAG list
(Figure 2b). To identify the correlation between upDEGs
responsive to a recent synthetic tetraploidization (CCCC
versus CC) with chromatin accessibility gained after tetra-
ploidization in CCCC, we compared the PAGs exclusive to
CCCC with the upDEGs in CCCC. We found that among the
5893 PAGs present in CCCC but absent in CC, 820 were
identified as upDEGs acquired after tetraploidization
(Figure 2c) with GO enrichment categories related to pho-
tosynthesis and plastid organization among others
(File S1). We also determined 597 downDEGs associated
with acquired genome accessibility after tetraploidization
(Figure 2d). GO enrichment analysis shows that genes dif-
ferentially expressed associated with the gain in chromatin
accessibility in CCCC are enriched in categories such as
‘nitrogen compound metabolic process,” ‘nucleic acid met-
abolic process,” ‘RNA metabolic process,” ‘pyrophospha-
tase activity,’ among others (File S1). These results
indicate that following WGD, the global transcriptional
response associated with new open chromatin regions is
primarily associated with upregulating genes related to
nucleic acid and nitrogen metabolic processes. In contrast,
the downregulation of genes in regions with increased
chromatin accessibility after tetraploidization is primarily
linked to photosynthesis.

It should be noted that the response to WGD observed
in CCCC may differ from the transcriptomic landscape of
the adapted natural tetraploid genome WWWW. We com-
pared the natural diploid CC with the natural tetraploid
WWWW to understand how an adaptive process affects
the transcriptomic landscape after WGD. Differential gene
expression between WWWW and CC should also reflect
the effects of tetraploidization independently of the eco-
type. We identified 5792 DEGs (Figure 2e; Table 1), of
which 3813 (65%) were associated with open chromatin
regions (Figure 2f); 2640 were upDEGs and 3152 down-
DEGs (Table 1). To identify upregulated genes (upDEGs)
uniquely associated with chromatin accessibility in
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Figure 2. Transcriptional response to recent and old tetraploidization.

(a) Volcano plot of differentially expressed genes after tetraploidization, CCCC versus CC.

(b) Venn diagram of total DEGs, CC, CCCC PAGs.
(c) Venn diagram of upDEGs and CC, CCCC PAGs.
(d) Venn diagram of downDEGs and CC, CCCC PAGs.

(e) Volcano plot of differentially expressed genes in old tetraploidization, WWWW versus CC.
(f) Venn diagram of DEGs in response to old tetraploidization and WWWW, CC PAGs.

(g) Venn diagram of upDEGs of old tetraploidization and WWWW, CC PAGs.
(h) Venn diagram of downDEGs and WWWW, CC PAGs.

(i) Heat map of z-scores of 3079 stress-responsive Arabidopsis genes; both tetraploids show a similar transcriptional landscape. DEG, differentially expressed

gene; PAG, peak-associated gene.

WWWW, we compared the 2640 upDEGs and 6978 exclu-
sive PAGs in WWWW in contrast to CC. Specifically, we
focused on the 4927 PAGs shared by tetraploids plus the
2051 exclusive PAGs found in the WWWW genotype
(Figure 1e). Through this comparison, we identified 722
upDEGs linked with alterations in chromatin accessibility
that are specific to the WWWW genotype (Figure 2g). The
GO categories enriched in this set of genes were like those
found for the recent tetraploidization, such as ‘nitrogen
compound metabolic process’ and ‘nucleic acid metabolic
process,’ however, we recovered other categories, such as
‘response to stress’ and ‘response to abiotic stimulus’

(File S1), suggesting that after an adaptation process, tetra-
ploidization can promote some responses that make them
more competitive to their parental diploids. We also found
663 downDEGs that correlate with chromatin-accessible
regions exclusive for WWWW (Figure 2h); these genes
were enriched in GO categories ‘secondary metabolic pro-
cess,’ ‘photosynthesis, light harvesting in photosynthesis
1, and ‘response to light stimulus’ reflecting similarities
and differences between synthetic and natural tetraploids
(File S1).

It has been suggested that genes with increased tran-
script levels in Arabidopsis tetraploids are associated with
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stress responses. Therefore, we generated a heat map of
gene expression z-scores from our RNA-seq data, which
included 3079 genes in the Arabidopsis Stress Responsive
Transcription Factor database (Sowdhamini et al., 2009).
The data revealed that both tetraploids exhibited an
increased transcript level of stress-responsive TFs com-
pared to CC (Figure 2i), suggesting that the activation of
stress-responsive genes is ecotype-independent. It occurs
shortly after a WGD event and continues throughout the
long-term stabilization of the polyploidization.

We then recognized the similarities and differences in
gene expression associated with genome accessibility
between synthetic and natural tetraploids. We found 3747
and 3813 DEGs associated with PAGs (DEGPAGs) in CCCC
and WWWW, respectively (Figure 2b,f). We found 2428
DEGPAGs shared by both tetraploids, potentially repre-
senting the ecotype-independent loci affected by tetraploi-
dization. Some of these genes have higher expression in
WWWW than CCCC and vice versa, suggesting that
changes in accessibility and gene expression in tetraploids
are modulated during the stabilization of the WGD event
over time. This indicates that a genomic duplication causes
a wide range of genomic changes, some occurring early
after the WGD event, which become exacerbated or attenu-
ated over time. A GO categories enrichment analysis of the
2428 DEGPAGSs shared by the two tetraploids showed that
the transcriptional response associated with changes in
chromatin accessibility correlated with WGD includes
response to abiotic stimulus, metabolic processes, and
photosynthesis categories (Table S11; File S1).

WGR maintains the transcriptional profile of tetraploids

Our results showed that tetraploidization activates changes
in chromatin accessibility and gene expression, but can the
reverse process occur during the diploidization of a tetra-
ploid? To examine the effect of a recent synthetic diploidi-
zation of a natural tetraploid, we compared the analyzed
peaks of open chromatin in WWWW and WW and their
correlation with changes in gene expression. We found
that the majority of PAGs were shared by the two geno-
types (15 234 out of over 17 000 PAGs for each genotype)
(Table 1), 2160 were WWWW-specific, representing regions
of open chromatin that were lost during the WGR process,
and 2618 PAGs were only present in WW that represent
open chromatin regions gained during the diploidization
process (Figure 1e). WWWW exclusive PAGs were
enriched in only two GO categories ‘catalytic activity on
DNA,” and “exonuclease activity” (Table S12; File S1).
Intriguingly, no enriched GO categories could be found for
the 2618 PAGS exclusive to WW. To better understand the
effect of WGR at the gene expression level, we performed
an RNA-seq assay on the new diploid WW and compared
it to the WWWW transcriptome. We found 1015 DEGs, 503
shared by both genotypes, 95 exclusives to WW, and 66

© 2025 The Author(s).
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exclusives to WWWW (Figure 3a,b; Table 1); from those,
259 were upDEGs and 756 downDEGs in the WW versus
WWWW comparison (Figure 3a-c; Table 1; File S2). The list
of upDEGs was enriched in categories such as ‘xyloglucan:
xyloglucosyl transferase activity,” ‘O-methyltransferase
activity,” ‘transmembrane transporter activity,” ‘secondary
metabolic process,” ‘phenylpropanoid biosynthesis,” and
‘Glucosinolate biosynthesis (from aromatic amino acid)’
(Table S13; File S1). DownDEGs were enriched categories
such as ‘photosynthesis,” ‘metabolic pathway,” ‘Carbon fix-
ation,” ‘carbon metabolism,” and ‘pentose phosphate path-
way’ and several others correlated to responses to
different types of stresses (Table S14; File S1). To deter-
mine the role of genome accessibility in differential gene
expression after genome reduction, we compared PAGs
with upDEGs and downDEGs. We found that 159 out of
259 upDEGs in WW were linked to at least one
chromatin-accessible region (Figure 3c), and 439 of 756
downDEGs were also associated with an open chromatin
zone in WW (Figure 3d). Since DNA metabolism and stress
categories were enriched during the tetraploidization
event, the categories enriched in the WW comparison sug-
gest that the WGR process only partially loses the features
acquired after WGD.

We performed a comparative analysis to identify
genes whose expression correlates positively with genome
size — upregulated following tetraploidization and downre-
gulated after diploidization. Specifically, we intersected the
upregulated differentially expressed genes (upDEGs) iden-
tified after WGD (WWWW versus CC) with the downregu-
lated differentially expressed genes (downDEGs) observed
after whole-genome reduction (WGR, WW versus
WWWW). This approach highlights candidate genes whose
expression levels are directly associated with genomic
alterations and polyploidization. We found 90 genes that
were upregulated in WWWW and downregulated in WW
(Figure 3e). Six GO categories were enriched for this set of
genes, all relative to “nitrile” (Table S15; File S1). A heat
map of zscores showed that the expression of these 90
genes increases in both tetraploids WWWW and CCCC
(Figure 3f). To better visualize the magnitude of the
changes in gene expression, we generated a heat map of
the log, fold change of these 90 genes. We observed a
similar pattern; an incipient activation of these 90 genes
was observed after recent tetraploidization, and a clearer
activation was observed in old tetraploids compared to the
response to diploidization (Figure 3g). A raincloud plot
(half violin, boxplot, and scatter plot) reflects graphically
how those genes respond depending on genome ploidy
(Figure 3h). We found that 66 out of the 90 genes (File S1)
were associated with open chromatin regions.

To get a general view of the transcriptional profile, we
generated zscore heat maps of DEGs specific to each tetra-
ploid comparison: 2928 for recent tetraploidization
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Figure 3. Genomic response to diploidization.

(a) Volcano plot of differentially expressed genes in response to diploidization.
(b) Venn diagram between total DEGs and WWWW, WW PAGs.

(c) Venn diagram between upDEGs and WWWW, WW PAGs.

(d) Venn diagram between downDEGs and WWWW, WW PAGs.

—
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(e) Venn diagram of downDEGs responsive to diploidization and upDEGs responsive to old tetraploidization.

(f) Heat map of z-scores of 90 genes overlapped, showing similarities between diploid and tetraploid lines.

(g) Heat map of change index of 90 overlapped genes in (f), showing that new tetraploidization acquires some of the tetraploid transcriptomic features.

(h) Raincloud plot of 90 overlapped z-scores of genes in (f) of all genotypes, showing graphically the transcriptional dynamics relative to changes in genome
size. The Raincloud plot includes half of the violin plot, box plot, point events, and the median value union between our four genotypes with the red line. DEG,

differentially expressed gene; PAG, peak-associated gene.

response, 1783 for an old tetraploidization, and one for
4009 DEGs shared in response to tetraploidization
(Figure 4a,c). The heat maps of the shared DEGs showed
that (i) the transcriptional profile of CCCC is more like
those of WWWW and WW than CC, and (ii) the WW profile
is more like WWWW than CC (Figure 4c). The relationship
between differentially expressed transcription factors and
their post-tetraploidization role requires further under-
standing, as it is already well established that genomic
accessibility is closely associated with DNA-binding sites
for transcription factors (Sijacic et al., 2018).

The phenomenological effects of WGD correlate with the
expression level of specific TFs

We hypothesized that transcription factors and the epige-
netic system regulate the transcriptional response to syn-
thetic tetraploidization (CCCC versus CC). To test this
hypothesis, we employed a two-step approach. First, we
used the DIANE algorithm (Cassan et al., 2021) to cluster
DEGs responsive to tetraploidization. We identified nine
clusters based on their transcriptional profiles. Cluster 1,
consisting of 242 genes, exhibited high expression levels

in CC but low in CCCC, WW, and WWWW; the enriched
GO terms for cluster 1 were related to photosynthesis
(Figure b5a; File S3). Cluster 2, containing 743 genes, had
high expression levels in CC but low expression in the
other genotypes with no enriched GO category relative to.
Cluster 3, comprising 419 genes with higher expression in
CC and low in CCCC, WW and WWWW; this cluster was
enriched in categories related to photosynthesis and plas-
tid organization GO (Figure 5a; File S3). Cluster 4, with 570
genes, showed low expression in CC, higher expression in
CCCC, and low expression in WW and WWWW but higher
than in CC; this cluster was enriched in such as ‘Ribosome
biogenesis’ and ‘Ribosome assembly’ GO categories
(Figure 5a; File S3). Clusters 5 and 6 included 564 and 2789
genes, respectively, exhibiting low expression in CC and
higher in CCCC, WW, and WWWW. Cluster 5 did not
exhibit any enrichment in a specific category, whereas
cluster 6 was enriched in ‘DNA repair’ and ‘Cellular
response to DNA damage’ (Figure 5a; File S3). Cluster 7,
containing 496 genes, had high expression in CC, low in
CCCC and WW, and high in WWWW, and was enriched
in GO categories relatives to light intensity response and
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(b) Heat map of z-scores of 2928, acquired at the WGD event but lost over time; the transcriptional landscape shows similarities between CCCC, WWWW, and

WW.

(c) The Heat map of 4009 zscores represents the responsive DEGs acquired at the WGD event and is still present after the adaptation process in WWWW, show-

ing similarities at the transcriptional level between CCCC, WWWW, and WW.

(d) The Heat map of 1783 DEGs acquired after the adaptation response is ecotype-dependent. DEG, differentially expressed gene; WGD, whole-genome duplica-

tion; WGR, whole-genome duplication.

starch biosynthetic processes (Figure 5a; File S3). Cluster 8
showed high expression in CC and low in CCCC, WW, and
WWWW, but slightly higher in WW, similar to cluster 2;
cluster 8 did not exhibit any enrichment category. Lastly,
cluster 9, with 462 genes, showed high expression levels in
CC, but low expression, although not zero, in the other
genotypes. These genes were enriched in categories
related to cell wall modification and water transport
among different categories (Figure 5a; File S3).

To recognize the TFs that might initiate and regulate
the transcriptional and chromatin architecture changes after
tetraploidization (i.e., CCCC versus CC), we use the set of
1717 genes from the PlantTFDB platform. We select those
with higher expression in CCCC than CC but associated with
pre-existing genome accessibility in CC (Figure 5b). In other
words, TFs that increase expression levels during tetraploi-
dization but do not require changes in chromatin accessibil-
ity to increase their expression and that could activate the
expression of genes necessary for chromatin remodeling or
for recruiting the chromatin remodeling machinery to alter
chromatin architecture and gene expression after the WGD
event. We identified 95 TFs with higher transcript levels in
CCCC than CC but with similar chromatin accessibility in

© 2025 The Author(s).

both genotypes (upDEGPAGTFs) (Figure 5c¢). Then, we built
a transcriptional regulatory network comprising 15 distinct
modules, including 894 genes and 19 regulators (Figure 5d;
File S4). To better understand the regulatory effect of these
95 upDEGPAGTFs, we delve into the major modules that
shape the gene regulatory network (Figure 5d). The first
module consists of two nodes. Node 1 is a super node con-
taining 12 different transcription factors, including BASIC
PENTACYSTEINE 6, MYB DOMAIN PROTEIN 112, TCP
DOMAIN PROTEIN 10, HEAT SHOCK TRANSCRIPTION FAC-
TOR A3, PHYTOCLOCK 1, AT2G41710, WRKY
DNA-BINDING PROTEIN 23, HEAT SHOCK TRANSCRIPTION
FACTOR B2A, EIN2 NUCLEAR ASSOCIATED PROTEIN 1,
HOMEOBOX PROTEIN 16, WUSCHEL RELATED HOMEO-
BOX 13, and CONSTANS-LIKE 9, potentially regulating 77
genes (File S4). The second node is represented by
AT5G25475, an AP2/B3-like transcription factor that regu-
lates 37 genes (File S4). The second module is enriched
with two terms, ‘response to heat’ and ‘protein folding,’
and comprises two primary nodes. The first node is a super
node that includes 11 different gene regulators, including
PEACOCK 1, MYB DOMAIN PROTEIN 56, WRKY
DNA-BINDING  PROTEIN 51, AT5G05790, BASIC
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(a) Clusters of normalized expression profiles. Nine different profiles were obtained using the Diane algorithm.

(b) Venn diagram included upDEGs in recent tetraploidization, upDEGs in ancient tetraploidization, and Arabidopsis transcription factors.

(c) Venn diagram included upDEG TFs in recent tetraploidization, CCCC PAGs, and CC PAGs.

(d) Transcriptional network of 95 upDEG PAG TFs responsive to recent tetraploidization. DEG, differentially expressed gene; PAG, peak-associated gene; TF, tran-

scription factor.

LEUCINE-ZIPPER 8, ABERRANT TESTA  SHAPE,
GATA17-LIKE, CYTOKININ RESPONSE FACTOR 2, CYTOKI-
NIN RESPONSE FACTOR 10, ASYMMETRIC LEAVES 2-LIKE
16, and TRNA METHYLTRANSFERASE 2B that target 153
genes (File S4). The second node is represented by JASMO-
NATE ASSOCIATED MYC2 LIKE 3 and NAC DOMAIN CON-
TAINING PROTEIN 17, which target 127 genes (File S4).

Module three consists of three distinct nodes that reg-
ulate specific sets of genes. The first node is composed of
five gene regulators, BIG PETAL P, KNOTTED-LIKE
HOMEOBOX OF ARABIDOPSIS THALIANA 7, OCS-
ELEMENT BINDING FACTOR 5, ARABIDOPSIS 6B-
INTERACTING PROTEIN 1-LIKE 2, and ATSTKL1, that target
and regulate 35 genes (File S4). The second node com-
prises GATA TRANSCRIPTION FACTOR 24 and regulates
27 genes (File S4). In contrast, the third node consists of
three genes, AT3G24490, AT2G20280, and NUCLEAR
FACTOR Y, that regulate 36 genes (File S4). Despite the
association of several transcription factors with the
tetraploid-relative phenotype, their precise relationship in
modulating the epigenetic response following genome
doubling remains unclear.

The epigenetic system is an important player after WGD

Ploidy alterations, such as transitions between diploidy
and polyploidy, introduce profound changes to cellular
and molecular processes, driving plants’ developmental
innovation and environmental adaptability. Arabidopsis
thaliana, a model plant organism, offers an ideal system
for unraveling the intricate molecular interactions that
underpin these responses. Using the epigenetic factors
mentioned above as nodes, we infer two different subnet-
works using a previously established Arabidopsis root
transcriptional regulatory network (Montes et al., 2014).
Figure 6 highlights the cascading effects of ploidy changes
on gene regulatory networks, revealing broad transcrip-
tional reprogramming (Figure 6a) and pinpointing specific
epigenetic mechanisms mediated principally by histone
variants (Figure 6b). In Figure 6(a), we see an abstract of an
extensive transcriptional network; in the center of this intri-
cate network are important regulators, such as VRN2
(REDUCED VERNALIZATION RESPONSE 2), DET1 (DE-
ETIOLATED 1), CHR9 (CHROMATIN REMODELING 9), EMF2
(EMBRYONIC FLOWER 2), JMJ14 (JUMONJI 14), FRG5
(RING-HELICASE LIKE 5), AGO2 (ARGONAUTE 2), and
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(b)

(b) Subnetwork with six silenced histone variants found after WGD. WGD, whole-genome duplication.

HDA9 (HISTONE DEACETYLASE 9), which serve as pivotal
hubs, influencing the expression of multiple downstream
genes. The edges connecting these nodes vary in nature,
with green edges showing reported physical interactions.
These visual captures connect biological processes
affected by ploidy changes, including gene silencing, chro-
matin remodeling, and transcriptional regulation. Central
hubs in the network, composed of key transcription factors
and chromatin regulators, likely coordinate large-scale
gene expression changes driven by gene dosage variations
and altered genomic architecture inherent to polyploidy.
Each cluster within the global network appears to repre-
sent a distinct regulatory module (Table S16). For example,
the network in Figure 6(a) contains eight nodes, repre-
sented by VRN2, DET1, CHR9, FRG5, AGO2, EMF2, HDA9,
and JMJ14. This intricate network shows the interaction
of VRNZ2, which plays an important role in regulating flow-
ering by vernalization and cold response, is a nuclear-
localizing zinc finger protein important in the Polycomb
Repressive Complex 2 (PRC2) (de Lucas et al., 2016; Diallo
et al., 2010) with NFXL2, BMY4, and MDR1, involved in salt
response (Lisso et al., 2006), growth regulation (Reinhold
et al., 2011) and auxin transport (Liu et al., 2022) respec-
tively. The DET1 node interacts principally with WRKY16, a
transcription factor reported as an important gene to trig-
ger immunity in Arabidopsis (Birkenbihl et al., 2018), LD
(LUMINIDEPENDENS), important to the positive regulation
of flowering (Qi et al., 2022) and PERK10 (PROLINE-RICH
EXTENSIN-LIKE RECEPTOR KINASE 10), relative to signal-
ing and negative regulation of root growth (Humphrey
et al., 2015). CHR9, a SWI2 chromatin remodeler gene fam-
ily (Shaked et al., 2006; Yang et al., 2018) interacts with
multiple proteins, including RHC1, involved in the
response to drought stress (Cho et al., 2022). The cluster in
the bottom left is dominated by EMF2 (EMBRYONIC
FLOWER 2), a Polycomb group protein involved in

© 2025 The Author(s).

chromatin-based repression; EMF2 is a critical component
of the PRC2, which regulates gene expression by deposit-
ing the repressive histone mark H3K27me3 (del Olmo
et al., 2016; Xiao et al., 2017). In the context of ploidy
changes, EMF2 probably acts to restrict the expression of
developmental genes that could otherwise disrupt proper
organogenesis and flowering (de Lucas et al., 2016; Gu
et al., 2014; He et al., 2012), maintaining a balance between
repression and activation of key developmental pathways
(Zhu et al., 2024) JAZ12 (JASMONATE-ZIM-DOMAIN PRO-
TEIN 12), involved in the jasmonate pathway and respon-
sive to biotic stress (de Torres et al., 2016), IAA18 (INDOLE-
3-ACETIC ACID INDUCIBLE 18), important to regulate the
pattern of root organogenesis (Bustillo-Avendano et al.,
2018) APTX (APRATAXIN-LIKE), involved in modulating
axillary meristem formation (Yang et al., 2012), are the
most important interactors of EMF2 (Wen et al., 2008).
JMJ14 dominates another cluster, emphasizing its role in
histone demethylation (Wang et al., 2023); its principal
interactors (Huang et al., 2017) LD and AT2G47500 are
involved in flowering and cell cycle regulation respectively
(Qi et al., 2022; Vanstraelen et al., 2006). Another cluster is
controlled by FRG5, an SNF2 chromatin remodeler
required for DNA methylation (Groth et al., 2014); their
functionally principal related gene is NLP7 (NIN LIKE PRO-
TEIN 7), involved in the nitrogen sensing and transport
pathway (Shanks et al., 2024; Zhang et al., 2024). Another
key regulator visible in the network is AGO2 (ARGONAUTE
2), a core component of the RNA-induced silencing com-
plex (RISC) that fine-tunes gene expression during stress
responses and developmental transitions (Allen et al.,
2005; Liu et al., 2023; Ma et al., 2015; Stroud et al., 2013;
Zhang et al., 2014); at the edges connecting this node are
genes like (Gaudinier et al., 2018) NAC053, responsive to
drought stress and important for the regulation of reactive
oxygen species generation (Lee & Park, 2012), and JMJ17
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(JUMONJI DOMAIN-CONTAINING PROTEIN 17), important
to trigger H3K4 demethylation and promote dehydration
stress response (Huang et al., 2019). In the context of
ploidy changes, AGO2 may modulate the expression
of genes related to genome stability, a common conse-
quence of WGD (Comai, 2005). Finally, the HDA9 node,
around a gene encoding a chromatin remodeler regulating
the response to drought stress (Baek et al., 2020), is associ-
ated with HAM1 (HISTONE ACETYLTRANSFERASE OF THE
MYST FAMILY 1), an acetyltransferase gene related to tran-
scription regulation and plant development (Wu et al.,
2023) GDS1(GROWTH, DEVELOPMENT AND SPLICING 1),
an important molecular player induced by nitrogen starva-
tion (Fan et al., 2023) and SDG7 (HISTONE-LYSINE N-
METHYLTRANSFERASE ASHH3), a methyltransferase
involved in the vernalization response (Lee et al., 2015).
Together, the global network paints a picture of a highly
coordinated system where epigenetic mechanisms regu-
late fine-tuned gene expression in response to changes in
genome content.

In contrast, Figure 6(b) dives deeper, focusing on a
smaller subnetwork anchored by histone variants HTAS,
HTA6, HTA13, and HTA2. The genes encoding these vari-
ants, marked by magenta squares, emerge as key players
in a tightly interconnected regulatory framework
(Table S17). This subnetwork reveals how histone dynam-
ics influence transcriptional regulation by interacting with
specific TFs and their downstream targets. Central nodes
such as HTAZ and HTA13, which encode histone H2A vari-
ants, reflect the critical role of chromatin remodeling in
responding to ploidy changes (Allfrey et al., 1964; Jamge
et al., 2023). Histone variants influence nucleosome struc-
ture and DNA accessibility, thereby controlling which
genes are activated or silenced (Pratx et al., 2023; Yelagan-
dula et al., 2014; Zilberman et al., 2008). These histone vari-
ants likely interact with transcription factors (TFs) such as
WRKY25, TMO7 (TARGET OF MONOPTEROS 7), and
GATA15 (GATA TRANSCRIPTION FACTOR 15). In tetraploi-
dization, WRKY25 appears critical in mediating responses
to abiotic stresses, including dehydration and salt stress,
particularly in roots. This role may extend to stress mem-
ory mechanisms, enabling tetraploid plants to survive in
hostile conditions (Deolu-Ajayi et al., 2019; Ding et al.,
2013); TMO7, on the other hand, is potentially involved in
root-specific signaling pathways, where it regulates sec-
ondary root initiation. This function could be crucial for
enhancing nutrient acquisition efficiency in tetraploid
plants, which require more robust root systems to sustain
their increased genome size and metabolic demands (Lu
et al., 2018; Schlereth et al., 2010). GATA15, a zinc finger
transcription factor, has been implicated in nitrogen
metabolism; GATA15 may act as a key regulator of nitro-
gen acquisition in tetraploids, contributing to improved
nutrient assimilation. Additionally, it might influence

circadian rhythms, thereby modulating early flowering, a
trait often observed following tetraploidization (Manfield
et al., 2007; Peng et al., 2007).

DISCUSSION

In polyploid organisms, additional copies of all genes
increase functional redundancy, providing a genetic buffer
to compensate for loss-of-function mutations and provid-
ing great flexibility for neo-and sub-functionalization of
genes to drive adaptation and speciation through evolu-
tion. Additional loci can also interact, leading to complex
phenotypic variations (Comai, 2005; Flagel & Wendel, 2010;
Ohno, 1970; Osborn et al., 2003), but due to increased
genetic complexity, polyploidization enables the organism
to recognize and respond to a broader range of stimuli.
However, tetraploidization can also hamper the ability of
regulatory elements to bind to their target genes, leading
to changes in gene expression and contributing to genome
instability and genetic disorders (Bailey et al., 2002).
Increasing evidence suggests that epigenetic processes,
such as changes in DNA methylation patterns, play critical
roles after genome ploidy changes (Alexandre et al., 2018;
Comai, 2005; Jordan et al., 2020; Osborn et al., 2003; Wang
et al., 2021; Wendel, 2000; Yen et al., 2017). We used whole
root tissue to identify genome-wide chromatin accessibility
differences between diploid and tetraploid Arabidopsis
accessions. This approach will likely mainly reveal chroma-
tin accessibility regions common to the different root cell
types or regions of chromatin accessibility that drastically
differ between the same cell type of two distinct geno-
types. Single-cell approaches will be necessary to deter-
mine if ploidy levels cause cell type-specific changes in
chromatin accessibility. It is possible that artificial tetraploi-
dization can cause stochastic changes in chromatin acces-
sibility that are not correlated with ploidy levels. However,
two lines of evidence suggest that these changes are at
least not all stochastic: (i) It has been reported that
colchicine-induced tetraploidization often leads to highly
stable phenotypes (Fischer et al.,, 2022; Parra-Nunez
et al., 2024) Our results revealed a high percentage of chro-
matin accessibility peaks present in both synthetic and nat-
ural tetraploids that are absent in a natural diploids,
suggesting that both phenotypic and epigenetic changes
are not stochastic; and (ii) the similarities between our data
and previously reported data (Fischer et al.,, 2022). We
compared published root transcriptomic data from
colchicine-induced tetraploids of Arabidopsis Col-0 plants
with our transcriptomic data. As expected, a heatmap of
gene counts from the three published tetraploid samples,
our three tetraploids, and one of our diploids demon-
strated high similarity among tetraploid samples
(Figure S4a). Following data normalization (Figure S4b),
principal component analysis (PCA) further revealed signif-
icant differences between diploid and tetraploid
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transcriptomic profiles (Figure S4c), supporting the reliabil-
ity of our data. This finding further supports the use of a
hydroponic system for growing the plants in this study, as
the high similarity between our data and that reported by
Fischer et al. — obtained using plants grown on agar media
- indicates that hydroponic growth conditions can reliably
reproduce comparable physiological and molecular
responses. This consistency validates hydroponic systems
as a robust alternative for experimental strategies,
enabling controlled nutrient delivery and environmental
conditions while maintaining data reproducibility across
different growth substrates. This study showed that chro-
matin accessibility is an important component of the geno-
mic response to WGD. In agreement with the notion that
chromatin accessibility should decrease after WGD due to
the reduced nuclear volume and closer proximity of centro-
meres in tetraploid cells compared to diploid cells (Corneil-
lie et al., 2019; Sas-Nowosielska & Bernas, 2016; Tsukaya,
2013), we observed a loss of genomic accessible regions in
a synthetic tetraploid CCCC and a gain of chromatin acces-
sibility after WGR in WW compared to the natural
tetraploid WWWW.

This work is based on the overlapped analysis of the
large databases to decipher open chromatin regions and
gene transcription associations; a hypergeometric test was
performed to any comparison using Venn diagrams to
determine the significance of every contrast (Table S18).
We identified 24 364 unique PAGs across all genotypes, of
which 31% (7611) were ploidy and genotype-independent
(Figure 1e). These conserved PAGs were enriched in
response categories, such as ‘response to stimulus and
‘response to chemical,” response to stress,” and ‘response
to abiotic stimulus’ among others (File S1). This aligns well
with a previous report showing that genes exhibiting high
genomic accessibility were primarily associated with stress
responses (Monroe et al., 2022). We found that only 14% in
CC, 1.8% in CCCC, 3.3% in WWWW, and 3.2% in WW of
PAGs were line-specific (Figure 1e), suggesting a minor
ecotype-specific effect on chromatin accessibility after syn-
thetic tetraploidization and diploidization. We also found
4927 PAGs shared by the CCCC and WWWW that are
absent in CC and represent the loci that gained chromatin
accessibility in the tetraploid state (Figure 1e), of which
2040 had changes in gene expression.

Previous reports have indicated a lack of significant
correlation between chromatin accessibility and gene
expression (Kiani et al., 2022; Tsompana & Buck, 2014). In
this study, we found that over 50% of the DEGs in tetra-
ploids compared to diploids were associated with an open
chromatin region (Figure 2c,g), highlighting the critical role
of chromatin architecture in regulating gene expression
following WGD and WGR (Figures 2 and 3). Additionally, it
has been reported that alteration in gene expression in
Arabidopsis occurring after WGD could be tissue or
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cell-type-specific (Del Pozo & Ramirez-Parra, 2014). Our
study shows clear resemblances in gene ontology (GO)
enrichment categories between our root data and that pre-
viously published for leaves. We detected GO enrichment
categories in the DEGs of CCCC and WWWW roots that
exhibited similarities to salt and drought stress response
genes previously reported in the literature for shoots of
Arabidopsis tetraploids (Del Pozo & Ramirez-Parra, 2014).
We also identified 1809 upDEGs shared by both tetraploids
that are conserved between a synthetic and a natural poly-
ploids (Figure S5). The enriched categories observed in
these DEGs included ‘nitrogen compound metabolic pro-
cess,’” ‘nucleic acid metabolic process,’ ‘inositol phosphate
metabolism,” ‘phosphate metabolic process,” ‘response to
stress,” ‘chromatin organization,” and ‘chromatin remodel-
ing" (Table S19), reflecting that chromatin organization
among nitrogen and phosphate metabolism-related genes
are important adaptive traits gained in tetraploids follow-
ing WGD. Our results indicate that Arabidopsis chromatin
remodeling and changes in gene expression associated
with a WGD event are established soon after tetraploidiza-
tion, stably maintained over time, and retained after syn-
thetic diploidization. Following this idea, the relation of
transcriptomic libraries of CC, CCCC, WWWW, and WW in
a PCA plot suggests that the transcriptional changes that
appear after WGD in C are maintained in WWWW and still
largely present in WW (Figure S6). Moreover, of the 17 394
PAGs detected in WWWW, 15234 are conserved in WW,
suggesting that open chromatin associated with changes
in gene expression in the tetraploid are largely maintained
after genome reduction. At the experimental level, it is
important to determine the relation between PAGs and
DEGs to help decipher the regulatory networks involved in
intergenic long-distance regulation in open chromatin
regions. Our results show that the alterations in gene
expression activated upon WGD are not, at least not rap-
idly, reverted after diploidization.

We also found 66 genes positively correlated with the
ploidy level, i.e., increased expression in tetraploids and
decreased expression in diploids. These 66 genes include
GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR 2,
involved in carbon exchange across the chloroplast enve-
lope (Weise et al., 2019), which has been reported to pro-
mote higher rates of photosynthesis (Dyson et al., 2015),
NITRILASE 1, an enzyme involved in nitrogen metabolism
and a positive regulator of flowering (Yang et al., 2022),
NITRATE TRANSPORTER 1.5, involved in nitrate transport
(Watanabe et al., 2020) and potassium homeostasis via
the ethylene pathway (Chen et al.,, 2021), NITRATE
TRANSPORTER 1.7, a nitrate transmembrane transport
responsible for nitrate remobilization, ALDEHYDE DEHY-
DROGENASE 7B4, a gene responsive to abscisic acid, des-
iccation, and salt stress (Huang et al.,, 2018; Zhao
et al., 2017), and WALL-ASSOCIATED KINASE 2, a cell
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wall-associated kinase involved in cell expansion and salt
stress responses (Kohorn et al., 2014; Renault et al., 2013).
The higher expression of these genes in tetraploids
could explain, at least in part, some of the phenotypes
described in tetraploids, including larger cells, increased
salt-drought tolerance, and increased potassium leaf
content.

After clustering the transcriptomic response to tetra-
ploidization, we determined nine clusters with different
transcriptional profiles (Figure 5) to infer a functional net-
work based on 95 upDEGPAGTFs in CCCC, with pre-
existing chromatin accessibility in CC. We identified 15
modules within this network, each with a varying number
of nodes (TFs). The analysis of these 15 modules suggests
that a limited number of TFs could orchestrate changes in
chromatin accessibility during tetraploidization and directly
or indirectly influence the observed phenotype, including
stress response, regulation of flowering time, cell size,
DNA repair, nutrient deficiency, and regulation of plant
hormone signaling. However, the question of whether
overexpressing a few TFs can activate the epigenetic sys-
tem to establish the tetraploid phenotype remains to be
tested. Nevertheless, we found clusters 6 and 9 particularly
intriguing as they encompassed most genes encoding epi-
genetic factors whose expression is altered by genome
doubling. Using these epigenetic factors as nodes, we infer
two different subnetworks using a previously established
Arabidopsis root transcriptional regulatory network
(Montes et al., 2014) (Figure 6a,b). We identified seven
modules with 31 transcription factors (Table S17) as princi-
pal neighbors of the epigenetic players with higher expres-
sion in tetraploids. This suggests their role as primary
orchestrators of the transcriptional changes activated dur-
ing tetraploidization. These transcription factors participate
in biological processes related to the tetraploid-acquired
phenotype, such as NFXL2, NTL4, and JMJ14 involved in
salt stress response (Lisso et al., 2006), drought recovery
(Ding et al., 2013), and flowering regulation (Rodrigues &
Dolde, 2021), respectively.

On the other hand, in cluster 9, we identified distinct
histone variants that exhibit transcriptional decay in syn-
thetic CCCC tetraploids: H3.1, H2A.W.6, H2A.2, H2A.13, and
H2A.Z. The transcriptional effects of these histone variants
are expected to have a broad and complex impact on the
tetraploid Arabidopsis genome. These effects may include
changes in chromatin architecture, disruptions in gene reg-
ulation, and increased genomic instability. Histone variants
are involved in several functional pathways: H3.1 and
H2AW.6 are linked to heterochromatin formation
and maintenance of genome stability, while H2A.2, H2A.Z,
and H2A.13 are associated with chromatin remodeling and
stress responses. Changes in the expression of these his-
tone variant genes could disrupt several epigenetic path-
ways, resulting in improper chromatin structure, altered

gene expression, and compromised genome integrity. Fur-
ther experimental studies are needed to validate these
hypotheses and clarify the specific molecular mechanisms
by which these histone variants influence genome function
after ploidy changes (Jamge et al., 2023; Probst
et al., 2020; Wang et al., 2018). Recent reports show that
histone variants are pivotal in determining the definition
and distribution of chromatin states in Arabidopsis (Jamge
et al., 2023). These histone variants exhibit a strong corre-
lation with 28 transcription factors, including HDZ2A3,
which is involved in drought response and cell prolifera-
tion and differentiation (Tahir et al., 2022); GATA1, respon-
sive to temperature stimulus (Manfield et al., 2007);
ATXR6, a member of the Trithorax group of proteins that
modulate genome stability (Potok et al., 2022); MYC3,
involved in the jasmonic acid response (Wilkinson
et al., 2023); and WRKY4, involved in response to salt
stress (Li, Li, & Jiang, 2021). While the precise molecular
mechanism underlying the epigenetic response to tetra-
ploidization remains elusive, further investigation should
be made to highlight the function of histone variant depo-
sition after tetraploidization in shaping chromatin
architecture.

In summary, our data demonstrated that tetraploidiza-
tion induces significant changes in chromosome accessi-
bility and suggests that impaired deposition of histone
variants facilitates chromatin heterochromatinization, pro-
moting DNA accessibility and enhancing transcription in
genes relative to stress response and uridine metabolism
principally (Figure 7). Nevertheless, through whole-
genome reduction, chromatin changes observed in tetra-
ploids are maintained in a synthetic diploid, indicating that
new diploids might retain specific characteristics gained
after genome doubling (Figure 7). Therefore, our results
offer the first functional genomic framework to understand
better how plant genome doubling drives a myriad of
responses, including salt and drought tolerance (Del Pozo
& Ramirez-Parra, 2014) and increased potassium content in
leaves (Chao et al., 2013). Tetraploidization has played a
critical evolutionary role, with polyploid genomes being
preferentially selected over their diploid progenitors during
mass extinction events that caused widespread species
loss. Notably, polyploidy is common in many crops, such
as cotton (an allotetraploid) and wheat (an allohexaploid),
due to human selection for better performance during
plant breeding. Our research highlights immediate tran-
scriptional changes following genome duplication in Arabi-
dopsis, particularly in stress-responsive genes (Figure 2i).
These findings suggest that leveraging genome content
changes could provide a testable strategy to enhance crop
breeding, fostering the development of resilient crops to
face and tolerate abiotic stresses, including nutrient scar-
city, drought, and salinity, under the pressures of climate
change.

© 2025 The Author(s).
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Our model reflects that tetraploidization leads to heterochromatinization and enhances stress-responsive gene transcription. The presence of the epigenetic fac-
tors in new and old tetraploids suggests that after tetraploidization, the genome structure suffers several modifications affecting gene transcription. Moreover,
through whole-genome reduction, molecular changes are maintained, suggesting that new diploids still retain certain molecular features obtained after genome

doubling.

METHODS
Plant materials and growth conditions

Wild-type Arabidopsis (Arabidopsis thaliana) accession Columbia-
0 (Col-0) was used for all experiments; the synthetic Col-0 tetra-
ploid, the natural tetraploid Wa-1, and synthetic Wa-1 haploid
were donated by Luca Comai (California University Davis). Seeds
were surface sterilized with 90% (v/v) ethanol for 5 min and 50%
(v/v) bleach solution for 5 min before four washes with sterile dis-
tilled water. Seedlings were grown using a hydroponic system
with 0.1 x Murashige and Skoog (MS) medium. Complete root
systems for all four genotypes were analyzed 10 days after germi-
nation (DAG). Seedlings were grown at 20°C in an 18-h light/6-h
dark photoperiod.

Nuclei isolation

For nuclei isolation, we followed the method of Bajic et al. (2018)
with some modifications: the extraction buffer consisted of 15 mm
Tris-HCI pH 7.5, 20 mm NaCl, 80 mm KCI, 0.2% Triton X-100, and
5 mm B-mercaptoethanol. Nuclei suspensions were filtered using a
30-um mesh; to eliminate mitochondria and chloroplasts, we used
sucrose sedimentation buffer and centrifuged at 600 g or 4,500
rpm for 20 min: 20 mm Tris-HCI pH 8, 0.2 mm MgCl,, 2 mm EDTA,
0.2%Triton X-100, 15 mm B-mercaptoethanol, and 1.7 m sucrose.

ATAC-seq library preparation and sequencing

For ATAC-seq assays, two replicates per sample were processed
using between 80 000 and 120 000 nuclei, as determined by flow
cytometry. Chromatin was digested by Tn5-mediated tagmenta-
tion and adapter incorporation, according to the manufacturer’s
protocol (Nextera DNA sample preparation kit, lllumina®) at 37°C

© 2025 The Author(s).

for 30 min; each library was amplified for 12-15 cycles according
to the published protocol (Maher et al., 2018). The quality of the
libraries was assessed by a DNA-based fluorometric assay and by
electrophoresis. Samples were sequenced on a HiSeq2500 Illu-
mina sequencer system as paired-end reads of 2 x 50 bp.

RNA extraction

Harvested whole root systems were frozen in liquid nitrogen and
ground to a fine powder. Total RNA was isolated using TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions.
Novogene, Inc. (Sacramento, CA, USA) generated mRNA-seq
libraries.

RNA-seq analysis

Adapter sequences and low-quality reads were removed from raw
reads with trimGalore v0.6.4 (https://github.com/FelixKrueger/
TrimGalore). Mapping of reads to the genome and gene counts
were performed using RNA-STAR v2.7.5b (Dobin et al., 2013) and
Galaxy (Afgan et al., 2018) through the usegalaxy.eu server and
fragment read counts over genes were obtained using htseg-count
v0.9.1+galaxy1 (Anders et al., 2015). Differential gene expression
analysis was performed using the DESeq2 package in R (Love
et al., 2014). Gene Ontology (GO) enrichment analysis and cluster
analysis by biological process were performed using g:profiler
(Raudvere et al., 2019) and DIANE algorithm (DIANE). Heatmaps
of DEGs were constructed following published bioinformatics
methods (Ojeda-Rivera et al., 2020).

ATAC-seq bioinformatic analysis

Trimming of adapter sequences and removing low-quality reads
from raw reads were performed using trimGalore v0.6.4
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(https://github.com/FelixKrueger/TrimGalore). Clean reads were
then aligned to the Arabidopsis TAIR10 release 43 reference
genome using Bowtie2 v2.4.5 (Langmead & Salzberg, 2012) with
options -k 10 -very sensitive. PCR duplicates were marked with
sambamba-markdup v0.7.0 (Tarasov et al., 2015); all steps up to
this point in the analysis were automated using snakePipes
(Bhardwaj et al., 2019). PCR duplicates and reads mapping to the
organellar genomes were removed with samtools v1.10 (Li
et al., 2009). Quality control of filtered mapped data was per-
formed using ATACseqQC v1.10.4 (Ou et al., 2018).

Peaks were called for each replicate using the find Peaks
function within the MACS2 suite v2.1.1.20160309 (Heinz
et al., 2010) with the following parameters: Effective genome
size: 135 000 000, Build the shifting model, Set lower mold
bound = 5, Set upper mold bound = 50, Bond width for picking
regions to compute fragment size = 300, Peak detection based
in = gvalue to detect false positives, minimum FDR (g-value) cut-
off = 0.05, how many duplicate tags at the exact same location
are allowed = 1. Peak datasets were annotated to the transcrip-
tion start site (TSS) of the nearest gene using ChipSeeker
v1.22.1 with org.At.tair.db and TxDb. Athaliana.BioMart.plants-
mart28 Bioconductor packages (Carlson, 2017; 2020; Yu
et al., 2015). Promoters were defined as spanning 1000 bp of
sequence upstream of the TSS and 400 bp downstream of the
TSS. GO categories and cluster analysis by biological process
were analyzed using g:profiler (Raudvere et al., 2019). Signal
visualization files and images were generated using deepTools
v.3.5.0 (Ramirez et al., 2016). MultiBamSummary scaling factors
were used to generate bigwig files with bamCoverage. Overlap
between genomic regions was determined using Intervene 0.6.4
(Khan & Mathelier, 2017).

Differential accessibility analysis

Differential accessibility was determined using the R package
csaw (Lun & Smyth, 2014). BAM alignment files from our ATAC-
seq data, pre-processed following the pipeline from Reske and
colleagues (Reske et al., 2020), were used as input. Differential
accessibility was calculated for regions defined by our PAGs gene
list (File S1) with the parameters logCPM of peaks higher than —3;
TMM normalization factor using 10 000 bases wide bins; contrast
CCCC-CC, i.e., CC as the reference. Regions with an FDR of 0.05 or
lower were considered differential. Differential regions were then
analyzed using ChlPseeker (Yu et al., 2015). Our csaw R script is
available at https://github.com/ricardo-aaron/polyploidy.
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